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Editorial on the Research Topic 
Differences in shale oil and gas reservoirs across various sedimentary environments: theories and applications


1 INTRODUCTION
The United States Geological Survey (USGS) classifies shale oil and gas plays as “continuous petroleum accumulations.” These reservoirs are not discrete, conventional traps formed by hydrocarbon migration and accumulation but rather represent widespread, pervasive hydrocarbon resources, typically found within rocks characterized by relatively low matrix permeability (McMahon et al., 2024). Shale oil and gas, hydrocarbons stored within shale formations, constitute a significant unconventional resource crucial for optimizing the global energy mix and achieving carbon peaking and neutrality goals.
The United States pioneered shale oil and gas development, completing its first commercial natural gas well in 1825, drawing from Upper Devonian shales near Fredonia, New York (McMahon et al., 2024). The United States possesses abundant shale oil and gas resources, with estimated geological resources exceeding 0.246 × 1012 t of shale oil and 290 × 1012 m3 of shale gas. Two decades of exploration, development, and technological advancement have resulted in sophisticated extraction techniques, including three-dimensional (3D) development strategies, refracturing technologies, enhanced oil recovery (EOR) methods, and extended-reach (“U”-shaped) well designs. From 2007 to 2023, the United States shale oil and gas production surged from approximately 11.2 × 104 t/d to over 300.0 × 104 t/d, surpassing conventional oil and gas production in 2017. By 2023, shale oil and gas accounted for over 60% of total oil and gas production and are projected to remain a major contributor to energy production for the foreseeable future.
Inspired by the successful North American experiences in shale gas plays such as the Barnett, Marcellus, Haynesville, Fayetteville, Woodford, and Eagle Ford, China’s shale gas exploration has accelerated significantly since 2005 (Li, 2023a; Li J. et al., 2024). Unconventional resources, particularly shale gas, are expected to extend the productive life of China’s oil and gas industry. Over a decade of dedicated research, development, and field trials has yielded significant breakthroughs in shale oil and gas exploration and development in China, achieving commercial-scale production from marine shale gas formations in the south and continental shale oil resources nationwide (Chen et al., 2019; Dang et al., 2022). National-level demonstration zones, such as Fuling for marine shale gas and Daqing Gulong for continental shale oil, along with the Ordos Basin shale oil development pilot area, have been established, marking the beginning of a shale revolution in China (Jia et al., 2024). In 2022, global natural gas production reached 4.03 × 1012 m3, with unconventional gas contributing 28.62%. Shale gas production increased by 704.34 × 108 m3. According to data released by China’s National Energy Administration, technically recoverable shale gas resources in China are estimated at 21.80 × 1012 m3, establishing shale gas as a key driver of future natural gas production growth (He et al., 2024). China holds substantial shale oil resources, with 16 prospective shale formations identified across more than ten sedimentary basins. These predominantly lacustrine shale oil reservoirs are characterized by strong heterogeneity, significant cumulative thickness, limited areal extent, relatively low thermal maturity, and diverse organic matter types. The latest resource assessment by the Ministry of Natural Resources estimates China’s geological shale oil resource potential at 397.46 × 108 t, with technically recoverable resources estimated at 34.98 × 108t. Onshore medium-to high-maturity shale oil resources, approximated at 283 × 108t, represent a strategically vital area for securing China’s long-term oil supply.
Exploring unconventional resources has demonstrably proven that the successful development of shale oil and gas hinges on innovative geological theories and advancements in engineering technologies. Geological innovations, spurred by breakthroughs in laboratory analytical techniques, have laid a crucial foundation for this success (Fan et al., 2020; Abolghasemi and Andersen, 2021). Experimental analyses focusing on shale source rock evaluation, pore structure characterization, gas content analysis, physical property measurements, brittleness evaluation, fluid flow mechanisms, and geomechanical properties provide critical scientific data supporting geological assessments, target selection, reserve estimation, development planning, and policy formulation (Li et al., 2023c; Peng et al., 2024). Globally, exploration and development efforts targeting shale oil and gas in marine-continental transitional and terrestrial formations have yielded significant breakthroughs, driving the development of numerous geological theories and technologies for shale oil and gas extraction (Li J. et al., 2022).
To systematically summarize these global advancements in shale oil and gas exploration and development, comprehensively document practical achievements, further delineate exploration directions and resource prospects, and inform policy and decision-making, we organized this research topic entitled “Differences in Shale Oil and Gas Reservoirs across Various Sedimentary Environments: Theories and Applications,” soliciting high-quality contributions from researchers worldwide. We received 30 submissions. Following a rigorous peer-review process, evaluation by guest associate editors, and final review by the editor-in-chief, eleven papers were accepted for publication, representing an acceptance rate of 36.7%. These papers comprehensively reflect theoretical and technological innovations in shale oil and gas exploration and development, with a focus on shale pore structure (three papers), hydraulic fracturing (four papers), and depositional environments (three papers). This Research Topic provides valuable guidance for global shale oil and gas exploration and development, particularly in China.
2 SHALE PORE STRUCTURE
Quantitative characterization of shale pore structure is crucial for efficient shale gas exploration and development. In recent years, a suite of qualitative and quantitative characterization methods has been developed, including scanning electron microscopy (SEM), mercury intrusion porosimetry (MIP), low-temperature gas adsorption (LTGA), computed tomography (CT) scanning, and nuclear magnetic resonance (NMR) analysis (Guo et al., 2019; Shan et al., 2022; Wang et al., 2022). SEM provides direct, qualitative visualization of pore morphology and geometry. Other methods offer quantitative insights into critical parameters such as porosity, pore size distribution, pore volume, and specific surface area, but often lack the resolution to differentiate these parameters by specific pore types. Three papers on this research topic systematically investigate pore structure, quantitatively characterizing the complexity of shale pore networks (Figure 1A) (Li H. et al., 2024).
[image: Figure 1]FIGURE 1 | The main research methods involved in the research topic. (A) Shale pore structure characterization based on fractal theory (Li H. et al., 2024); (B) Production simulation of fractured horizontal well based on an unstructured grid Xiao et al.; (C) Evaluation of shale sedimentary environment based on elemental analysis Yang et al.
Leveraging organic geochemistry, mineralogy, nitrogen adsorption, physical property analyses, and SEM, Wang et al. (Manuscript ID: 1368326) investigated the pore structure characteristics of Lower Cambrian shales in the southeastern Upper Yangtze Platform. Their study reveals a strong correlation between total organic carbon (TOC) content and the abundance of quartz and clay minerals, underscoring the critical role of TOC in controlling pore structure development. TOC exhibited positive correlations with pore volume, specific surface area, and porosity, and negative correlations with average pore diameter. Furthermore, they observed significant variations in shale pore structures under different gas content and preservation conditions. Employing fractal theory to characterize pore structure complexity, they concluded that the Lower Cambrian shales exhibit complex pore networks, with fractal dimensions D1 and D2 negatively correlated with average pore diameter and positively correlated with TOC, specific surface area, and total pore volume. This methodological framework applies to other shale plays. An et al. (Manuscript ID: 1365516) utilized low-temperature carbon dioxide and nitrogen adsorption, coupled with high-pressure mercury injection, to investigate the complexity and controlling factors of pore structure in the Shuijingtuo Formation shale, employing a fractal dimension approach. Using the V-S, FHH, and Menger sponge models to calculate fractal dimensions, they determined distinct values for micropores, mesopores, and macropores. Their results indicate positive TOC and vitrinite reflectance (Ro) correlations with D1 and D2 and negative correlations with D3. Similarly, pore volume and specific surface area showed positive correlations with D1 and D2, and negative correlations with D3.
It is important to note that fractal theory is not the sole method for characterizing the complexity of pore structures (Li H. et al., 2022). Alternative techniques offer complementary approaches, such as moment estimation, machine learning, and deep learning algorithms. An integrated approach leveraging multiple experimental techniques and mathematical methods represents the future for comprehensively characterizing shale pore structure. Recognizing the multifaceted factors influencing shale pore characteristics, Sun et al. (Manuscript ID: 1375241) focused on typical overpressured shale gas wells in the Yongchuan, Luzhou, and Dazu areas. Through an integrated analysis of well logs, fluid inclusion data, and numerical simulations, they identified the dominant mechanisms responsible for the development of significant overpressure and characterized the history of the evolution of pressure from early burial to late uplift. They concluded that hydrocarbon generation and associated expansion are the primary drivers of overpressure development and that variations in organic matter pore morphology, structure, and connectivity exist within the deep Wufeng-Longmaxi shale (Chen et al., 2022; Dang et al., 2022). Moreover, their findings suggest that higher overpressure conditions are conducive to preserving larger organic-matter-hosted pores and enhanced overall reservoir porosity.
3 SHALE HYDRAULIC FRACTURING
Shale, a thinly laminated, brittle, and ultra-low permeability rock, necessitates large-scale hydraulic fracturing to achieve commercial gas flow rates due to the unique mechanisms governing natural gas adsorption and storage within its complex pore network (Shan et al., 2021; Wang and Wang, 2021; Fan et al., 2022; Li, 2022; 2023b). The fundamental principle of hydraulic fracturing lies in injecting high-pressure fluids to create fractures within the target formation, establishing conductive pathways for gas migration to the wellbore. Zhang et al. (Manuscript ID: 1326861), leveraging mineral composition and pore structure analyses, developed a multi-mineral equivalent model applicable to complex lithologies, enabling the accurate calculation of compressional wave velocity (Vp) and shear wave velocity (Vs.). These velocities serve as the foundation for pre-stack seismic inversion and the prediction of elastic parameters, including Poisson’s ratio and Young’s modulus. This research demonstrated successful application in the fine-grained, heterogeneous lithologies of the Lucaogou Formation within the Jimsar Sag, Junggar Basin, providing essential data for optimizing hydraulic fracture design. Recognizing the multi-faceted factors influencing hydraulic fracture effectiveness, Wang et al. (Manuscript ID: 1334175) simplified a layered reservoir system into a transversely isotropic medium and developed a model to estimate borehole deformation precisely. Based on this estimated deformation, they constructed a predictive model for fracture initiation pressure. Their results reveal that circular boreholes in layered reservoirs deform into elliptical shapes under the influence of in-situ stresses, with the ellipse’s major axis deviating from the principal stress direction. This underscores the significant influence of rock anisotropy on borehole deformation and subsequent fracture propagation. Xiao et al. (Manuscript ID: 1257219) characterized fracture geometry and complex boundary conditions using microseismic data integrated within a discrete fracture model (Figure 1B). Subsequently, they established a comprehensive seepage flow model for fractured wells with complex fracture networks, based on a dual-porosity-discrete fracture conceptualization (Yin et al., 2018; Li J. J. et al., 2022). Numerical solutions were obtained by combining unstructured grids and the control volume finite element method. Furthermore, it acknowledges the critical importance of in-situ stress and formation pressure in shale gas development, parameters that directly influence wellbore stability, horizontal well trajectory planning, and hydraulic fracturing effectiveness. Zhang et al. (Manuscript ID: 1225920) developed a sophisticated finite element simulation model for the Longmaxi Formation shale in the Nanchuan area. This model, informed by a comprehensive dataset of seismic, logging, and experimental rock mechanics data, elucidates the coupled relationships between in-situ stress, formation strain, and formation pressure, enabling the prediction of the spatial distribution of formation pressure and pore pressure coefficients. This integrated approach provides valuable insights for optimizing well design and completion strategies in challenging shale gas reservoirs.
4 SEDIMENTARY ENVIRONMENT OF ORGANIC-RICH SHALE
Shale deposition is inextricably linked to its depositional environment, which is, in turn, governed by a complex interplay of factors, including basin tectonics, sediment supply, paleoclimate, water salinity, and redox conditions (Liu and Xie, 2017; Zhai et al., 2019). Shale deposition is particularly sensitive to fluctuations in these environmental parameters, often preserving a record of high-frequency variations. Yang et al. (Manuscript ID: 1391445) investigated the Wufeng-Longmaxi Formation shales of the eastern and southern Sichuan basin to elucidate the influence of the depositional environment and its evolution on organic matter content and mineral composition. Using key elemental geochemical proxies, they reconstructed the marine depositional environment of these shales, revealing the impact of paleoenvironmental evolution on reservoir heterogeneity (Figure 1C). Zhang et al. contributed two important studies to this research topic (Manuscript ID: 1403575 and 1277359), focusing on shale depositional environments. In their first study, based on major and trace element geochemistry, they characterized the depositional setting of the Dawuba Formation in Well CY1 within the Middle and Upper Yangtze areas. An index of compositional variability (ICV) value below 1, coupled with elevated chemical index of alteration (CIA) and Th/U values, points to deposition under warm, humid climatic conditions characterized by intense chemical weathering. Furthermore, V/(V+Ni), Cu/Zn, and Ce/La ratios suggest that the organic-rich intervals of the Dawuba Formation accumulated under predominantly dysoxic bottom-water conditions. This warm, humid paleoclimate likely supported high biological productivity, while the dysoxic conditions facilitated the preservation of organic matter within the accumulating sediments. In their second contribution, focusing on the Permian Capitanian-Changhsingian black shales of the Nanpanjiang intra-platform basin, they integrated geochemical data, encompassing TOC, major, trace, and rare earth element (REE) concentrations from 62 outcrop samples, to decipher the depositional conditions and organic matter accumulation characteristics. The integrated approach, combining paleontological analyses, major and trace element geochemistry, and stable carbon and oxygen isotope data, provides a robust framework for reconstructing paleo-depositional environments and understanding the controls on organic matter enrichment in shales.
In addition to these contributions focused on shale, this research topic also features a study investigating the relationship between structural characteristic and tight gas accumulation in sandstones. Yang et al. (Manuscript ID: 1296459), integrating core and outcrop observations, seismic interpretations, and burial history reconstructions, analyzed the hydrocarbon source rocks, sedimentary characteristics, reservoir properties, and structural framework of the Qiulin structure. Their work explores the influence of the Yanshan-Himalayan tectonic events on tight gas accumulation within the Shaximiao Formation.
5 SUMMARY
Shale oil and gas reservoirs exhibit diverse characteristics due to their depositional environment variations. Effective development of these resources requires a thorough understanding of how these environments influence reservoir quality. This research topic focuses on the variability of shale oil and gas reservoirs across diverse depositional settings and its implications for both fundamental geological understanding and practical applications. From marine to lacustrine and terrestrial environments, the depositional setting exerts a primary control on key reservoir parameters, including organic matter type and abundance, thermal maturity, mineralogical composition, pore structure, and geomechanical properties, especially brittleness (Fan et al., 2024). For example, marine shales typically exhibit higher organic content and well-developed lamination, whereas lacustrine shales often display more complex lithofacies variations and a wider range of organic matter types. These inherent differences ultimately dictate reservoir fracability, permeability, and consequently, hydrocarbon production potential.
Accurate identification and characterization of depositional environments are paramount for successfully evaluating and developing shale oil and gas resources. Conventional reservoir characterization techniques often prove inadequate for capturing the complexities arising from variable depositional settings. Therefore, an integrated, multidisciplinary approach incorporating sedimentology, geochemistry, and geophysics is essential. High-resolution sedimentological facies analysis enables more accurate prediction of favorable reservoir distribution, while rock physics investigations can illuminate the pore structure and mechanical properties of shales deposited in different environments. Integrating these diverse datasets facilitates the optimization of horizontal well trajectories, hydraulic fracturing designs, and other production enhancement strategies, ultimately leading to improved hydrocarbon recovery factors and reduced development costs.
The eleven papers comprising this research topic focus on three key areas: characterization of shale pore structure, hydraulic fracturing in shales, and the influence of depositional environments on shale properties. However, these represent only a subset of the broader research landscape necessary to comprehensively understand shale oil and gas reservoir variability across diverse depositional settings. Future research should prioritize the detailed characterization of depositional environments, quantifying the impact of these environments on reservoir properties, and exploring how this knowledge can inform and optimize shale gas exploration strategies. Advanced experimental techniques coupled with sophisticated mathematical and numerical modeling approaches are crucial for advancing our understanding and maximizing the efficient development of shale oil and gas and other unconventional hydrocarbon resources to meet the ever-increasing global energy demand. To further advance this critical area of research, we are pleased to announce a second volume of this research topic and encourage wider participation from the scientific community, especially contributions from international researchers.
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In order to accurately simulate the productivity variation characteristics of fractured wells with complex fracture network in shale gas reservoir, based on the multiple migration mechanism of shale gas, the micro-seismic data and discrete fracture model were used to characterize the fracture geometry and complex boundary characteristics, and the comprehensive seepage mathematical model of fractured wells with complex fracture network was established based on the dual porosity-discrete fracture model, and the numerical solution was carried out by combining the unstructured grid and the control volume finite element method. The sensitivity analysis of the influence of key parameters such as fracture conductivity, physical property difference in composite area and Langmuir volume on the production performance of fractured horizontal wells is carried out. This study provides theoretical methods and calculation tools for accurate prediction of productivity change and optimization of production system of fractured horizontal wells with complex fracture network in shale gas reservoirs.
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1 INTRODUCTION
Shale gas reservoir is an important exploration field proposed in China’s energy development plan to vigorously enhance exploration and development, and continuously and efficiently promote the development and utilization of shale gas resources, which has important strategic significance for optimizing China’s clean energy production capacity layout and reducing natural gas dependence on foreign countries (Zou et al., 2020). China is generally rich in shale gas resources. It is estimated that the technically recoverable reserves of shale gas in China are 21.8 trillion cubic meters, and the proven reserves exceed 1 trillion cubic meters (Li, 2023). At present, three national shale gas demonstration zones have been built in Fuling, Changning-Weiyuan and Zhaotong, and China’s shale gas production is planned to reach 80 to 100 billion cubic meters by 2030 (Yang et al., 2020).
By referring to the key technologies of the shale gas revolution in North America, the multi-cluster fracturing technology of horizontal wells has become a key method to efficiently develop and utilize shale gas resources (Wu et al., 2022; Sun, 2023). Through the implementation of the “close cutting and large displacement and temporary plugging and diversion” technology, the tight reservoir is “broken” to form the SRV (stimulated reservoir volume) region, the natural fracture groups around the near well are opened and communicated, the seepage field around the horizontal wellbore is improved, and the final recoverable reserves of a single well are increased (Xie, 2018; Liu et al., 2019). However, the characterization of complex fracture network geometry and mathematical expression of flow exchange between different systems have been the key problems, affecting prediction accuracy of production after fracturing. Brown et al. (2011), Yuan et al. (2015) divided the fractured horizontal well and shale gas reservoir into stimulated and initial regions, adopting multi-linear and dual porosity models to obtain the solution. Xu et al. (2015), Fan et al. (2015), Zhang et al. (2015) respectively used the circular or rectangular composite region model to simplify the complex fracture geometry, and the flow characterization was carried out by combining the continuum model. In order to more accurately predict the effect of fracture properties on flow mechanism and production, Karimi-Fard et al. (2004), Altwaijri et al. (2018) established the discrete fracture model to display and characterize the length, angle and width of each fracture, and then carried out the production impact analysis. Jiang and Rami (2015) further combined the respective advantages of continuous medium model and discrete fracture model, the discrete fracture model is adopted for large-scale hydraulic fracturing fractures, and continuous medium model is used for small-scale natural fracture system, which ensures the efficiency and accuracy of production prediction of fractured horizontal wells with complex fractures. However, the above models did not take into account the gas-water two-phase flow in the SRV region and gas-water co production characteristics caused by fracturing fluid retention.
In addition, researchers (Ozkan et al., 2011; Stalgorova and Mattar, 2013; Wang, 2014; Li et al., 2015; Zhao et al., 2018) established analytical and semi-analytical models respectively to predict the production of horizontal wells after fracturing in shale gas reservoirs. However, the analytical and semi-analytical model mainly uses the symmetric main fracture model, the whole or local regular rectangular or circular SRV region to simplify the hydraulic fracture network, and for gas-water two-phase flow, an approximate solution is obtained by defining a pseudo pressure function to transform it into single-phase seepage. The above processing will significantly affect the accuracy of production performance and productivity prediction for fractured horizontal wells. The numerical model is more suitable to deal with the geometry characteristics of the complex fracture network, and can accurately characterize the complex boundary characteristics of the fracture network through the spatial mesh dispersion, and is convenient for coupling the multi-scale and multi-phase seepage mechanism of shale gas reservoirs (Wu and Pruess, 1988; Geiger et al., 2004; Lv et al., 2012; Moinfar et al., 2013; Wu, 2014; Zhang et al., 2017; Wang et al., 2020; Zhang et al., 2023).
To sum up, this study combined with micro-seismic data and discrete fracture model to characterize fracture geometry and complex boundary characteristics on the basis of comprehensive consideration of multiple flow mechanisms in shale gas reservoir, and established a dual continuum-discrete fracture coupling seepage model. A fully implicit numerical solution model is established by using unstructured triangular mesh and controlled volume finite element method. Combined with the field data, the productivity change characteristics of horizontal wells after fracturing were simulated and predicted, and the key factors affecting the production and EUR of single well were analyzed.
2 PHYSICAL MODEL AND BASIC ASSUMPTIONS
Natural fractures and bedding are developed in shale reservoirs, the brittle mineral content of favorable development series of strata is high (Cai, 2020; Zhu et al., 2022; Li et al., 2023), and the fracture network stimulation area is formed near the well after fracturing (Zhao et al., 2018). The field monitoring of micro-seismic results of shale fractured horizontal wells shows (as shown in Figure 1) that there are dense signal response points around the wellbore during the fracturing process, and complex reformations are formed during the fracturing process. Therefore, micro-seismic monitoring data and discrete fracture model were applied to characterize the fracture geometry and complex boundary characteristics of the reconstruction area, and the flow characteristics of the composite area of the original reservoir and the stimulation area were described based on the dual medium model (Moinfar et al., 2013; Cheng et al., 2020).
[image: Figure 1]FIGURE 1 | Diagram of physical model. (A) Model of fractured horizontal well with complex fracture network in shale gas reservoir based on micro-seismic data (Cheng et al., 2020). (B) Schematic diagram of grid division (6,857 triangles). (C) Assumptions of seepage models in different regions.
The assumptions of the physical model are as follows: 1) Considering the retention of fracturing fluid in the formation, gas-water two-phase flow occurs in hydraulic fracturing fractures and fractures in the reconstruction area, while single-phase gas isothermal seepage occurs in the shale matrix and the original reservoir area. 2) Ignoring the vertical heterogeneity of physical properties of shale reservoirs, two-dimensional grid is used to describe them approximately; 3) There is a quasi steady state channeling between the matrix system and the fracture system, and the fluid enters the fracture system from the matrix system under the action of pressure difference, and flows into the horizontal wellbore through the fracture and produces.
3 MATHEMATICAL MODEL
3.1 Micro-nano scale flow model of shale gas reservoir
Shale reservoir has a complex pore structure, and gas seepage in the reservoir has multiple flow mechanisms such as Knudsen diffusion, surface adsorption diffusion, slip flow and viscous flow (Geng et al., 2016; Wu et al., 2016; Zhang et al., 2018) (as shown in Figure 2).
[image: Figure 2]FIGURE 2 | Gas transport mechanism in micro and nano pores of shale matrix (Javadpour, 2009; Guo et al., 2022).
In the process of shale gas development, the thickness of adsorption layer decreases, and the effective flow pore size increases further. The effective pore radius of removing the adsorption layer can be expressed as:
[image: image]
Where, dM is the molecular diameter of the gas, m; r is the actual radius of the matrix pores, m; θ is the true gas coverage, dimensionless; p is the current pore pressure, Pa; pL is Langmuir pressure, Pa; Z is the true gas compression factor, dimensionless.
Considering the stress-sensitive effect, the porosity and permeability of shale matrix related to pore pressure can be expressed as:
[image: image]
Where, φ(p) is the porosity of the matrix considering stress sensitivity; φi is the initial porosity, dimensionless; φr is the porosity under maximum stress, dimensionless. k(p) is the matrix permeability after considering stress sensitivity, nD; ki is the original permeability of matrix, nD; η is the stress sensitivity coefficient of porosity, Pa−1; ψ is the stress-sensitive coefficient of permeability, Pa−1; pi is the original gas reservoir pressure, Pa.
The effective pore radius of the matrix considering the thickness of the adsorption layer and the stress-sensitive effect is as follows:
[image: image]
Where, τ is the tortuosity, which is the ratio of the actual length of the flow path to the represented length.
In the circular organic nanopores, the apparent permeability contributed by the bulk phase gas based on the Beskok model can be expressed as:
[image: image]
Where, Kn is Knudsen diffusion constant, dimensionless; α is the rarefied gas effect coefficient, dimensionless, which can be calculated by the following equation:
[image: image]
Where, α0 is the rarefied gas coefficient under Kn→∞ condition; α1 and β are fitting constants.
The apparent permeability considering the real gas effect can be expressed as:
[image: image]
Where, Ds is the surface diffusion coefficient, m2/s; μgr is the gas viscosity after considering the real gas effect, mPa·s; R is the universal gas constant, Pa/(mol•K); T is the absolute temperature, K; Mg is the molecular weight of gas, g/mol; Csc is the concentration of adsorbed gas in Langmuir monolayer on the pore surface, kg/m3. The calculation equation is as follows:
[image: image]
Where, NA is Avogadro’s constant, 6.022×1023mol-1.
The surface diffusion coefficient can be calculated as follows:
[image: image]
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Where, H(1-κ) is Heaviside function; κb is the plugging rate, m/s; κm is migration rate, m/s; [image: image] represents the surface diffusion coefficient when the gas coverage is 0, m2/s, which is calculated by the following equation:
[image: image]
Where, ΔH is the isothermal adsorption heat of gas, J/mol.
The total gas transport flux includes free gas phase transport and surface diffusion of adsorbed gas in circular tube pores. After taking into account the cross-sectional area of the circular tube, the apparent permeability of the matrix pore is as follows:
[image: image]
Where ςbulk is body phase gas weight coefficient, its value is equal to the ratio of the cross-sectional area occupied by the body phase gas and the total cross-sectional area, dimensionless; ςsurface is surface diffusion weight coefficient, its value is equal to the ratio of the cross-sectional area occupied by the surface diffusion gas to the total cross-sectional area, dimensionless.
3.2 Comprehensive seepage model of multi-scale flow mechanisms
Further, based on the dual media-discrete fracture model, the comprehensive seepage model of fractured horizontal well is established as follows:
①Seepage control equations of matrix system:
[image: image]
Where,
[image: image]
Where, Bg is the volume coefficient of gas, dimensionless; pgm is the matrix system gas pressure, MPa; pgf is the fracture system gas pressure, MPa; qdes is the desorption production of matrix, m3/s; φm is the matrix system porosity, dimensionless; φf is the porosity of fracture system, dimensionless; α is the shape factor, dimensionless; ρs is the density of shale rock, g/cm3; The subscripts l=1, 2, 1 denotes the inner zone, 2 denotes the outer zone.
②Seepage control equations of fracture system:
For inner zone:
[image: image]
For outer zone:
[image: image]
Where, pf is the pressure of the natural fracture system, MPa; kf is the permeability of natural fractures in shale reservoirs, mD; kr is the relative permeability, dimensionless; Subscript u=g, w, where g represents the gas phase and w represents the water phase.
③Control equations of hydraulic fracture seepage:
[image: image]
Where, kF is hydraulic fracture permeability, mD; φF is the hydraulic fracture porosity, dimensionless; qgsct is horizontal well production, m3/s; pF is the hydraulic fracture pressure, MPa.
4 MODEL SOLVING
4.1 Element characteristic matrix
First, the element characteristic matrix of Eq. (12) is constructed based on triangular mesh and control volume finite element method (as shown in Figure 3), and the average mesh pressure pgm and average saturation Sfu of the matrix system are approximated by triangle vertex interpolation:
[image: image]
Where Nv is the interpolation function.
[image: Figure 3]FIGURE 3 | Schematic diagram of unstructured mesh generation. (A) Triangular mesh generation for large-scale discrete fractures. (B) Virtual finite control volume mesh in triangular mesh, which is formed by connecting the center of gravity of a triangle to the midpoint of each side.
For the convection term in the matrix system seepage equations, Galerkin’s weighted margin method and Gauss’s law are used to obtain:
[image: image]
Where Tiv represents the conductivity matrix given by the following equation:
[image: image]
The above equations establish the net flow of the control volume of the inflow node i of triangle ijk. Similarly, the net inflow flow equation of nodes j and k can be established. Then the flow matrix of the virtual finite control volume unit can be obtained as:
[image: image]
Eq. (20) is the processing format of the convection term of the controlled volume finite element method based on triangular mesh. In Eq. (12), the cross-flow term between matrix system and fracture system, as well as the adsorption and desorption term and the time derivative term of matrix system are numerically calculated using the traditional finite element method.
Taking gas phase as an example, the finite element integral numerical calculation format for constructing the cross-flow term is as follows:
[image: image]
For the adsorption and desorption term and the time derivative term, the finite element integral numerical calculation format is constructed by combining Euler backward difference as follows:
[image: image]
Eqs 17–22 construct the element characteristic matrix of shale matrix gas phase seepage equation based on triangular mesh and controlled volume finite element method. Similarly, the element characteristic matrix of shale fracture system seepage equation can be constructed.
For hydraulic fracturing fractures, the discrete fracture model is used to reduce their dimensionality to a one-dimensional line segment with a certain width. The interpolation function of the gas phase equation can be expressed as:
[image: image]
Combined with the interpolation function, Eq. (16) of the hydraulic fracture seepage control equation is constructed in the following numerical calculation format:
[image: image]
For the time term:
[image: image]
Similarly, the characteristic matrix of water phase unit in fracturing fracture system can be further constructed.
4.2 The whole region iteratively solves the matrix
The pressure value of each system in the next time step is characterized by the fully implicit calculation format. The “dimensionality reduction” treatment of fractured fractures is carried out and embedded into the reservoir flow model. By assembling the characteristic matrix of each unit, the fully implicit iterative solution matrix for the whole region is constructed as follows:
[image: image]
Finally, the numerical well model of fractured horizontal well is established and put into Eq. (26):
[image: image]
Where, qusct is the daily gas and water production ground conditions, m3/d; pbh is bottom-hole flow pressure, MPa; pavei is the average pressure of the grid block where the well source and junction are located, MPa; NF is the total number of intersection points between fractured fractures and horizontal wellbore. PIui is the production index, m3/d/MPa. Through iterative computations, when the accuracy requirements of δP and δSw are met, the stable value under current time step is obtained and the calculation of the next time step is started.
5 RESULTS AND DISCUSSION
5.1 Pressure distribution prediction and analysis
For a fractured horizontal well with a complex fracture network (Figure 1) in the south Sichuan shale gas reservoir block, the triangular grid was used to discrete the spatial grid of the whole area, and a fully implicit numerical simulation program was developed to simulate and predict the production dynamic characteristics of fractured horizontal wells. The basic parameters of the model are shown in Table 1. The calculation equation of the fracture relative permeability curve is: krgf=1-Swf, krwf=Swf.
TABLE 1 | Basic parameters of the model.
[image: Table 1]Figure 4 shows the change of gas well pressure of fractured horizontal wells with complex fracture networks of shale gas for 100 days, 1 year and 10 years, respectively. As can be seen from the figure, the pressure propagation presents the characteristics of non-uniform distribution in the complex fracture network area, and the pressure propagation is faster in the well section with high reconstruction degree. At the same time, the gas well pressure propagation gradually expands outward with time, and the pressure at the boundary of the inner and outer regions is also non-uniform due to the influence of the complex fracture network boundary shape. When the pressure propagates to the original reservoir area, its pressure propagation speed is significantly slower than that of the reconstruction area, indicating that the reconstruction area of complex fracture network is the main contribution area to the pressure drop and production of shale gas wells.
[image: Figure 4]FIGURE 4 | Pressure distribution of fractured wells with complex fracture network under different production time. (A) After 100 days’ production. (B) After 1 year’ production. (C) After 10 years’ production.
In addition, Figure 5 shows the production decline curves of fractured horizontal wells with and without SRV region. By comparison, it can be seen that the SRV region formed by complex fracture networks will significantly increase the daily and cumulative gas production of fractured wells, indicating that compared to traditional double wing hydraulic fracturing method, fracture network fracturing is more conducive to achieving higher single well EUR and production efficiency for horizontal wells in shale gas reservoirs.
[image: Figure 5]FIGURE 5 | Production of fractured horizontal well with and without SRV region.
5.2 Effect of fracture water saturation on productivity
Figure 6 shows the influence of different fracture water saturation on gas well productivity. Due to the low flowback rate of fracturing fluid in shale reservoirs, a large amount of fracturing fluid remains in the reservoir, resulting in gas-water two-phase flow characteristics in fractured wells and near wellbores. The simulation results show that the higher the fracture water saturation, the lower the daily gas production. When the fracture water saturation is 0.2, 0.3, and 0.4, the cumulative gas production after 10 years of depletion production is 194 million m3, 170 million m3and 145 million m3, respectively. Therefore, the retained fracturing fluid has a significant impact on gas well productivity.
[image: Figure 6]FIGURE 6 | Effect of different fracture water saturation on gas well production.
5.3 Effect of fracture conductivity on productivity
Figure 7 shows the influence of different hydraulic fracture conductivity on gas well productivity. As can be seen from the figure, the higher the diversion capacity, the higher the early daily gas output, but the difference degree gradually decreases with the increase of production time. When the diversion capacity CFD is 0.25D cm, 0.5D cm and 1.0D cm, the cumulative gas production after 10 years of depletion is 133 million m3, 180 million m3 and 194 million m3, respectively. Therefore, in the hydraulic fracturing process of shale gas reservoir, it is necessary to improve the conductivity of fracturing fractures as much as possible to increase the production.
[image: Figure 7]FIGURE 7 | Effect of different fracture conductivity on gas well production.
5.4 Effect of permeability of stimulation area on productivity
Figure 8 shows the influence of permeability in the stimulation area on gas well productivity. It can be seen that the higher the permeability of the stimulation area, the larger the daily gas production of the gas well in the early stage, and the larger the cumulative production of the gas well, indicating that the fracturing stimulation area around the horizontal well is more fully stimulated. When the fracture permeability in the stimulation area is 0.001mD, 0.005mD and 0.01mD, the cumulative gas production after 10 years of depletion production is 194 million m3, 261 million m3 and 308 million m3, respectively. It is the key to improve the production of shale gas wells by optimizing the construction parameters, increasing the stimulation degree of the stimulation area and improving the seepage capacity of shale reservoir.
[image: Figure 8]FIGURE 8 | Effect of different permeability in SRV region on gas well production.
5.5 Effect of Langmuir volume on productivity
Figure 9 shows the influence of different Langmuir volume VL on gas well production curves. As can be seen from the figure, the larger the VL value, the larger the daily gas production and cumulative gas production of the gas well, and the slower the decline rate of gas well production. With the progress of gas well production, the free gas in fracture and matrix system is preferentially produced. The continuous reduction of reservoir pressure makes the gas adsorbed on the surface of organic matter begin to desorption, and enter the fracture system as a reservoir supplementary gas source, delaying the decline of gas well production. When Langmuir volume VL is 0.01 m3/kg, 0.02 m3/kg and 0.03 m3/kg, the cumulative gas production after 10 years of depletion production is 193 million m3, 260 million m3 and 313 million m3, respectively. Adsorption and desorption is a unique seepage mechanism of shale gas reservoir, which is different from conventional gas reservoir. With the progress of production, the reservoir pressure decreases and the adsorption gas is desorbed in large quantities, which will contribute to the production replenishment and stable production of fractured horizontal wells in shale gas reservoir in the middle and later stages.
[image: Figure 9]FIGURE 9 | Effect of different Langmuir volume on gas well production.
6 CONCLUSION

(1) Simulation studies show that the micro-seismic data and discrete fracture model can be used to reasonably characterize fracture geometry and complex boundary characteristics, and the influence of fracture network on production dynamics can be accurately simulated.
(2) Parameter sensitivity analysis shows that the higher the fracture water saturation, the lower the gas well production; The hydraulic fracture conductivity has obvious influence on the early production of shale gas fractured horizontal wells. Complex fracture network stimulation area is the main contribution area of shale gas well output, the better the stimulation effect, the higher the permeability of the stimulation area, the higher the output of shale gas well. Therefore, the fracturing reconstruction of shale gas wells is mainly to improve the reconstruction degree and increase the reconstruction volume.
(3) For fractured horizontal wells in shale gas reservoirs, with a large amount of free gas produced in fractures and matrix systems, the early high production stage ends, and the adsorbed gas adsorbed on the surface of shale matrix is desorbed due to the reduction of reservoir pressure, which becomes the key to the production replenishment and stable production in the middle and late period. The more desorption gas, the greater the cumulative gas production.
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The in-situ stress and formation pressure are important parameters in shale gas development. They directly affect the well wall stability, the direction of horizontal well drilling, and the fracturing effect during the shale gas development process. There are abundant shale gas resources in the southeastern Chongqing-Sichuan area, but the structure in the area is complex, and it is difficult to predict the in-situ stress and formation pressure. Therefore, in this paper, a finite element simulation model was established based on a large number of seismic, logging, and experimental rock mechanics data and the prediction accuracy of the stress field simulation was effectively improved. The construction of the stress field was based on the combined spring model, as well as the data related to the measured in-situ stress and the formation pressure obtained during drilling. The coupling relationship between the in-situ stress, the formation strain, and the formation pressure were derived to carry out the prediction of the distributions of the formation pressure and the formation pressure coefficient. The prediction results showed that the present-day maximum principal stress direction in the study area was about NE65°–110°, and the present-day maximum principal stress was 56.12–93.79 MPa. The present-day minimum principal stress direction was about NE335°–20°, and the present-day minimum principal stress was 48.06–71.67 MPa. The formation pressure was 2.8–88.25 MPa, and the formation pressure coefficient was 0.74–1.55. The formation pressure distribution was greatly affected by fault, tectonic location, in-situ stress and rock petrophysical properties, and the overpressure areas of the formation were distributed in the synclines and the deeply buried areas. This study shows that the finite element based formation pressure prediction method is effective.
Keywords: shale gas, numerical simulation, in-situ stress field, formation pressure, coupling relationship, complex tectonic transition area. 1
1 INTRODUCTION
Formation pressure is the reflection of the environmental stress of formation pore fluids, in which vertical load plays a leading role. For shale gas reservoirs, the variation of formation pressure is very large, often manifested as abnormal pressure (Chen et al., 2020; Sun et al., 2023). Abnormal pressure includes abnormal high pressure and abnormal low pressure. The measured formation pressure results are discrete, but the prediction of shale gas sweet spots requires a continuous formation pressure distribution. At this time, the conventional methods based on logging data, such as the Eaton method and the equivalent depth method, make the forecasting strategy of formation pressure further developed (Zhang, 2013). It is obvious that conventional logging method is an indirect method to predict formation pressure. Generally, the response of abnormal high pressure on logging curve is high porosity, low density, low wave velocity and low resistivity; while the abnormal low pressure shows the increase of density and resistivity, and the decrease of acoustic time difference (Sun et al., 2023). However, there are many factors that affect the change of rock porosity, density and acoustic wave time difference, such as undercompaction, temperature, diagenesis and structure (Xiong et al., 2016; Ma et al., 2020). Therefore, the formation pressure obtained by conventional methods often fails in complex structural areas. From the formation mechanism of formation pressure, it is affected by the superposition of overlying load and difference of horizontal tectonic stresses. Therefore, the finite element method based on geomechanics is a more direct method to predict formation pressure.
The Sichuan Basin and its surrounding areas contain rich reserves of shale gas resources, and the proven reserves exceed 2 × 1012 m3 (Guo et al., 2014; Nie et al., 2021). As the main horizontal section for shale gas exploration and development in southern China, the Silurian Longmaxi Formation has entered a stage of commercial shale gas development (Guo et al., 2014). The Nanchuan Area is another shale gas production area in the Sichuan Basin except for the Jiaoshiba Area (He et al., 2021). The Wufeng-Longmaxi Formation shale gas reserves have reached 1700 × 108 m3, and the Pingqiao Anticline has a shale gas production capacity of 6.5 × 108 m3. The testing production of a single well was 7.1 × 104 to 29.1 × 104 m3/d, and the production varies greatly (He et al., 2021). Since the Mesozoic and Cenozoic, the Sichuan Basin has experienced multiple periods of tectonic movement, resulting in a complex distribution of the magnitude and direction of the in-situ stresses in the Longmaxi Formation (Chen et al., 2020; Ma et al., 2020; Wang, 2020; Luan et al., 2022). The Nanchuan Area is located at the edge of the Sichuan Basin and is a high-pressure–normal-pressure transition zone for shale gas. The pressure coefficient is distributed between 0.8 and 1.5. Therefore, the research on the prediction of the distributions of the in-situ stress and formation pressure plays an important role in the exploration and development of shale gas in this area.
Because of the low porosity and low permeability properties of shale gas reservoirs, horizontal well drilling and hydraulic fracturing technology have been widely adopted worldwide in recent decades to improve shale gas recovery. However, the selection of borehole direction of horizontal wells and the fracture propagation of hydraulic fracturing, are inseparable from the in-situ stress. Numerous previous studies have been conducted on how to predict the in-situ stress field, and relatively mature research methods have gradually been developed, such as the logging interpretation method and the core testing method (Kingdon and Fellgett, 2016; Xing et al., 2018; Zhang et al., 2023). These methods can accurately obtain the in-situ stress data of single wells, but it is impossible to predict the in-situ stress field of an area with no wells. With the continuous progress of research, some researchers have conducted numerical simulation studies on in-situ stress based on finite element principles combining logging calculation and core testing method (Chatterjee and Pal, 2010; Wang et al., 2017; Chen et al., 2018). The reservoir pressure while drilling tester can directly measure the formation pressure of the target zone. The Schlumberger’s Pressure Xpress and Pressure XPresS-HT instruments have also used the Quartzdyne quartz pressure sensors to measure formation pressure (Xue et al., 2023). The core component of these instruments is the quartz pressure sensor, which calculates the real pressure and temperature values through the solution algorithm, and then gets the accurate measurement results of the dynamic response of the formation pressure. In addition, the formation pressure prediction based on logging algorithm depends on the high resolution of logging data. The common interpretation models include effective stress method, Bowers method, empirical statistical model method, equivalent depth method, Eaton method, etc., which determine formation pressure through the compaction characteristics of rocks in the depth domain (Shi et al., 2020). The mechanical modeling method used by most researchers in the process of numerical modeling is to simulate the stress field of the formation outside the fault as an isotropic body (Higgins et al., 2008; Huang et al., 2019; Li et al., 2020). In a complex tectonic zone, the distributions of the mechanical parameters of the rocks within a layer vary considerably (Li et al., 2023; Peng et al., 2023). If the stress field simulation is carried out using an isotropic mechanical model, the accuracy of the simulation results will be greatly affected. Therefore, in this study, we divided the mechanical parameters into different regions based on the distributions of mechanical parameters of rocks, which could effectively improve the accuracy of the simulation results (Yang et al., 2021; Si et al., 2023).
The formation pressure, also known as the formation pore fluid pressure, is one of the important indicators in the evaluation of shale gas preservation. It is an indispensable parameter for determining the safety of drilling operations during the development of shale gas. Its ratio to the hydrostatic pressure, being called the formation pressure coefficient, is also one of the important parameters in the evaluation of shale gas reservoirs. Currently, the method of predicting the formation pressure in a well and the surrounding areas still includes the use of resistivity and sonic logging data (Mouchet and Mitchell, 1989; Sun, 2017; Chen et al., 2021; Li et al., 2021). For the prediction of the formation pressure in an area, the relationship between the acoustic wave time difference of the effective stress equation and the pore pressure can be used (i.e., the Eaton method) (Eaton, 1972; Fillippone, 1979; Carpenter, 2015). The Eaton method can also be used to establish different calculation models for different regions. Therefore, many researchers have used the Eaton method as the basis and have combined the actual geological conditions of each study area to modify the model parameters, which can effectively improve the prediction accuracy of the formation pressure. The application of these methods, however, is inseparable from the development of the layer velocity field model. With continuous research progress, the sampling accuracy of the layer velocity data points must be greater than 12 ms, in order to obtain formation pressure prediction results that meet the accuracy requirements (Xu et al., 2015; Huo et al., 2021). The accuracy of the layer velocity modeling in complex tectonic zones cannot meet the requirement for formation pressure prediction. The method of predicting the formation pressure is mainly to use logging data to predict the values in the wells and surrounding areas. It is difficult to predict the formation pressure in areas between wells.
Using the principle of finite element numerical simulation, in this study, we used the seismic data and logging data and the ANSYS Software to predict the in-situ stress field of the Longmaxi Formation in the Nanchuan Area. Additionally, considering the characteristics of the lateral isotropy and longitudinal anisotropy of the shale reservoirs, the formation pressure and formation pressure coefficient were predicted based on the combined spring model. The prediction results of the formation pressure distribution obtained in this study can provide a reference for the deployment, exploration, and development of a shale gas well networks in similar areas.
2 GEOLOGICAL BACKGROUND
The study area is located in the southeast part of the Sichuan Basin (southwest of the Jiaoshiba Area) (Figure 1). The Silurian Longmaxi Formation in this area was deposited in a deep-water shelf sedimentary environment (He et al., 2021). The shale of the Longmaxi Formation have three main lithofacies: siliceous shale, mixed shale and clay shale (Ju et al., 2019). The deposition environment was characterized by a high paleo-productivity and an anoxic environment (Wang et al., 2017), resulting in the enrichment of organic matter and providing the area with a rich source material (Figure 2). In terms of the tectonic location, the area is located in the tectogene on the southeastern margin of the Sichuan Basin. The surface undulates greatly in this area. The Jurassic strata are exposed in the northwest, and the Silurian strata are exposed in the southeast. Overall, the burial depth of the target layer gradually decreases from northwest to southeast, and the burial depths are 500–5,800 m. Most of the faults in the Nanchuan Area have a strike of the north-east direction. The causal mechanism in these faults was the long-distance conduction of the intracontinental orogeny in the Jiangnan Uplift. In the Mid-Yanshanian, the study area was subjected to a thrusting stress from the south-east, causing the faults to be mainly north-east trending. In the Late Yanshanian, a small number of nearly south-north trending faults were formed under a east-west trending stress (Wang et al., 2017). Currently, because of the influence of the compression of the Indian and Eurasian Plates, the main body of the Qinghai-Tibet Plateau has moved eastward, producing an eastward compressive stress. After transmission, a southwest-northeast compressive stress field was formed in this area (Wang and Shen, 2020).
[image: Figure 1]FIGURE 1 | (A) Location of the study area; (B) basal boundary tectonic map of the Silurian Longmaxi Formation in the Nanchuan Area; and (C) structural profile of a survey line XX’.
[image: Figure 2]FIGURE 2 | Comprehensive stratigraphic units of the Nanchuan area, eastern Sichuan Basin.
The tectonic deformation on the boundary of the study area is mainly controlled by the Qinglongxiang Fault, and the internal tectonic deformation is controlled by the Pingqiaoxi, Longjiqiao, and Yangchungou Faults (Figure 1). The Qinglongxiang Fault is a basement thrust fault that thrusts upward to the surface. The fault runs through the entire study area from north to south and has a large fault dips to the northeast. The Permian upper-plate is exposed and a Cambrian detachment has developed, causing the Daqian Fault to slip along the Middle Cambrian strata. The development of a fault-propagation fold resulted in the formation of the Baima Syncline. In addition, the southern section of the Daqian Fault changes from northeast to north-northwest because of the change in the direction of tectonic stress. Affected by the Daqian Fault and the Qinglongxiang Fault, the northward dipping Shiqiao Nasal Shape Structure was formed. The Precambrian detachment at the bottom is strong. The basement fault extends farther, crossing the Qinglongxiang Fault, and the upper Silurian strata contains almost no detachment. The tectonic deformation to the west of the Qinglongxiang Fault and the east of the Longjiqiao Fault is relatively strong. The Precambrian basement fault detachment gradually weakens and eventually disappears at the bottom of the Longjiqiao Fault. The upper cap rocks are mainly controlled by the Cambrian detachment and the development of the fault-related folds, such as the Dongsheng Anticline and the Pingqiao Anticline. They all plunge to the northeast and disappear. To the west of the Longjiqiao Fault, the deformation progressively weakens. Therefore, there is no strong faulting and folding in the forward belt of the thrust nappe structure, and only detachment occurs. For the tectonic deformation in eastern Sichuan, the Cambrian is the main detachment surface of the along-bedding detachment. The stratigraphic angle of the lower plate of the fault is relatively small, and the overall low-angle slope transitions to an open syncline in the basin. In some areas, the north-northwest trending fault cuts the early small northeast-trending fault because of the later transformation. In the southern areas, a nearly south-north trending fault-propagation fold has formed because of the nearly east-west compression in the late period.
3 METHODS
3.1 Numerical simulation of in-situ stress
The present-day stress field is the in-situ stress field caused by the present-day tectonic stress. This stress directly affects the core technologies used in shale gas development, including the horizontal well drilling and hydraulic fracturing technology. Carrying out research on the present-day stress field in complex tectonic transform areas is conducive to finding favorable areas for shale gas production. The factors that affect the distribution of in-situ stress field mainly include the characteristics of structural development, rock mechanical properties, fault distribution characteristics, boundary stress environment (the direction and size of tectonic stress), etc. In this study, the simulation study of in-situ stress field in the Nanchuan area of the Eastern Chongqing is carried out based on the finite element method.
In-situ stress field simulation mainly includes the following steps: 1) Geological model; 2) Mechanical model; 3) Determination of boundary conditions; 4) Numerical simulation results; 5) Computer calculations and analyses of the simulation results.
3.1.1 Geological model
The geological model is the basic model of the numerical simulation of the in-situ stress field, which directly affects the mechanical model, mathematical model, the division of boundary elements, and the gap of finite elements (Kaiser et al., 2005; Barba et al., 2010; Ju and Wang, 2018; Wu et al., 2021). On the basis of seismic data and the basal boundary tectonic map of the present-day Longmaxi Formation in the Nanchuan area, a basic geological model was established. To establish a geological model that fully reflects the main geological characteristics of the study area, the model considered all the faults that control the tectonics (Jiu et al., 2013; Ju et al., 2017; Liu et al., 2022). The geological data revealed that for the major faults in the area (i.e., the Longjiqiao Fault, Pingqiaoxi Fault, Pingqiaodong No. 1 Fault, Qinglongxiang Fault, and Daqian Fault), the cutting horizon is generally the Cambrian-Permian, which extends upward to the surface and downward to the Precambrian basement.
3.1.2 Mechanical model
The simulation scheme used in this study adopted the finite element analysis method to treat the research area as an ideal elastic body, and the simulation was carried out under this state. The strain was produced on the plane as a result of the action of the stress, and the stress and strain in each finite element were assumed to be uniform.
The reasonable selection of the mechanical parameters of the rocks directly affects the accuracy of the numerical simulation. Therefore, in this study, the overall characteristics of the rock series were considered when selecting the regional mechanical parameters of the rocks. The geological model used in this study was mainly divided into two units: the fault unit and the surrounding rock unit. The values of the physical parameters of these two units were different, but each was regarded as an isotropic elastic body. According to the compressional wave time difference, shear wave time difference, and density data for the Longmaxi Formation in the study area, the following equations were used to calculate the elastic modulus and Poisson’s ratio of the formation (Xu, 2014):
[image: image]
[image: image]
Where Ed is dynamic Young’s modulus (GPa); μd is dynamic Poisson’s ratio; ρ is rock density (kg/m3); △tp is compressional wave time difference (μs/m); and △ts is shear wave time difference (μs/m).
The dynamic-static conversion equation for the mechanical parameters of the rocks was used for the mechanical property interpretation (Xiong et al., 2016). The conversion equations for the mechanical parameters of the rocks in the study area are as follows (Eqs 3, 4):
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Where Ed and Es are dynamic and static Young’s modulus (GPa); μd and μs are dynamic and static Poisson’s ratio.
3.1.3 Determination of boundary conditions
Affected by the compression of the Indian Plate and the Eurasian Plate, a southwest-northeast compressive stress field has formed in the southeastern margin of the Sichuan Basin. The direction of the drilling-induced fractures in the Nanchuan Area was statistically analyzed, and the results showed that the present-day maximum principal stress direction is NE65°–150° (Figure 1). It represents the range of a clockwise rotation from NE65° to 150°. The range of angles covered by this result is 85°. For complex structural zones, deflection in the direction of principal stress exceeding 90° is common (Higgins et al., 2008; Ju et al., 2019). The large deflection in the direction of the principal stress is due to a well-developed faults in the study area (Figure 1). Therefore, fault is the factor that cause the disturbance of local stress and its direction deflection. There are many methods for obtaining in-situ stress, such as the triaxial rock mechanics experiments, the logging data calculation method, the hydraulic fracturing method, and the borehole stress relief method. In this study, we mainly use the logging data to calculate the in-situ stress data for the drilled wells in the area. The calculation results revealed that the maximum principal stress in the study area is 63.3–78.39 MPa, and the minimum principal stress is 54–68.16 MPa. The simulation experiment was repeated to obtain the most suitable loading data.
Because the in-situ stress situation is relatively complex and it is not clear how the stress acts on the boundary, in this study, we assumed the stress on the boundary to be uniform. A geological model was established using the ANSYS Software, and the corresponding mechanical parameters were assigned to the geological units. In the model developed in this study, a three-node triangular element was used for the grid division. According to the principle of finite element division, the grid units of the fault and its surrounding area were small, with a high grid density; and the grids in the other areas were large, with a small density. After the division, the grid of the model contained 59,363 nodes and 29,632 elements in total. After several simulations, the optimal simulation results were obtained when the maximum principal stress (75 MPa) and the minimum principal stress (65 MPa) were applied at 45° northeast and 135° northwest from the boundary, respectively (Figure 3).
[image: Figure 3]FIGURE 3 | Model grid division using ANSYS. δ1 and δ3 represent the horizontal maximum and minimum principal stresses respectively.
In the finite element method, the geological body is regarded as a finite continuous element connected by nodes. By endowing the geological body with mechanical parameters and imposing boundary stress conditions, the changes of stress, strain and displacement of each node in the region under the stress environment are calculated, which never reflects the change characteristics of the stress field of the geological body.
The displacement of any node (x, y) in the model can be expressed as:
[image: image]
Where w and v are the displacement in the X and Y direction, respectively.
Based on geometric equations, the relationship between strain and displacement is presented.
[image: image]
Strain matrix is expressed as:
[image: image]
Where [b] is geometric matrix, [δ] is nodal displacement matrix.
According to the principle of virtual displacement, The derived node load matrix is:
[image: image]
Where [P] is integral nodal load matrix, [K] is integral stiffness matrix, [δ] is node displacement matrix.
Based on the elastic mechanics equation, the relationship between stress and strain is:
[image: image]
Where [D] is elasticity matrix.
3.2 Method of predicting formation pressure
Formation pressure is the pressure of fluids in the pores of an underground rock mass on the rock’s skeleton, and it interacts with the in-situ stress. In particular, in strongly deformed tectonic zone, the deformation of the underground formation is complex, and the relationship between the in-situ stress and the formation pressure also becomes more complex. Therefore, the shale formation in the study area is considered to be a transversely isotropic medium and a longitudinally anisotropic medium based on the linear isotropic combined spring model (Thiercelin and Plumb, 1994). According to the theory of solid mechanics, we derived the relationship between the formation pressure and the in-situ stress under formation deformation. Logging data can accurately reflect the downhole formation pressure. Because of the complexity of the underground formation and the impacts of multiple factors, such as the tectonics and burial depth (Wang et al., 2010; Brooke-Barnett et al., 2015; Rajabi et al., 2017; Zeng et al., 2019), it can be difficult to predict the planar distribution characteristics of the formation pressure from the drilling data. Accurate prediction of the formation pressure distribution can effectively guide the deployment of the well networks for shale gas development. The technical process of this study is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Technical process of this study (modified after Ding et al., 2016).
3.2.1 Linear isotropic combined spring model
Based on the generalized Hooke’s law, the linear isotropic combined spring model of various systems comprehensively considers the influences of various factors, such as the formation’s elasticity, the tectonic pressure, and the tectonic deformation. In addition, this law has been applied widely in the prediction of the in-situ stress in shale formations (Thiercelin and Plumb, 1994; Ostadhassan et al., 2012; Najibi et al., 2017).
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Therefore, various factors, such as the horizontal stress, the tectonic deformation of the formation, and the overlying formation pressure, are used as the basic information to determine the coupling relationship between the stress, strain, and formation pressure based on the linear isotropic combined spring model (Eqs 10, 11) and the geological characteristics in the Nanchuan Area. Then, a formation pressure prediction equation suitable for the strong tectonic deformation (Eq. 12 in the study area is established. The equation is as follows:
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Where α is Biot coefficient; Pp is formation pore pressure (MPa); μ is Poisson’s ratio; σv is overlying formation pressure (MPa); σH is horizontal maximum principal stress (MPa); σh is horizontal minimum principal stress (MPa); E is Young’s modulus (MPa); εH is maximum principal strain in the horizontal direction; and εh is minimum principal strain in the horizontal direction.
In this study, the Biot coefficient was obtained according to the differential equivalent medium model (Zou and Chen, 2018; Zhou et al., 2022). There is a positive correlation between Biot coefficient and porosity. The calculated results show that the average Biot coefficient of the Longmaxi shale is 0.76.
3.2.2 Formation strain
The formation strain (i.e., the formation’s linear strain) is the ratio of the length increment caused by the deformation of a small line segment of the formation in a certain direction to the original length. The formation strain directly affects the correlation between the horizontal stress and the vertical stress (Lv et al., 2022). In the horizontal area of the formation, the interaction between the horizontal stress and the vertical stress was almost nonexistent (Lv et al., 2022). As the degree of formation deformation increased, the mutual influence of the horizontal stress and the vertical stress also increased. The Petrol Software was used to extract the maximum and minimum curvature values (KH and Kh, respectively) of the strata in the Longmaxi Formation tectonic map (Figure 5). Using the thin plate theoretical Eqs 13, 14 (Sun, 2017), the horizontal maximum and minimum structural strains εH and εh in the horizontal direction are calculated:
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[image: image]
[image: Figure 5]FIGURE 5 | Curvature distribution of Silurian Longmaxi Formation in the Nanchuan area: (A) Maximum curvature; and (B) Minimum curvature.
Where εH is horizontal maximum strain; εh is horizontal minimum strain; h is burial depth of tectonic curved surface (m); KH is maximum curvature in horizontal direction; and Kh is minimum curvature in horizontal direction.
3.2.3 Overburden pressure
The overburden pressure is the gravity of the overlying formation, and it was calculated according to the basic gravity calculation equation:
[image: image]
where σv is pressure of overlying formation (MPa); h is buried depth (m); ρ(h) is the function of change in formation density with increasing depth (g/cm3); and g is acceleration of gravity (m/s2).
Because of the density of the overlying formation, it is not an isotropic body and is greatly affected by the burial depth of the formation. According to the density logging data for wells X1, X2, and X4 in the Nanchuan Area, the relationship between the density of the overlying formation and the depth was fitted as follows (Figure 6; Eq. 16):
[image: image]
[image: Figure 6]FIGURE 6 | Fitting of density logging data from wells in the Nanchuan Area.
The fitted equation for the density of the overlying formation (Eq. 16) was substituted into the equivalent overlying formation pressure equation (Eq. 12), and the overlying formation pressure for the wells with drilling data in the area was calculated. The fitting results are given in Table 1. The deviations of the calculation results were all less than 1%, which was within the allowable deviation range. These results show that the calculation results of this equivalent equation can effectively reflect the pressure distribution of the formation overlying the Longmaxi Formation in the Nanchuan Area.
TABLE 1 | Fitting of overlying formation pressure.
[image: Table 1]4 RESULTS
4.1 Interpretation results of rock mechanics parameters
To verify the accuracy of the calculation results of the mechanical parameters, rock samples were collected from wells X1 and X2 in the Longmaxi Formation in the study area.
The data from the triaxial stress tests were fitted with the seismic calculation data (Table 2; Figure 7). The rock mechanics parameters shown in Figure 2 include Young’s modulus and Poisson’s ratio. These values are obtained from the linear elastic section in the middle segment of the curve in Figure 7, which represents the stable mechanical state of the rock underground (Yin et al., 2018). The fitting results showed that the deviation of the Young’s modulus was less than 1%, and the deviation of the Poisson’s ratio was less than 8%. These deviations were within the acceptable range, so the calculation results were reliable.
TABLE 2 | Fitting of the mechanical parameters of the Silurian Longmaxi Formation in the Nanchuan Area.
[image: Table 2][image: Figure 7]FIGURE 7 | Stress-strain curves for the Longmaxi Formation shale in the Nanchuan Area: (A) sample from Well X1; and (B) sample from Well X2.
[image: Figure 8]FIGURE 8 | Distribution of mechanical parameters of the Silurian Longmaxi Formation in the Nanchuan Area: (A) Young’s modulus; and (B) Poisson’s ratio.
According to the differences in the distributions of the Young’s modulus and Poisson’s ratio, different mechanical units were defined, and the average values of the Young’s modulus and the equivalent Poisson’s ratio of the rock in the different regions were calculated (Table 3). The mechanical parameters of faults were generally selected to be 50%–70% of the Young’s modulus of the surrounding rock. In contrast, the Poisson’s ratio of the fault was larger than that of the normal sedimentary strata, and the difference between the two was usually between 0.02 and 0.1. The values for the buffer area were generally selected as the average Young’s modulus and Poisson’s ratio values of the simulated area (except for the fault area).
TABLE 3 | Mechanical parameters used in the simulation of the stress field in the Nanchuan Area.
[image: Table 3]4.2 Numerical simulation of in-situ stress
The comparison results of the measured values of the in-situ stress obtained by drilling in the study area show that the deviations between the simulated horizontal maximum principal stress and the actual measured in-situ stress were all less than 3 MPa, and the stress deviation rate was less than 2% (Table 4). The deviations between the simulated minimum horizontal principal stress and the measured in-situ stress were all less than 4 MPa, and the deviation rate was mostly less than 5%. The deviation rate of the horizontal differential stress (the difference between the horizontal maximum principal stress and the horizontal minimum principal stress) was slightly higher, but most of the values were less than 15%, and the deviations were less than 2 MPa. After comprehensive analysis, we concluded that the deviation of the simulation results was within a reasonable range and that they generally conformed to the actual geological law.
TABLE 4 | Comparison of present-day in-situ stress field data.
[image: Table 4](1) Present-day maximum principal stress
The simulation results revealed that the study area is in a compressive stress field environment, and the present-day maximum principal stress direction is NE65°–110°, which is consistent with the direction of the drilling-induced fractures. Because of the impact of the pre-existing faults, when the in-situ stress acts on the fault, component forces will be generated along the fault direction, causing the direction of the maximum horizontal principal stress to deflect to the east (Figure 9A).
[image: Figure 9]FIGURE 9 | In-situ stress field of the Silurian Longmaxi Formation in the Nanchuan Area: (A) maximum horizontal principal stress; and (B) minimum horizontal principal stress.
The difference between the directions of the maximum horizontal principal stress on the east and west sides was approximately 45°. The range of the maximum principal stress was 56.12–93.79 MPa. The maximum principal stress values in the anticline and the fault zone were the smallest (52.32–68.5 MPa), and they were in the low-stress area. However, the stress values at the tip of the extension of the fault zone and the bend area of the fault were relatively large, and stress concentration occurred in these areas. The region can be regarded as being in a critical state, in which the fracture has been about to penetrate and form a fault, but this penetration has not yet occurred.
The high- and low-stress areas of the faults with different strikes and the nearby areas also were different. The stress values of the southwest-northeast trending faults in the study area were slightly smaller than those of the southeast-northwest trending faults. For example, for the faults in the west, when the tectonic stress was transmitted in the areas containing faults with different strikes, the difference in the strike of the fault caused a change in the equivalent physical parameters of the rocks near the fault, resulting in a change in the fault stress and also a change in the stress value in the surrounding areas. The present-day maximum principal stress in the area to the left of the Longjiqiao Fault (F1) in the study area was relatively large. The burial depth of the stratum in this area was greater than 4500 m, and the confining pressure was relatively large, which affected the mechanical parameters of the rock to a certain extent. The burial depth in the area on the right of the Longjiqiao Fault (F1) was relatively shallow, and the present-day maximum principal stress value was relatively small. The stress value in the syncline area in this zone was higher than that in the nearby flat area. Excluding the influence of the faults, the core area of the anticline was significantly larger than its wing area. However, the situation was the opposite in the anticline area, and the stress value in this area was relatively low. The compressive stress in the core area of the anticline was the smallest, and it has gradually increased toward the two wings.
(2) Present-day minimum principal stress
The present-day minimum principal stress of the Longmaxi Formation in the Nanchuan Area, Eastern Chongqing, is also compressive stress, and the direction of the stress is NE335°–20°, which is consistent with the direction of the well wall collapse during drilling. The present-day minimum principal stress value is in the range of 48.06–71.67 MPa (Figure 9B).
The distribution of the minimum principal stress throughout the entire area was uneven. The distribution of the low-value area was obviously controlled by the faults and depth. The fault zone area was a low-value area with values of 48–55 MPa. Similarly, with the Longjiqiao Fault (F1) as the boundary, the minimum horizontal principal stress values to the west of the fault were relatively large (69.3–71.3 MPa), and the values to the east of the fault were relatively small (50.6–68.1 MPa). They also were affected mainly by the distribution of the mechanical parameters of the rocks.
5 DISCUSSION
5.1 Distribution law of formation pressure
The formation pressure prediction equation (Eq. 5) is used to obtain the distribution of the formation pressure in the study area (Figure 8). The results were fitted using the measured formation pressure data (Table 5). The formation pressure of the target zone is obtained through pressure measurement while drilling, and the mud pulse signal is used to measure formation pressure in real time. The equipment used is SDC-I pressure gauge while drilling.
TABLE 5 | Fitting of the formation pressure and formation pressure coefficient.
[image: Table 5]The predicted values were compared with the actual measured data. The results revealed that the deviations between the predicted values of the formation pressure and the measured values were less than 3 MPa, the deviation percentage was less than 4%, and the deviation of the formation pressure coefficient results was also less than 0.05 (Table 5). The deviations were within the allowable range, the results were generally consistent with the actual geological laws, and the simulation results were reliable. The results show that the coupling relationship between ground stress, formation strain and formation pressure can be well applied in complex deformation area, and the accuracy of formation pressure prediction can be improved.
Based on the formation pressure prediction results (Figure 10), the range of the formation pressure in the area was 2.8–88.25 MPa. The distribution of formation pressure is affected by many factors such as fault, in-situ stress, tectonic location and petrophysical parameters. The distribution of the formation pressure was greatly affected by the burial depth of the formation and the tectonic position (Chatterjee, 2008). The areas with high formation pressures were distributed mainly to the west of the Longjiqiao Fault (F1) and in the syncline area between the Pingqiao No. 1 Fault (F3) and the Qinglongxiang Fault (F4). The formation pressures are in these areas were between 55.78 MPa and 88.25 MPa. Additionally, the burial depths of the formation in these two areas were large (>3500 m). The area with a low formation pressure was distributed mainly in the southeastern part of the study area. The burial depth of formation in this area (<1,000 m) was the shallowest in the study area, and the formation pressure was less than 20 MPa. The main reason for this was that in the shallow buried area, the overlying strata pressure is low, the positive pressure on the shale bedding surface of Longmaxi Formation is reduced, the fracture is in the open state, resulting in the shale gas escape. In the area where the degree of formation deformation was large, the formation pressure gradient was relatively large, about 12 MPa/km. In the areas with a small degree of formation deformation, the formation pressure gradient was relatively small, about 3 MPa/km.
[image: Figure 10]FIGURE 10 | Formation pressure distribution of the Silurian Longmaxi Formation in the Nanchuan Area.
The coefficient of formation pressure is the ratio of formation pressure to hydrostatic pressure at the same depth, which can directly reflect the change of formation pressure system in the area, and plays an important role in drilling safety and well pattern layout. The Eq. 17 is used to calculate the distribution of the formation pressure coefficient (Figure 11).
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where αp is formation pressure coefficient; Pp is formation pressure (MPa); and Ph is hydrostatic pressure (MPa).
[image: Figure 11]FIGURE 11 | Distribution of formation pressure coefficient of the Silurian Longmaxi Formation in the Nanchuan Area.
The formation pressure coefficient ranged from 0.74 to 1.55 (Figure 11), and most of the areas exhibited formation overpressure (pressure coefficient >1.1), the formation pressure in the areas near the basin (the western part of the F1 Fault) is above 1.4. The normal-pressure zone (0.9 < pressure coefficient <1.1) was distributed around the fault. The low-pressure zone (pressure coefficient <0.9) was distributed in the fault zone area and the shallow-buried area in the southeastern part of the study area.
5.2 Factors affecting formation pressure
The results show that the formation pressure in complex tectonic deformation area is controlled by multiple factors such as formation deformation, in-situ stress and petrophysical parameters. Therefore, considering the influence of various factors on formation pressure, the prediction accuracy of formation pressure in complex tectonic deformation areas can be improved (Guo and Zhang, 2014; Fang et al., 2018).
(1) Faults
In the faults and surrounding areas, the formation pressure was low. The high formation pressure areas occurred in the regions far from the faults. This was mainly due to the development of through-going fractures in the faults and surrounding areas during the formation of the faults, leading to the escape of shale gas. As the distance from the fault increased, the stress concentration phenomenon weakened, and a set of areas where fractures developed but were unconnected gradually formed at distances far from the faults (Shen et al., 2015; Zheng et al., 2019). This area has been conducive to the accumulation and storage of shale gas, resulting in an increase in the formation pressure and the formation of a high-value area.
As shown in Figure 11, the formation pressure on the southeast side of the fault is slightly greater than that on the northwest side. This phenomenon has been confirmed by the formation pressure test results of various wells. This is because the faults in the study area have left-lateral characteristics, which will aggravate the plane heterogeneity of tectonic stress (He, 2021). It causes the southeast side of the fault to be under strong compression conditions, while the northwest side is under weak compression conditions. Thus, the southeast side of the fault has relatively low formation pressure, while the northwest side has relatively high formation pressure (Figure 11).
(2) Structural position
Generally, the more intense the structural deformation is, the higher the degree of fracture development is. The fracture development density is within the appropriate range, which is conducive to shale gas reservoir. Therefore, the formation pressure distribution in different structural locations is quite different. In addition to the fault area, the most intense deformation is in the back and syncline area. The results show that the formation pressure in the synclinal core is high (70–76.2 MPa) and gradually decreases toward the two wings, while the formation pressure in the anticlinal core is low (33.6–42 MPa) and gradually increases toward the two wings. The main reason is that with the formation deformation and bending, the inverted “V” type tensile fracture with downward opening is formed in the synclinal core area with the increase of deformation degree, which is conducive to shale gas accumulation and high formation pressure. On the other hand, the anticlinal area is easy to form the “V” tensile fracture with the opening up, which is easy to cause the shale gas escape and the formation pressure is relatively reduced.
(3) Petrophysical property
Rock physical properties mainly refer to rock mechanical parameters (Young’s modulus and Poisson’s ratio). The research results show that formation pressure in rock strata is positively correlated with Young’s modulus and negatively correlated with Poisson’s ratio. The main reason is that the larger Young’s modulus is and the smaller Poisson’s ratio is in the formation, the more difficult deformation is to occur in the region. When tectonic stress is received, the change of formation pore space can be reduced, so that these regions can maintain high formation pressure. Strata with small Young’s modulus and large Poisson’s ratio are prone to deformation under the influence of tectonic stress, forming new fractures and gradually connecting with other previous fractures, resulting in shale gas escape and formation pressure reduction.
Hydrocarbon generation can promote the formation of secondary pores, thus improving the petrophysical properties and formation pressure of shale reservoirs. In the hydrocarbon generation period, the paleooverpressure was formed under the action of hydrocarbon generation. However, whether the ancient overpressure can be preserved depends on the sealing properties of the overlying layer. If the overburden layer is destroyed, the paleooverpressure environment will change to normal pressure or even negative pressure (Ju et al., 2019). According to the formation pressure evaluation results of the Longmaxi Formation in the study area, overpressure is extremely common (Figure Figure11), and its formation is due to the expansion and pressurization mechanism of hydrocarbon generation (Tang et al., 2022).
(4) In-situ stress
The present geostress includes overlying strata pressure and horizontal stress. The overlying formation pressure is the gravity of the overlying formation, which depends on the depth of the formation. The influence of overlying formation pressure on formation pressure (formation pore pressure) mainly includes two aspects. First, in the area with a large burial depth, with the increase of overlying formation pressure, the confining pressure of the formation increases, so does the Young’s modulus of the rock, thus affecting the formation pressure. Second, as the burial depth decreases, the overlying formation pressure gradually decreases, so does the positive pressure of the bedding surface of the Longmaxi shale. When the pore pressure of the local layer is greater than the breakthrough pressure, a large number of micro-fractures will be formed, forming new storage space and providing a channel for the shale gas to escape, resulting in the decrease of formation pressure.
The influence of horizontal geostress is mainly manifested in the squeezing effect of horizontal geostress on formation pores. The greater the horizontal in-situ stress is and the greater the angle between it and crack strike, the stronger the squeezing effect on formation pores and the stronger the restraint effect on gas in pores, and the better the formation pressure can be maintained. On the contrary, the smaller the horizontal stress is, the smaller the angle between it and the fracture strike is, the smaller the binding force on the gas in the pores is. When it is greater than the breakthrough pressure, the pore space of the formation will increase and the formation pressure will decrease.
Through this study, we found that four factors (fault, structural position, petrophysical property, in-situ stress) affect formation pressure. Since formation pressure is caused by overlying load and in-situ stress, therefore, in-situ stress is the primary factor affecting formation pressure. For faults, structural position and petrophysical property, they will play a certain role in regulating formation pressure, so they are secondary factors. On the whole, in-situ stress belongs to external factor, while faults, structural position and petrophysical property belong to internal factor. The external factor has a greater influence on formation pressure.
Compared with the traditional methods, the interpretation method of formation pressure adopted in this paper is based on its genetic mechanism. Therefore, it has advantages in the prediction of formation pressure compared with the traditional methods. However, this method is still a static model. In fact, the formation pressure of shale reservoirs can change continuously during the development of hydrocarbons. Therefore, how to construct a dynamic model of shale formation pressure is a scientific problem worth further exploration in the future.
6 CONCLUSION
On the basis of this study, the following conclusions can be drawn.
1. The direction of the present-day maximum horizontal principal stress in the Nanchuan Area is about NE65°–110°, and the magnitude is 56.12–93.79 MPa. The direction of the present-day horizontal minimum principal stress is about NE335°–20°, and the magnitude is 48.06–71.67 MPa. The in-situ stress direction is greatly affected by the faults, and slight deflection occurs in the fault area. The present-day distribution of the in-situ stress is greatly affected by the tectonic position and burial depth, and the distribution exhibits a northeast-southwest trend. The stress values in the fault area are small, and stress concentration occurs at the tip and bend of the fault.
2. The formation pressure in the Nanchuan Area is between 2.8 MPa and 88.25 MPa, and the pressure coefficient is 0.74–1.55. The burial depth and formation position have relatively large influences on the distribution of the formation pressure. The fractures in the fault zone area are dense and connected, which makes it easy for the shale gas to escape, leading to a low formation pressure. The formation pressure values in the syncline area are greater than those in the anticline area. The formation pressure gradient in the fold area is larger than that in the flat area. The in-situ stress in the anticline area is relatively small, the formation pressure is less than 40 MPa, and the pressure coefficient is 1.33–1.38.
3. In this study, the prediction accuracy of the in situ stress field was effectively improved by dividing the geological model into mechanical units. In addition, based on the linear isotropic combined spring model, the influences of the formation’s deformation and the in-situ stress on the formation pressure were considered, and the accuracy of the formation pressure prediction was improved. A technique for predicting the formation pressure distribution of shale gas reservoirs in complex structural areas was developed, and it is not only applicable to the Nanchuan area, but also to shale gas reservoirs in other complex tectonic transformation areas worldwide.
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To further study the sedimentary environment of the black mudstone in the early Carboniferous Dawuba Formation in the Middle and Upper Yangtze regions and support regional shale gas exploration and related research, the major and trace elements of the Dawuba Formation in Well CY1, located in deep water shelf facies, were tested and analyzed. The results show that the study area contains mainly continental margin deposits affected by hydrothermal deposition, and they are rich in organic matter and have high primary productivity. The parent rocks are mainly acidic rocks, such as felsic igneous rocks, granites and some sedimentary rocks. And the provenance is mainly provided by acidic igneous rocks of the Jiangnan Paleouplift. An ICV<1 and high CIA and Th/U values indicate a warm and humid climate and under stong chemical weathering conditions. The values of V/(V+Ni), Cu/Zn and Ce/La suggest that organic-rich intervals of the Dawuba Formation accumulated under predominantly dysoxic conditions. The warm and humid climate is conducive to the flourishing of micropaleontology, and the high primary paleoproductivity and weakly reducing environment are conducive to the formation of organic-rich shale, forming high-quality reservoir source rock in the Dawuba Formation.
Keywords: Dawuba Formation, element geochemistry, provenance, tectonic setting, sedimentary environment
INTRODUCTION
Natural gas resources account for a relatively large proportion of the energy structure of China, affecting the development and security of the country in key areas of economy, politics, security, etc (Guo et al., 2023; Zhang J. et al., 2023). With the vigorous development of unconventional petroleum in China, the exploration and development of shale gas in lower Paleozoic state in the Sichuan Basin has achieved remarkable results (Zhang et al., 2022; Zou et al., 2023). To further expand the resource potential, it is imperative to evaluate the shale gas resource potential of new strata in the new area of the Middle and Upper Yangtze region (Gu et al., 2022a; Gu et al., 2022b; Qiu et al., 2022; Zhang Q. et al., 2023). A set of organic-rich black shales that developed in the lower Carboniferous Dawuba Formation in southern Guizhou Province is a shelf–platform basin facies deposit with a large thickness and wide distribution (Zhang et al., 2016; Liang et al., 2022; Feng et al., 2023). Previous studies have been conducted on the reservoir characteristics of black shale in the Dawuba Formation, but the detailed geochemical characteristics and depositional environment of this black shale are relatively unknown (Qie et al., 2015; Yang et al., 2022). Therefore, in order to gain a deeper understanding of the sedimentary environment and tectonic pattern of the early Carboniferous Epoch and to select the favorable area of shale gas, this paper selects the mudstone core of Well CY1 in Changshun Sag, which is relatively developed in the deepwater facies area, for systematic petrological, mineralogical and geochemical analysis, and studies the sedimentary environment of black mudstone formation of Dawuba Formation in detail, which is of great significance for further understanding and evaluating the shale gas exploration potential in this area.
GEOLOGICAL SETTING
The Carboniferous Dawuba Formation is mainly distributed in the Liupanshui–Ziyun–Luodian area of the southern Guizhou Depression, and in the study area, the Changshun Sag is located in the northeasteran of Ziyun area, which is mainly controlled by the Anshun–Guiyang fault and the Ziyun–Liupanshui fault (Ding et al., 2019; Liang et al., 2022) (Figure 1A). The main tectonic location is the southwest Yangtze passive continental margin, which has experienced multiple tectonic movements (Qie et al., 2015). Due to the continuous uplift of the central Guizhou uplift and Jiangnan uplift in the end of the Caledonian, the whole study area was a shallow sea environment (Fuquan, 1989; Chen et al., 2019; Yuan et al., 2019). During the Hercynian stage, the continuous expansion of the paleo-uplift and strong tectonic movement resulted in the formation of a NW-trending fault trough on the west side of the Ziyun–Liupanshui syndepositional fault through the action of strong tensile stress (Fuquan, 1989). The Late Devonian marine regression event made a carbonate platform deposition in the study area. In the Early Carboniferous period, sea transgression from the southeast direction, and the study area was transformed into shelf deposition, and gradually developed into carbonate platform facies in the late Carboniferous. Therefore, the Dawuba Formation was deposited in the inner depression of the platform and was controlled by a series of isolated carbonate platforms (Chen et al., 2018; Chen et al., 2019) (Figure 1A). The whole distribution was along the Ziyun–Liupanshui rifting trough, and the water gradually deepened from both sides of the rifting trough to the interior. From the tide flat to shelf facies (platform basin) transition, in the Zhenfeng area to the south of the Ziyun–Liupanshui fault, isolated platform deposition is developed, which makes the Dawuba Formation have a “platform-basin” facies sedimentary feature (Chen et al., 2019; Mei et al., 2021) (Figure 2). During the depositional period of the Dawuba Formation in the Changshun Sag, the water was deep and the resulting sedimentary rocks consisted of mainly mudstone initially, later incorporating limestone, indicating a gradually shallowing sedimentary sequence (Zhang et al., 2017).
[image: Figure 1]FIGURE 1 | (A) Diagram of the sedimentary facies of the Dawuba Formation in Guizhou Province. (B) Stratigraphic column of the Well CY1 and the sampling location. (C) Ternary diagram of the mineral composition of the Dawuba Formation black mudstone.
[image: Figure 2]FIGURE 2 | Stratigraphic correlation map of Dawuba Formation in Guizhou Province.
In this study, the mudstone of the Well CY1, located in the favorable shale gas formation facies–deep water shelf facies area, was selected to explore the sedimentary environment of the source rock formation. Well CY1 is located in the northern part of the Changshun Sag, far from the terrigenous detrital source area, and it is part of the seaward slope zone of the carbonate platform (Figure 1A). The true thickness of the well’s Dawuba Formation is 209.03 m, and it is in conforma-ble contact with the underlying Carboniferous Muhua Formation and the overlying Carboniferous Nandan Formation (Figures 1B, C). The lower part mainly consists of black carbonaceous mudstone and carbonaceous silty mudstone (Figure 3). These are part of the deepwater shelf-slope facies (Figure 2) and contain a few visible fossils (Figure 3B). The rocks are rich in organic matter with developed cracks (Figures 3C, D). The upper part is mainly gray argillaceous limestone with black mudstone (Figure 2), featuring fossils and bio-turbation structures (Figure 3E); it is a shallowing-upward sedimentary sequence, whose sedimentary environment changed from a deepwater shelf environment to a shallow-water shelf–platform slope (Figure 2). The black mudstone in the lower part of the Dawuba Formation is rich in organic matter, has a high total organic carbon content (the TOC mean value is 1.81%) (Figure 3C), has clay minerals and microfracture development (Figure 3D), and has great hydrocarbon generation potential, making it a favorable gas source rock and reservoir for shale gas exploration (Zhang et al., 2017).
[image: Figure 3]FIGURE 3 | Lithologic characteristics of the Well CY1. (A) Black mudstone core in the lower part of the Dawuba Formation. (B) shell in the lower part of the Dawuba Formation. (C) organic matter and fracture in mudstone in the Dawuba Formation (SEM). (D) fractures of clay minerals in mudstone in the Dawuba Formation (SEM). (E) Foraminifera in the argillaceous limestone of the upper part of the Dawuba Formation.
SAMPLES AND METHODS
A total of 106 samples from the Well CY1 were selected for TOC analysis, 25 samples were selected for mineral composition testing, and 10 samples were collected from bottom to top for major and trace element analysis. The specific sampling locations and numbering are shown in Figure 1B. All tests were completed in the laboratory of the Chengdu Geological Survey Center. Prior to the analysis and test, fresh samples were ground to particle sizes of less than 0.2 mm under pollution-free conditions for TOC content analysis. The samples were ground to 200 mesh for major and trace element analysis. The major elements were detected by a Panaco Axios mAx PW4400/40 X-ray fluorescence spectrometer (Netherlands), and the analytical error was less than 1%. The analytical error of trace and rare earth elements was less than 5% according to the X-series II inductively coupled plasma mass spectrometer (ICP‒MS; ThermoFisher, United States). A ZJ207 Bruker D8 Advance X-ray diffractometer was used for X-ray diffraction analysis. Ni-filtering Cu target radiation was adopted. The working voltage was 40 kV, the working current was 40 mA, the emission slit and scattering slit were both 1°, and the receiving slit was 0.3 mm. The measurement criteria followed SY/T5163-2010, and High Score software was used for data analysis.
ANALYTICAL RESULTS
Petrological characteristics
Analysis of 106 black mudstone samples revealed a high total organic carbon (TOC) content in the Dawuba Formation, ranging from 0.78% to 4.51%, with an average of 1.81%. There are 98 organic-rich shale samples (TOC>1%), representing 92.45% of all samples (Figure 1B). A higher TOC content indicates higher paleoproductivity in the study area. The quantitative analytical results of X-ray diffraction show that the rocks are mainly composed of clay minerals, quartz and carbonate minerals, and clay minerals contents of 3%–76% and an average content of 43.44% (Table 1; Figure 1B). The quartz contents are 15%–45%, with an average of 26.08%. Carbonate minerals have low calcite content ranging from 1% to 74% with an average of 19.08%, and low dolomite content ranging from 1% to 37% with an average of 4.92%. The content of feldspar is low, and the feldspars are mainly plagioclase, with an average content of 3.28%. The pyrite content averages 2.2% and can be observed in most rocks. The clay minerals are mainly illite/smectite (average 80.79%) with small amounts of illite (average 11.63%), chlorite (average 4.91%) and kaolinite (average 4.11%) (Table 1; Figures 3C, D). According to the shale lithofacies division (Figure 1C), most of the sample points of Well CY1 plot in the clay lithofacies area and mixed shale facies. A high content of clay minerals is conducive to the adsorption of organic matter and the formation of organic-rich shale (Figures 3C, D). At the same time, it is conducive to the formation of micropores, thereby improving the adsorption capacity of shale gas and forming high-quality reservoirs (Zhang et al., 2022; Nie et al., 2023; Zhao et al., 2023).
TABLE 1 | Mineral composition (%) and clay mineral composition (%) of the Well CY1 well.
[image: Table 1]Major and trace element characteristics
The results of the major elements and related parameters in the Dawuba For-mation of Well CY1 are shown in Table 2 and Table 3. Compared with the Upper Continental Crust (UCC) values (Taylor and Mclennan, 1985), Al2O3, Fe2O3 and TiO2 are slightly enriched, and the other major ele-ments are slightly depleted. The enrichment of Al2O3 and TiO2 indicates that there was a continuous and stable input of terrigenous debris in the Dawuba Formation during the depositional period (Zhang J. et al., 2023). The loss on ignition (LOI) was high, with a mean value of 10.77%, which was related to the abundance of organic matter in the sample (Zhang Q. et al., 2023).
TABLE 2 | TOC and major element (10–2) abundances and some associated parameters of mudstone from Well CY1.
[image: Table 2]TABLE 3 | Trace element (10–6) abundances and some associated parameters of mudstone from Well CY1.
[image: Table 3]The element enrichment factor (EF) = [(i/Al) sample/(i/Al) UCC] (Taylor and Mclennan, 1985; Condie, 1993; Mclennan, 2013), which is used to describe the enrichment of various trace elements in black shale, is defined as the ratio of the molar concentration of elements in the sample to the average molar concentration of the elements in the corresponding UCC (Taylor and Mclennan, 1985). Compared with the UCC, the trace elements of the Dawuba Formation in the study area are weakly enriched or not depleted except for Rb, Zr and Mo (Table 3). The enrichment of U, V, Ni, Cr, Cu, Zn may be related to hydrothermal activities or reductive sedimentary environment (Condie, 1993; Mclennan, 2013). Cu, Zn and Ni are all nutrient elements, and their enrichment indicates high paleoproductivity in this area (Steiner et al., 2001). The enrichment of Cr may be related to the influence of mantle material, it is suggested that mantle material may be involved in the diagenetic process of black rock series (Eker et al., 2012; Zhang et al., 2022). The lower abundance of redox-sensitive metals, such as Ni, V, and U, suggests that the sedimentary water during the Longmaxi Stage had low reducing conditions (Zhang et al., 2022).
Rare earth element characteristics
The total amount of rare earth elements (ΣREEs) in the black mud of the Well CY1 well ranging from 213.08×10−6 to 308.1×10−6, with an average value of 255.6×10−6 (Table 4), and the ratio of light to heavy rare earth elements (ΣLREE/ΣHREE) ranges from 4.63 to 12.90, with an average value of 10.05. The light REEs are considerably enriched relative to the heavy REEs. Moreover, the weak negative Eu anomaly (δEu ranging from 0.75 to 0.97 with average 0.84) and negligible δCe=0.72–1.11), negative Ce anomaly (δCes fluctuates from 0.72 to 1.11 with average 0.92), indicating a dysoxic or weak oxidation continental margin environment (Murray, 1994). The LaN/YbN values range from 0.91 to 1.62, with an average of 1.31 (Table 4). Most of the samlpes distributed in the continental margin (LaN/YbN ranging from 1.49 to 1.74) (Bhatia, 1985), while a few plot between the continental margin and the deep-sea basin (LaN/YbN values were 0.70) (Bhatia, 1985; Liang et al., 2022), indicating that the sedimentary period may have been influenced by pelagic and deep-sea sediments (Liang et al., 2022). The standard curve of chondrite of REE is L-shaped with right-leaning (Figure 4A), reveals a deficit of light rare earth enriched the heavy one, which is basically consistent with the REEs composition characteristics of the average UCC and PAAS and consistent with the deposition characteristics of crust source material (Gromet et al., 1984; Taylor and Mclennan, 1985). In the NASC-normalized diagram (Figure 4B), most samples are distributed almost horizontally, and the composition characteristics of REEs are similar to NASC, indicating that most sediment source rocks in the study area are mainly from the continental upper crust. The REE distribution model in the study area is not quite consistent (Figure 4) (Gromet et al., 1984), which indicates an unstable sedimentary basin with intense tectonic movement during the Dawuba period.
TABLE 4 | Rare earth element (10−6) abundances and some associated parameters of Well CY1 black mudstone.
[image: Table 4][image: Figure 4]FIGURE 4 | Chondrite-normalized (A) and NASC-normalized (B) REE patterns of black mudstone Well CY1. Map data from (Bhatia, 1985; Taylor and Mclennan, 1985).
DISCUSSION
Rock source and origin
In marine sediments, the formation of black shale is a complex process, which is the result of the combined effects of terrigenous debris, hydrothermal sedimentation, biochemical processes, and other factors. The elements in rocks generally come from terrigenous detritus and the authigenic part of minerals, and the input of terrigenous detritus is a key factors affecting the mineral composition of black shale (Guo et al., 2023). Because the contents of A12O3 and TiO2 are mainly related to the input of terrigenous materials, they are relatively stable and rarely affected by diagenesis and later geological processes (Roser and Korsch, 1986). Therefore, the positive correlation between Al2O3 and TiO2, while the negative correlation between SiO2/A12O3 and A12O3 are indicate continuous input of terrigenous materials in the deposition process of the source region (Roser and Korsch, 1986). The black mudstone of Well CY1 shows this positive correlation (Figures 5A, B), which indicates that there is a high proportion of terrigenous material continuously input during the deposition of the Dawuba Formation. Meanwhile, Th, Nb, Ta, Zr, Rb and other incompatible elements are commonly from terrestrial sources (Cox et al., 1995). Figures 5C, D shows that Th, Nb and Al2O3 have a good positive correlation, indicating that the terrestrial source area of Nb and Th is relatively uniform, indicating that the terrestrial input background in the study area is relatively simple.
[image: Figure 5]FIGURE 5 | Correlation diagram of terrigenous clastic input of black mudstone in Well CY1.
Black shale formation is influenced by various factors. It is usually accompanied by oceanic anoxic events and the enrichment and mass extinction, and most of it is closely related to hydrothermal sediments (Qiu et al., 2022; Zhang et al., 2022; Zou et al., 2023). Hydrothermal activities will affect the content of some elements in sediments, especially trace elements. In general, submarine hydrothermal fluids are characterized by high contents of Cu, Pb, Zn, Ni, V, Cr and other elements (Li et al., 2017; Wang et al., 2018). The studied samples show slightly enriched elements, suggesting deep source material additions. Nagarajan et al. (2014) based on geochemistry of manganese deposits in the northeastern waters of Hokkaido, Japan believe that Co deposition is mainly related to hydrogenesis, while Ni and Zn are hydrothermal. Therefore, the discrimination diagram of these elements can be used to successfully distinguish hydrothermal deposition from non-hydrothermal deposition. It can be seen from the (Cu+Co+Ni)–Fe–Mn triangle diagram and Zn–Ni–Co triangle discrimination diagram (Rona, 1978; Rona et al., 1983; Adachi et al., 1986) (Figure 6) that most of the samples fall in the hydrothermal deposition area, indicating strong submarine hydrothermal deposition. Based on the above findings, it is suggested that hydrothermal deposition partly influenced the black shale of the Dawuba Formation in the study area during the tension environment of that period. Intense pressure created a faulted basin, where hydrothermal upwelling delivered nutrient-rich matter and formed the Dawuba Formation’s organic mudstone. However, relatively low concentrations of probably hydrothermal components in the studied rocks reflect that hydrothermal activity in the basin was not very high.
[image: Figure 6]FIGURE 6 | Identification diagram of hydrothermal influence on deposition of the studied mudstones. (A) based on Rona, 1978. (B) based on Adachi et al., 1986.
Provenance attribute and depositional tectonic background
The geochemical characteristics of detrital rocks in sedimentary rocks can effectively reflect the provenance characteristics. The relevant diagrams and ratios of major elements such as SiO2, TiO2, K2O, and Al2O3 and REEs such as La, Yb and REEs with low migration ability can be used as indicators determining provenance attribute of fine clastic rocks (Roser and Korsch, 1986; Cox et al., 1995). In the SiO2–TiO2 diagram (Figure 7A) (Roser and Korsch, 1986), most of the samples are mainly distributed in the igneous rock area, and one plot into the sedimentary rock area, indicating that the source rock has both igneous rock and sedimentary rock contributions. In the ΣREE–La/Yb diagram (Figure 7B) (Bhatia, 1985), the samples all plot in the intersection area of sedimentary rocks and granite. Combined with Figure 4A, the source rocks are mainly acidic rocks, such as felsic igneous rocks, granites and some sedimentary rocks. This is consistent with the intermediate-felsic rocks (e.g., the Caledonian and Hercynian diorite, granodiorite, plagiogranite) from the Jiangnan uplift in the northeastern margin of the study area.
[image: Figure 7]FIGURE 7 | The source rock discrimination diagrams for mudstones of Well CY1. (A) base map from Roser and Korsch, 1986. (B) base map from Bhatia, 1985.
Previous studies indicate that sedimentary rock geochemistry can differentiate various tectonic settings. Roser and Korsch, (1988) established two discriminant functions, F1 and F2, according to the properties and characteristics of the main element oxides in sediments. The F1–F2 diagram can effectively distinguish the tectonic setting of the ancient sedimentary basin. The formulas are:
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In the F1–F2 diagrams (Figure 8), the sample points in the study area mainly fall in the passive continental margin area, indicating that the sedimentary tectonic background of the study area is passive continental margin.
[image: Figure 8]FIGURE 8 | Tectonic setting discrimination diagrams of Well CY1. PM-passive continental margin; ACM-active continental margin; CIA-continental island arc; OIA-oceanic island arc. Base map is from (Roser and Korsch, 1988).
The distribution patterns of REEs are widely applied to identify modern and ancient sediments from different tectonic settings (Bhatia, 1985; Eker et al., 2012). In general, sediments at passive continental margins are characterized by light REE enrichment and negative Eu anomalies. In contrast, the parent rocks of the sediments on the active continental margin are mainly volcanic rocks with low differentiation, which are characterized by heavy REE enrichment and no negative Eu anomaly (Zhang et al., 2018). The light REEs are considerably enriched in shale samples in this area, and the ratio of light to heavy REEs (ΣLREE/ΣHREE) is 10.05. It show a weak negative Eu anomaly (mean 0.84) (Table 4; Figure 3), which is similar to sediments in the passive continental margin. Meanwhile, Bhatia (1985) summarized REE partitioning curves of miscellaneous sandstones under different tectonic settings. Most of the REE chondrite-normalized distribution patterns and NASC-normalized distribution patterns of the Dawuba Formation black mudstone exhibit characteristics similar to the REE partition curve of passive continental margins clastic rocks (Figure 4). This is in line with the results of main and microelement discrimination, suggesting that the tectonic background of the provenance area is mainly passive continental margin.
Provenance weathering and paleoclimatology
The index of compositional variation (ICV) can determine whether a clastic sedimentary rock was first deposited or recirculated (Cox et al., 1995; Zhang J. et al., 2023). The formula is as follows: 
[image: image]
All of which are molar masses, and CaO* represents the CaO abundance derived from silicate minerals. To date, no direct methods have been used to quantify and distinguish the CaO contents in silicate portions and nonsilicate portions (apatite and carbonates). K2O* is the corrected K2O to eliminate the effect of potassium metasomatism on the results. The CaO* and K2O* contents studied here refer to the method described by McLennan and Taylor (1988) and Cox et al. (1995). It has been shown that the ICV value decreases because the primary sediments under strong weathering remain in the clay for a long time and are subjected to further weathering. Therefore, the clastic sedimentary rocks with low ICV values are considered to be from sedimentary sources containing large amounts of clay minerals, indicating the recirculation of sediments under active tectonic environments or the primary deposition of sediments under strong weathering conditions (Gaschnig et al., 2016; Zhang Q. et al., 2023). In contrast, clastic sedimentary rocks with high ICV values indicate primary deposition in an active tectonic environment (Moradi et al., 2016). Black mudstone in Well CY1 has an ICV value ranging from 0.49 to 0.71, averagely 0.65 (Figure 8A; Table 1), indicating high rock maturity. This suggests a provenance of sediment recirculation in an active tectonic environment or initial deposition under strong weathering conditions. Considering the geological history, it is probable that the Dawuba Formation was initially formed due to intensified rock weathering.
The chemical alteration index (CIA) is an important index used to judge the degree of chemical weathering in source areas (Gaschnig et al., 2016; Moradi et al., 2016). In the process of chemical weathering, Ca2+, Na+, and K+ of unstable minerals (e.g., feldspar, dark minerals) are lost in the form of ions along with surface fluids, while Si4+, Al3+, and Ti4+ of relatively stable minerals remain. Therefore, the CIA value increases with the strengthening of weathering. Generally, CIA values of 50–65 represent primary weathering in cold and dry environments, CIA values of 65–85 represent moderate weathering in warm and humid environments, and CIA values of 85–100 represent intense weathering in hot and humid environments (Gaschnig et al., 2016; Zhang J. et al., 2023). At the same time, since metasomatism makes Ca2+, Na+ and K+ unstable and affects CIA values, the effect of metasomatism should also be excluded when determining chemical weathering using CIA values. Under ideal conditions, if not metasomatized, the weathering proceeds along the direction of A‒CN or A‒K in the Al2O3−CaO* + Na2O−K2O (A‒CN‒K) diagram (Moradi et al., 2016). In the A‒CN‒K diagram, most samples in the study area are distributed along the A–CN direction, and the actual weathering line is basically parallel to the natural weathering line, indicating that the metasomatism of samples after deposition is weak, and the CIA value can be used to determine chemical weathering. The CIA value ranges from 75 to 83 (Table 1; Figure 8A), with an average of 79, indicating high chemical weathering due to intense weathering in warm and humid environments. Generally, climatic factors control sediment chemical weathering, while tectonic factors control source rock denudation and supply (Fedo et al., 1995). If the composition of major chemical elements in the sediment changes greatly and the samples in the A‒CN‒K triangle diagram are scattered and not compact, it indicates that the climate and tectonic environment are unstable in the provenance. In contrast, the compact distribution of plots in the A-CN-K diagram reflects the relatively stable chemical weathering and denudation in the source area (Fedo et al., 1995; Moradi et al., 2016). The distribution of studied sample is relatively compact (Figure 9B), indicating that the provenance was under relatively stable climatic and tectonic conditions during the depositional process. Moreover, the trend line of chemical weathering falls into the felsic igneous rock area (Figure 8B), indicating that the provenance consisted of mainly felsic igneous rock.
[image: Figure 9]FIGURE 9 | Palaeoclimate discrimination diagram of mudstones from the Well CY1. (A) The CIA−ICV diagram (Sensarma et al., 2008). (B) A−CN−K diagram of the studied rocks based on (Moradi et al., 2016).
In the weathering process, U is more active than Th, and the ratio of Th/U increases as a result of weathering (Taylor and Mclennan, 1985). Therefore, the trace element Th/U is also one of the indicators used to characterize the degree of chemical weathering. The values of Th/U in the samples also ranged from 5.23 to 7.05 (Table 2), with an average value of 5.8, which was significantly higher than that of UCC (3.89) and PAAS (4.71), indicating strong chemical weathering in the provenance area, which was consistent with the results discussed above.
Paleo-oxygenation facies
The paleo-oxygen phase refers to the synthesis of various rock, biological and geochemical features caused by the characteristics of dissolved oxygen in the water body and its related changes (Li et al., 2017; Wang et al., 2018). The paleo-oxygen phase is closely related to the generation, enrichment, deposition, burial and source rock formation of organic matter, which is the focus of shale gas geology (Qiu et al., 2022). Oxygenated water is essential for thriving plants, microorganisms, and animals. This boosts initial productivity and provides ample organic matter for later stages. Second, the reducing environment of water is related to whether it is conducive to the preservation of organic matter produced after the death of organisms, which is one of the main controlling factors for the formation of organic-rich sedimentary rocks (Nie et al., 2023).
Element V is highly reactive to redox conditions and concentrated in sediments affected by low-oxygen water. Both V and Ni belong to the iron group, but V is more likely to be enriched in the reducing environment than Ni (Zhou et al., 2015). Therefore, the value of V/(V+Ni) can reflect the oxidation‒reduction state of the sedimentary water body, and the value of V/(V+Ni) greater than 0.84, indicates an anoxic environment with the water sulfide and stratification. In a suboxic environment with a medium value (0.54–0.83) and no significant stratification, in a low value (0.46–0.53) show a dysoxic environment, the value less than 0.46 show a strong oxidizing environment (Zhao et al., 2016). The V/(V + Ni) values were 0.60–0.78, indicating a dysoxic–suboxic environment (Table 3; Figure 10). In addition, the Cu/Zn value can better reflect the degree of redox in the environment. If less than 0.21, it is an anoxic environment, and between 0.21 and 0.35 show a dysoxic environments. While ranging from 0.35 to 0.50 indicate a weak oxidation environments (Zhou et al., 2015; Zhao et al., 2016). The Cu/Zn values in the Well CY1 mudsone range from 0.15 to 0.39, with an average value of 0.28, which corresponds to a weak reduction environment. At the same time, the Ce/La ratio can also be used as a criterion for the oxidation reduction of sedimentary water (Zhang et al., 2017). A Ce/La ratio less than 1.5 indicates an oxygen-rich environment in the high-energy cycle, and a value between 1.5 and 1.8 indicates a dysoxic environment, while a value greater than 2 indicates a considerably anoxic environment (Zhou et al., 2015; Zhang et al., 2017). The Ce/La values in this study ranged from 1.75 to 2.43, with a mean of 2, also indicating a reducing environment. The δCe=0.72–1.11, with an average value of 0.92, shows a weak negative Ce anomaly, which also indicates a dysoxic environment in the depositional period of Dawuba Formation.
[image: Figure 10]FIGURE 10 | Column diagram of paleooxygen phase of Dawuba Formation (the threshold value is from Zhou et al., 2015; Zhao et al., 2016).
Sedimentary model and petroleum geological significance
The tectonic evolution of the Middle and Upper Yangtze region can be roughly summarized as follows: the Jinning Movement formed the basement at the end of the Neoproterozoic, the Craton basin evolution stage of plate movement in Southern China, the Proto–Tethis–Tethyan ocean evolution from the Early Paleozoic to the Middle Triassic, and then the intercontinental orogeny and foreland basin evolution in the Mesozoic and Cenozoic (Yuan et al., 2019; Liang et al., 2022). During the late Paleozoic, the southern Guizhou region was in the extensional conditionsforming as the Luipanshui–Ziyun–Luodian rifting trough that was subjected to marine transgression. The latter reached its maximum in the early Carboniferous, when the Carboniferous Dawuba Formation organic-rich mudstone was deposited (Liang et al., 2022; Yang et al., 2022). The lithofacies paleogeographic pattern of southern Guizhou is strictly controlled by regional fault expansion and tectonic compression, which is a sedimentary differentiation pattern between platforms and basins (Figure 11). Although the regional tectonic movement was intense, it still belonged to the passive continental margin sedimentary environment as a whole, which is consistent with the conclusion of the geochemical characteristics in this work (Yuan et al., 2019; Liang et al., 2022). The central Guizhou uplift and Jiangnan uplift are denudation areas of the early and Middle Caledonian uplift, and the uplift areas of the Carboniferous sedimentary period continue to uplift and expand and finally merge together (Yuan et al., 2019). The central Guizhou uplift is mainly exposed to Cambrian and Ordovician carbonate cap rocks, and the Jiangnan Paleouplift is mainly exposed to Precambrian felsic igneous rocks and metamorphic rock series (Liang et al., 2022; Yang et al., 2022). The petrological, mineralogical and geochemical characteristics reported in this work indicate that the parent rocks in the study area are mainly acidic rocks, such as felsic igneous rocks, granites and some sedimentary rocks, which is consistent with the lithology of the Jiangnan Paleouplift in the eastern part of the study area. Therefore, it is inferred that the provenance is mainly provided by acidic igneous rocks of the Jiangnan Paleouplift.
[image: Figure 11]FIGURE 11 | Depositional model of Dawuba Formation in the study area.
The tectonic stretching and extensive transgression created a low-oxygen environment that conducive to organic matter preservation. Frequent hydrothermal activities brought rich nutrients. In addition, the warm and humid climate, strong chemical weathering, and more terrigenous detritus input brought nutrients to organic matter, promoted the flourishing of organisms and produced higher paleoproductivity, and formed the organic-rich mudstone of Dawuba Formation. This mudstone layer has large thickness, wide regional distribution, high clay minerals content, and micro-fractures. It is a favorable source rock and reservoir for shale gas exploration and development.
CONCLUSION
A systematic study on the mineralogical, petrological and geochemical characteristics of the black mudstone of the early Carboniferous Dawuba Formation in Well CY1 shows the following:
The black mudstone in Well CY1 is characterized by high clay mineral and organic matter content. The high contents of Al2O3 and TiO2 indicate that terrigenous detritus had a great influence on the depositional process. The enrichment of U, V, Ni, Cr, Cu, Zn, loss of Sr and Zn–Ni–Co ternary discrimination diagram all indicate that the depositional period of the Dawuba Formation was affected by hydrothermal deposition.
According to the characteristics of major and trace elements, the high LREE/HREE values and the weak negative δEu anomalies indicate that the study area was on a passive continental margin, and the source rocks were mainly acidic rocks and the provenance is mainly provided by Jiangnan ancient land.
The ICV value of the Dawuba Formation black mud shale in the study area is less than 1. The average CIA value is 79, and the average Th/U value is 5.8, suggesting strong chemical weathering during the sedimentary period. The sedimentary climate was warm and moist, which was conducive to the flourishing of organisms and the generation of high ancient productivity.
According to the characteristics of V/(V+Ni), Cu/Zn and Ce/La, the mudstone deposits in the Dawuba Formation formed in a weakly reducing environment, which was conducive to the preservation of organic matter and the formation of favorable source rocks and reservoirs.
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The Jurassic strata constitute a focal area for recent exploration and development of tight gas reservoirs in the western Sichuan Basin. This study investigates the Jurassic Shaximiao Formation in the northern Longmenshan in the Western Sichuan basin, focusing on tight gas reservoirs. The research integrates core and outcrop observations, seismic interpretations, and burial history analyses to understand hydrocarbon source rocks, sedimentation, reservoir characteristics, and structural characteristics. The impact of Yanshan-Himalayan tectonic movements on tight gas reservoir accumulation in the Shaximiao Formation is dissected, primarily around the Qiulin structure. The Western Sichuan Depression basin’s formation is influenced by gravitational gliding tectonics, which can be classified into the ‘Three Zones and One Belt,’ with Longmenshan in the frontal belt. Burial history analysis reveals distinct processes in the foreland belt and the depression basin. In the Qiulin area, gas reservoirs in the Shaximiao Formation are mainly charged by source rocks from the Xujiahe Formation. Tectonic movements play a significant role in creating favorable reservoirs and conditions for hydrocarbon migration and preservation. Natural gas accumulation is primarily controlled by fault connectivity to hydrocarbon sources and effective reservoir thickness. Gravitational sliding tectonics have shaped a fluvial-lacustrine environment for the Shaximiao Formation, with fluvial sand bodies acting as favorable reservoir zones. Small-scale normal faults formed by tectonic movements serve as conduits for natural gas migration. The research findings are of significant guidance for the exploration and development of tight oil and gas resources in western Sichuan basin.
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1 INTRODUCTION
The Longmenshan thrust belt is a vital transpressive zone in China, situated at the junction between the Pacific and Tethys-Himalayan tectonic domains. It forms part of the complex intracontinental foreland thrust system in central and western China, drawing significant attention from researchers worldwide due to its prominence in the study of thrust belt tectonic deformation (He et al., 2022a; He et al., 2022b; Li et al., 2023). Geological research on Longmenshan began in the early 20th century and has yielded significant insights into its tectonic evolution, genetic models, uplift history, crustal structure, and deformation patterns. These accomplishments have advanced the understanding of thrust belt tectonic deformation theories and guided exploring and developing numerous large and medium-sized gas fields in western Sichuan (Yang et al., 2018; Xie et al., 2022; Yang et al., 2023a; Yang et al., 2023b; Xie et al., 2023). In recent years, significant oil and gas discoveries have been made in the northern Longmenshan foreland belt, particularly in the Shuangyushi structure. High-yield gas flows have been achieved from the Permian Qixia, Maokou Formations, and the Devonian Guanwushan Formation. The testing production capacity has reached as high as 126.77 × 104 m3/d, showcasing the promising prospects for tight gas exploration in the northern Longmenshan (Deng et al., 2021; Ding et al., 2022). The primary exploration zones are situated within the northern and depression basin of the Longmenshan foreland belt, encompassing structures such as the Zitong, Bajiaochang, and Qiulin. The tectonic movements significantly influence aspects such as sedimentation, reservoir formation, migration, and accumulation (Yang et al., 2022).
The Sichuan Basin evolved from a paleo-uplift, and following the Jinning and Chengjiang movements in its early period, the basement folding in the basin area underwent reversion and cooled, leading to consolidation (Li et al., 2019; Gao et al., 2020; Liu et al., 2021). Consequently, the formation of a paleo-uplift began. The development of the Sichuan Basin can be divided into three periods. From the Cambrian to the Middle Triassic in the early period, a rift-related sedimentary basin with a cratonic marine environment was formed, primarily under extensional tectonic conditions. Carbonate rocks dominated the sedimentary deposits in this period. During the middle period, the Indosinian tectonic movement primarily influenced the Sichuan Basin. The basin was subjected to extensional tectonics, developing a series of large-scale normal faults. It resulted in the formation of a rifted basin, and during this period, the basin exhibited a phase of alternating marine and terrestrial environments. From the Jurassic to the Early Cretaceous, it experienced the Yanshan tectonic movement, manifesting as a subsidence basin. Starting from the Cretaceous, the basin underwent compressional forces due to the collision between the Longmenshan thrust belt and the rigid basement of the Sichuan Basin (Jin et al., 2009; Jin et al., 2010; Deng et al., 2018; 2018). It led to the formation of a foreland basin. As a result, the Sichuan Basin is predominantly the amalgamation of three major periods of basin evolution, leading to the development of a series of intricate structural patterns within its interior.
In the earlier periods of research, geological and structural studies in the northern Longmenshan primarily focused on the Xujiahe Formation and older strata. There has been limited investigation into the tectonic movements occurring after the Indosinian period. It only suggests a history of Yanshan uplift and strong Himalayan compression during the Yanshan-Himalayan tectonic phase. However, a detailed exploration of the Yanshan-Himalayan tectonic movements and associated structural characteristics remains insufficient. To a certain extent, this limited understanding has contributed to the lack of breakthroughs in oil and gas exploration in the Jurassic and overlying strata of the northern Longmenshan. The Shaximiao Formation exhibits extensive vertical development of fluvial sand bodies and a wide distribution in planar extent. It possesses favorable reservoir properties and significant exploration potential. Based on this, this study focuses on the Qiulin structure. An analysis of the Yanshan-Himalayan tectonic characteristics in northern Longmenshan aims to establish a definitive link between these movements and the tight gas accumulation of the Shaximiao Formation. The research offers guidance for developing tight gas reservoirs in the Sichuan Basin and oil and gas exploration in foreland basins.
2 GEOLOGICAL BACKGROUND
2.1 Tectonic setting
The Longmenshan thrust belt is a northeast-trending orogenic belt on the eastern Songpan-Ganzi highland. Regarding tectonic positioning, it lies along the western margin of the Sichuan Craton of the Yangtze Block. It is a convergence zone between the Yangtze Block, the North China Block, and the Indian Plate, presenting a predominant northeast to east-northeast orientation. In planar view, Longmenshan can be divided into the northern (from the north of Anxian to Guangyuan), the middle (from Huaiyuan to Anxian), and the southern (from Huaiyuan to the south of Ya’an) parts (Jin et al., 2009; Jin et al., 2010). It is primarily characterized by three regional and deep-seated faults: the Maoxian-Wenchuan Fault, the Yingxiu-Beichuan Fault, and the Pengguan Fault. These faults exhibit orientations consistent with the overall trend of the Longmenshan thrust belt (Figure 1A). Among them, the northern part is situated in the northeastern of the western Sichuan Depression. Influenced by the Tongwan Movement and the Late Caledonian Ancient Uplift, the northern thrust belt of the Longmenshan features a nearly complete sequence of Mesozoic, Paleozoic, and Ordovician strata (Deng et al., 2021). The area exhibits intricate structural complexity, marked by pronounced folding, with some local strata being nearly upright or even overturned. Simultaneously, a well-developed fault system is concentrated within the Devonian, Carboniferous, Permian, and Triassic formations above the Silurian strata. They often extend over considerable distances and are commonly associated with fractured zones. The Qiulin structure in the northern Longmenshan thrust belt has emerged as a focal area for oil and gas exploration in the western Sichuan region in recent years (Figure 1A). Significant discoveries have been made, particularly in formations such as the Shaximiao Formation, which represents tight gas reservoirs.
[image: Figure 1]FIGURE 1 | Geological setting of the study area. (A) The structural position of the study area; (B) Stratigraphic and lithological characteristics of the Shaximiao Formation (modified from Li et al., 2019a; Li et al., 2019b; Wei et al., 2021).
2.2 Stratigraphy
In the northern Longmenshan, the exposed surface strata predominantly include Jurassic, Permian, Triassic, Carboniferous, Devonian, Silurian, and Cambrian formations. The Middle and Late Cambrian, Ordovician, and Late Carboniferous strata are absent (Lei et al., 2012; Wu et al., 2012). The Permian formations are primarily situated near the core of the Tianjingshan anticline, with a thickness of approximately 460–600 m. The lithology predominantly comprises carbonate rocks, with only the base of the Liangshan and Wujiaoping formations containing coal-bearing sand and mudstones. The Triassic formations are found on the western and northern Tianjingshan anticline, with an exposed thickness of approximately 1,000–2,500 m. The lithology is predominantly characterized by carbonate rocks, with the Feixianguan and Xujiahe formations containing predominantly terrestrial clastic rocks. The Carboniferous and Devonian formations are only exposed in the higher parts of the anticline’s core and the northwest flank. The Carboniferous formation consists of approximately 70 m of carbonate rocks. The Devonian formation can be divided into upper, middle, and lower members. The lower member comprises sandstone with a thickness of around 150 m, while the middle to upper members primarily consist of marine carbonate sedimentation. The Cambrian strata are sparsely exposed in the core of the anticline, predominantly characterized by clastic rocks. The primary target reservoir of the Qiulin structure is the Jurassic Shaximiao Formation. It consists of a thick sequence of fluvial-dominated sand-mudstone sedimentation, with a thickness ranging from 800 to 2,200 m (Wei et al., 2021; Lu et al., 2022). The deposition pattern is characterized by thinning towards the southwest and thickening towards the northeast. The Shaximiao Formation is divided into two members (1st and second) based on the “Estheria shale” (Figure 1B). The 1st Member has a thickness of approximately 900–1,000 m. The Estheria shale marks its base, and the bottom of the brick-red feldspathic sandstone of the Suining Formation defines its top. This member consists of a purple-red to dark purple-red mudstone interbedded with thick layers of blocky sandstone, with sandstone thickness ranging from 10 to 20 m. It is the primary focus for exploration and development within the Qiulin structure.
3 DATA AND METHODS
3.1 Samples and data
This study focuses on the Qiulin structure as the primary analysis area, employing detailed structural interpretation and analysis of reservoir-forming processes. It aims to analyze the impacts of multiple tectonic movements during the Yanshan-Himalayan period on sedimentation, reservoir formation, oil and gas migration, and preservation of the Jurassic Shaximiao Formation in the northern of the Longmenshan and ascertain its controlling role in the accumulation of natural gas. This study’s main samples and data include field investigations of 20 outcrop profiles, core observations and drilling data from 5 wells, 3D seismic data covering an area of 100 km2, conventional and imaging logging data from 5 wells. Core observations and logging data are primarily employed to study sedimentary and reservoir characteristics. Drilling and seismic data are primarily utilized for constructing subsidence history curves. When combined with outcrop features, these data aid in analyzing periods of tectonic movement, providing a basis for structural evolution analysis. The 3D seismic data is employed for detailed structural interpretation, analyzing the tectonic movements and structural characteristics, and establishing the relationship between structures and gas accumulation. Additionally, data on the main source rocks, sedimentation, stratigraphy, and lithological characteristics of the study area have been collected.
3.2 Methods
3.2.1 Sedimentation history analysis
The sedimentary basin experiences different tectonic movements, resulting in distinct subsidence mechanisms. As a result, the subsidence magnitude and characteristics of subsidence curves also exhibit significant variations. Subsidence can typically be categorized into structural and total subsidence, with this study primarily focusing on the former.
3.2.1.1 Normal compaction model (Overburden deformation calculation)
Previous research findings have revealed that under normal pressure conditions, there exists an exponential relationship between sediment porosity and depth (Xia et al., 2018).
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Where: z represents the burial depth of sediment, [image: image] stands for the porosity of the sediment at depth z, [image: image] is the initial porosity of the sediment deposit, and c denotes the sediment compaction constant, reflecting the gradient of porosity change with depth.
Since a geological profile can be divided into several units, a unit could represent a geological interval characterized by sediment types such as sandstone, mudstone, limestone, dolomite, chalk, gypsum, and other lithologies. Hence, calculations based on formula (1) are performed for different lithologies separately while considering the proportions of various lithologies present within each unit.
The terrestrial strata in the study area are primarily composed of sandstone and mudstone. The calculation method for these is as follows:
[image: image]
Where: [image: image] is the content of mudstone, [image: image] and [image: image] are the initial porosities of mudstone and sandstone, respectively, [image: image] and [image: image] are the compaction coefficients for mudstone and sandstone, respectively.
3.2.1.2 Paleothickness restoration model (backstripping calculation)
Once the porosity-depth relationship is established, the stratigraphic thickness data for different periods on current strata can be used to restore the burial paths of each layer since deposition.
3.2.1.3 Backstripping Model for continuous sedimentary profiles
For continuous sedimentary geological profiles, according to the principle of “tectonic skeleton invariance,” the burial depths of various sedimentary layers during different geological epochs can be restored using present-day stratigraphic data (Martins et al., 2023).
[image: image]
Where: z1 and z2 represent the present-day burial depths of the bottom and top boundaries of the current stratum. z1a and z2b represent the burial depths of the bottom and top boundaries of the current stratum during a certain geological epoch.
3.2.1.4 Backstripping model for profiles with erosional surfaces
When strata undergo erosion, the porosity-depth relationship changes, and its calculation formula is as follows:
[image: image]
The skeletal thickness of the eroded layer before restoration is:
[image: image]
After erosion restoration, the skeletal thickness of the eroded layer becomes:
[image: image]
The restoration of paleo thickness for each geological period still follows the principle of tectonic skeleton invariance, thus determining the burial history of the geological stratum.
[image: image]
For the strata below the erosional layer, the process involves calculating the skeletal thickness based on current burial depths. Then, paleo thickness during various geological periods is computed using the porosity-depth relationship restored after erosion. As for the strata above the erosional layer, the procedure is the same as that for continuous sedimentary profiles.
3.2.1.5 Basin subsidence history model
For the sake of simplicity, this study’s subsidence history model disregards the inherent strength of the lithosphere and employs a straightforward subsidence history model under the assumption of local Airy isostasy (equilibrium equation) (Zhang et al., 2009). The calculation formula is as follows:
[image: image]
Where S is the sediment thickness adjusted for compaction, Pm, Pw, and Ps represent the mantle, water, and sediment densities, respectively, ΔSL is the amplitude of sea level change, and Wd is the paleowater depth.
3.2.2 3D seismic data processing
To thoroughly investigate the structural characteristics of the Qiulin area, delineate its structural morphology, and identify potential trap targets, a research approach was employed that transitioned from analyzing individual points to studying linear features and then further to examining broader geological patterns. This approach involved utilizing well logging and 3D seismic data as a foundation, building upon regional comprehensive research findings, and employing methods such as well-seismic correlation, integration of various cross-sections and profiles, to conduct a detailed interpretation of structural characteristics (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic diagram of the 3D seismic structural interpretation process.
The process can be broken down into three steps: 1) Fine stratigraphic calibration and profile establishment: This involves establishing main cross-sections and analyzing seismic waveform characteristics through detailed stratigraphic calibration. 2) Interpretation of faults using coherent bodies, bed dip, and time slices combined with seismic profiles. This ensures spatial closure of faults in the study area, enabling a detailed understanding of fault profile and planar characteristics. 3) Progressive interpretation based on actual needs: Interpretation is intensified to accurately depict local structural styles and features, leading to a precise characterization. These steps culminate in a comprehensive analysis of structural characteristics, utilizing techniques such as well-seismic correlation, cross-section integration, and seismic data to create a thorough understanding of the geological formations in the Qiulin area.
4 RESULTS
4.1 Characteristics of source rocks
The Middle to Upper Jurassic of the Sichuan Basin is primarily characterized by secondary hydrocarbon reservoirs, with the main source rocks originating from the Triassic Xujiahe Formation and Early Jurassic strata (Dai et al., 2009; Mu et al., 2019; Wu et al., 2023). Through comparative analysis of the gas source from the 1st member of the Shaximiao Formation, it is evident that the predominant gas source is mature coal-derived gas, followed by mixed sources of mature oil and coal, primarily originating from the underlying Xujiahe Formation and Jurassic source rocks (Figure 3) (Dai et al., 2009). The source rocks of the Xujiahe Formation are generally characterized by moderate to high maturity, with vitrinite reflectance ranging from approximately 0.4%–0.6% and temperatures around 500 °C. The maturity decreases gradually from the western to the eastern Sichuan Basin. The Jurassic source rocks primarily consist of organic-rich lacustrine deep-gray and black mudstones. These source rocks exhibit greater thickness in the central, northern, and eastern Sichuan basins while gradually thinning towards the western and southern Sichuan basin (Freeman et al., 1990; Wang et al., 2023). Overall, the thickness of the source rocks is generally over 50 m, with the maximum thickness reaching up to 380 m. The organic carbon content ranges from 0.03% to 32%, with an average of 0.96%. The kerogen is classified as Type II2. Controlled by two major hydrocarbon generation centers, the Jurassic Xujiahe Formation in central Sichuan exhibits strong hydrocarbon generation (Li et al., 2022; Ma et al., 2023). Through hydrocarbon-bearing faults, the underlying natural gas can effectively charge the tight gas reservoirs of the Shaximiao Formation.
[image: Figure 3]FIGURE 3 | Carbon isotopes of the gas reservoir in the 1st Member of the Shaximiao Formation (see data in Dai et al., 2013; Dai et al., 2018).
4.2 Sedimentary characteristics
In the early Jurassic, as the tectonic activity of the Longmenshan in western Sichuan gradually weakened, the Micashan-Dabashan tectonic zone in northern Sichuan responded to the subduction of the North China Plate and began to be active (Huang et al., 2022). As a result, the sedimentary center shifted from the western towards the northern and northeastern of the Sichuan Basin. During this period, there were two significant phases of basin expansion (Luo et al., 2013). The expansion of the basin was most extensive during the deposition of the Da’anzhai Formation, covering the areas of the eastern, northern, and central Sichuan Basin. This expansion exhibited a gradual transition from deep to shallow conditions. The deep-lake facies were present in the northeastern Sichuan Basin, particularly around the Dazhou-Wanzhou area. In contrast, in the basin regions closer to the mountain belt, sedimentation is primarily characterized by deltaic, fluvial, and alluvial fan deposits, representing a transition from the mountainous areas towards the basin.
During the Middle Jurassic Lianggaoshan Formation deposition period (referred to as the Xintiangou Formation in the Hechuan area and Qianfoya Formation in northern Sichuan basin), the sedimentary center was primarily situated in the Wangcang of the northern Sichuan to the Dazhou and Tongjiang of the northeastern Sichuan. A fan delta-lake sedimentary system existed in the northern part, while a fluvial-delta sedimentary system was prevalent in the southern and western parts (Wen et al., 2017). After the Upper Shaximiao Formation deposition, the Sichuan Basin evolved into a continental shallow-water basin. The water body was relatively shallow, and oxidation processes were prominent. The lithology consists of thick alternating layers of purplish-red and grayish-green sandstone and mudstone. During the late period of the Early Shaximiao Formation deposition, there was a significant and rapid rise in the lake level, leading to basin expansion. In the central to western Sichuan Basin, there is a widespread occurrence of black shale containing abundant leafy brachiopods at the top of the Lower Shaximiao Formation, commonly referred to as “Estheria shale.” Simultaneously, during this period, the basin area gradually decreased once again. In the northwestern and northern parts of western Sichuan, the foreland areas exhibited fluvial sedimentation, while in the southern foreland of the mountain belt, there was mainly alluvial fan sedimentation transitioning to fluvial deposition (Figure 4).
[image: Figure 4]FIGURE 4 | Sedimentary facies of the 1st Member of the Shaximiao Formation in the Sichuan basin.
Overall, during the sedimentation period of the Shaximiao Formation, tectonic activity was minimal, sedimentation was relatively gentle, and arid conditions characterized the environment. The Shaximiao Formation predominantly comprises a dark purple-red mudstone interbedded with gray-green and gray-white sandstone through the outcrop, core, logging, and seismic analysis. Based on the ‘Estheria shale’ as a boundary, it is divided into two members. The 1st Member has a thickness ranging from 200 to 300 m, and the second Member is 900–1,100 m. During the deposition of the 1st Member, the Qiulin structure developed a river-lake depositional system. Based on core observations from wells such as QL 16, QL 17, QL 202, and QL 205, a thick succession of blocky, extensive gray, medium-to fine-grained feldspathic sandstone beds representing channel sand bodies have been identified. These sand bodies exhibit a relatively pure sandy composition, with upward fining of grain size. The cores commonly display low-angle cross-stratification. Prominent scour surfaces are evident at the base of the sand layers, and the upper portions of these scour surfaces show sandstone beds containing mud and gravel, with gravel diameters reaching up to approximately 10 cm. This indicates deposition within a relatively high-energy fluvial channel environment. Therefore, the second Member in the study area represents meandering river deposition. The second Member can be subdivided into four sub-members. Among these, one to three sub-members exhibit abundant sediment supply and the development of large-scale isolated sand bodies. 4 sub-member is characterized by alluvial plain sedimentary facies, which is not a favorable zone for reservoir development.
4.3 Reservoir characteristics
Tectonic movements primarily influence reservoir lithology and petrophysical properties through sediment supply. The sediment provenance in the study area is controlled by the tectonic movements of the northern Longmenshan and the Dabashan-Micangshan area, mainly originating from the northwest and northeast directions (Yu et al., 2021; Liu et al., 2023; Lyu et al., 2023). According to observations of detrital grains, cores, and thin sections, the reservoir of the second Member is predominantly composed of medium-grained lithic feldspathic sandstone (Figure 5A). The sorting is moderate to good, with subangular to subrounded grain shapes, and particle contacts are mainly point-to-line.
[image: Figure 5]FIGURE 5 | Basic reservoir characteristics of the second Member of the Shaximiao Formation. (A) Petrographic characteristics; (B) Reservoir petrophysical properties; (C) T2 spectrum distribution of the core samples.
Based on core samples analysis from 5 wells, reservoir porosity ranges from 6% to 14%, with an average of 11.3%. Permeability is primarily distributed between 0.01 and 1 mD, with an average permeability of 0.43 mD. Sands developed during the same period exhibit similar reservoir petrophysical conditions, and porosity and permeability are positively correlated. This allows for qualitatively classifying the reservoir in this area as porous (Figure 5B). The T2 relaxation spectrum of the second Member primarily exhibits a bimodal distribution, with an overall left-high and right-low pattern (78%) (Figure 5C), indicating a relatively higher content of small-sized pores (Gu et al., 2021; Xu et al., 2022; Yang et al., 2023c). Most samples exhibit a distinct left peak higher than the right peak, with an average T2 cutoff value of 3.3 ms. This signifies that the reservoir samples in the study area possess small pore apertures and limited pore connectivity. Mobile fluids within the rock’s pore-throat spaces are scarce, resulting in intricate pore structures forming during subsequent diagenetic processes.
4.4 Characteristics of tectonic movement
4.4.1 Tectonic characteristics during the Yanshan-Himalayan period
4.4.1.1 Analysis of depositional history
We conducted burial and subsidence history analysis on 9 wells in the study area using mud logging, logging data, and sedimentary history calculation methods. Among them, 1 well (HX 1) is located in the frontal zone of the northern Longmenshan, 3 wells (Z18, Y1, and H2) are located in the frontal area, and 3 wells (W1, GJ1, SY1, and L1) are located within the basin (Figure 6A). Based on the subsidence curve analysis, it is believed that the frontal zone of the northern Longmenshan experienced a sequence of subsidence phases during the Jurassic period, which can be divided into “rapid subsidence - slow subsidence - rapid subsidence - intense uplift” phases. The sedimentary evolution of the northern frontal zone of Longmenshan and the intrabasinal area during the Jurassic is characterized by a sequence of subsidence phases: “rapid subsidence - slow subsidence - rapid subsidence - slow subsidence - rapid uplift.” Compared to the frontal zone, the sedimentary history of the frontal and intrabasinal areas includes an additional Cretaceous sedimentation phase, and the influence of the Himalayan uplift during that period is relatively minor (Figure 6). The varying sedimentary history curves in different areas indicate that they were subjected to distinct tectonic settings during the same period, leading to differential subsidence and accommodating varying degrees of sedimentation (Alsalem et al., 2017; Zhu and Li, 2019; Petermann et al., 2022). The study area can be primarily categorized into frontal belt and foreland-basin sedimentary types. Despite sharing the same tectonic background, the different forms of tectonic activity have led to distinct subsidence history curves.
[image: Figure 6]FIGURE 6 | Depositional history curve of Jurassic in the foreland belt of the Longmenshan-Northwestern Sichuan Basin. (A) Relative position of the wells; (B) HX1, L1, and H2 wells; (C) S1 and Y1 wells; (D) Z18, W1, and GJ1 wells.
The subsidence history curve of the frontal belt exhibits a pattern of “rapid subsidence-slow subsidence-rapid subsidence-intense uplift,” indicating that this area experienced rapid subsidence during the Early Jurassic, followed by a sustained period of slow subsidence during the Early to Middle Jurassic (Figure 6B). During the Late Jurassic to Early Cretaceous, the backside of Longmenshan experienced another rapid uplift, leading to intense subsidence in the frontal belt. This subsidence resulted in the deposition of a thick layer of conglomerates belonging to the Lianhuakou Formation. During the Late Cretaceous of the Yanshan period, the intensified tectonic activity led to rapid uplift of the entire northern Longmenshan. The frontal belt of the mountain, where Jurassic strata were previously exposed, was uplifted and exposed to the surface. Entering the Late Yanshan period, tectonic activity intensified, significantly uplifting the northern Longmenshan. The foreland belt of the mountain, where Jurassic strata were exposed, emerged above the water surface. The overlying Cretaceous Jianmenguan Formation was subsequently deposited atop the underlying Lianhuakou Formation. At the base of the Jianmenguan Formation, a sequence of conglomerates indicative of alluvial fan deposition was laid down. Following this phase, no new sedimentary strata were added to the foreland belt. As the Himalayan tectonic movement commenced, the foreland belt continued to experience uplift and underwent erosion.
The foreland-basin sedimentary history curve exhibits the characteristics of “rapid subsidence-slow subsidence-rapid subsidence-slow subsidence-violent uplift,” indicating that the area experienced rapid subsidence during the Early Yanshan period (Figures 6B–D), followed by a sustained slow subsidence process from Early to Middle Yanshan. By the Middle-Late Yanshan period, the back ridge of Longmenshan experienced another rapid uplift, leading to intense subsidence in the foreland belt. This subsidence resulted in the deposition of a thick sequence of the conglomerates Jurassic Lianhuakou Formation and Cretaceous Jianmenguan Formation. Subsequently, the area underwent slow subsidence, leading to the deposition of the middle and upper parts of the Cretaceous strata. As the Himalayan began, the northern Longmenshan was rapidly folding and uplifting. In this area, there is an absence of Tertiary sedimentary strata. Sedimentary evidence is only present in the southern foreland basin, particularly in the Ya’an-Mingshan area.
The inflection points in the tectonic subsidence curve (indicating changes in subsidence rates) correspond closely to significant events in the geological evolution of the study area. The curve’s starting point corresponds to the period of uplift of the hinterland of the northern Longmenshan and the thrust belt during the Yanshan orogeny (Figures 6B–D). The first inflection point marks the transition from intense activity to a relatively calm period. The second inflection point indicates that the curve steepens again, signifying the transition from a quiet period to intense tectonic activity during the Middle-Late Yanshan. The third inflection point shows a rapid increase, representing the intense tectonic activity and rapid uplift of the strata during the Late Yanshan in this area.
4.4.2 Structural characteristics of the foreland belt in the northern Longmenshan
4.4.2.1 Gravity sliding tectonic system
Gravity sliding deformation is typically considered a systemic structural deformation and displacement process, primarily driven by the uplift of the hinterland, causing the development of slopes (Bretas et al., 2012; Braunagel et al., 2023). Under gravity, rock layers slide downward to lower positions, forming a series of structural patterns. We divide it into four distinct zones: the uplifted zone, the slope zone, the frontal zone, and the depressed area. Gravity sliding systems exhibit mainly two thrust-style and wedge-style deformations. The most intense deformation occurs at the frontal portion of the thrust-style deformation (such as the Longmenshan thrust belt), where deformation diminishes notably toward the rear, characterized by overall uplift (as seen in the Songpan-Ganzi highland). The central area demonstrates a large transitional slope zone (along the rear of the Longmenshan thrust belt).
In the western and central parts of the study area, the structural characteristics exhibit a typical gravity sliding foreland-style pattern. During the Indosinian-Yanshan period, these structures were influenced by gravity sliding within a compressional tectonic dynamic environment. They interacted with the rigid basement of the Sichuan Basin, resulting in intense rock deformation and the development of a series of thrust faults (Figure 7A) (Gunderson et al., 2018). In contrast, the shallow-level structures display a relatively gentle configuration, predominantly influenced by sedimentation. The intensity of tectonic deformation and displacement gradually diminishes towards the depocenter area. Due to the significant influence of the main fault on the deformation of the strata, exceeding their capacity to withstand, results in the development of disruptive faults in the rock layers, which release stress.
[image: Figure 7]FIGURE 7 | Seismic profile characteristics of gravity sliding structural system. (A) Structural pattern of gravity sliding foreland-style; (B) Thrust-up structural pattern.
On the contrary, the subsidiary faults primarily serve a regulatory function. As a result, the trends of the main fault and subsidiary faults are generally opposite. Thrust-up structures manifest as a series of fault blocks on the plane, favoring the creation of fault block traps. Such structures often appear in clusters and are associated with duplex structures (Figure 7B).
4.4.2.2 Compression and over-thrusting tectonic system
During the Himalayan period, the intense collision between the Indian and Eurasian Plate led to vigorous compression in the northern Longmenshan (Thingbaijam et al., 2009). This compression profoundly reworked the extensively established structural patterns from the Indosinian-Yanshan period. Rock layers underwent renewed deformation and displacement, resulting in a more intricate network of faults and ultimately shaping the current structural configuration. In contrast, the shallow basin areas of the foreland belt mainly experienced vertical uplift effects, with relatively minor tectonic deformation. These areas largely inherited the earlier structural styles.
Duplex structures are commonly observed in the northern Longmenshan’s thrust belt and hinterland areas. They are most pronounced in seismic profiles, with limited outcrop expression. These structures feature hanging-wall and footwall thrust faults. This structural pattern involves a series of imbricate thrust faults forming duplex structures. The study area predominantly inherits the thrust-up structural pattern generated by gravity sliding, modified under later compressional tectonic influences. In the northern Longmenshan hinterland, these structures are predominantly seen within the Lower Triassic and underlying formations at the front edge of the thrust zone (Figure 7B).
Reverted anticline structural style: At the Tianjingshan observation area, a surface outcrop of a reverted anticline has been identified. The exposed strata in the core of the anticline belong to the Cambrian system. The orientation of the left limb, as shown in Figures 8A 315°∠40°, while the orientation of the right limb is 292°∠87°.
[image: Figure 8]FIGURE 8 | Principal structural styles of the thrust overthrust system. (A) Reversed syncline structural style; (B) Fault-bend fold structural style; (C) Thrust wedge structural style.
Fault-bend fold structural style: A common structural style observed in orogenic and fault zones, it consists of three components: the lower fault plane, fault slope, and upper fault plane (Jiang et al., 2020). The fault-bend fold initiates above the fault slope and deforms into a folding pattern as it progresses. If the deformation continues, it may lead to the development of a thrust fault at the hinge area of the fold. In the deeper parts of the study area, the predominant structural style is the fault-bend fold. Near the Erliangmiao area, a small-scale fault-bend fold is observed in the Shaximiao Formation. The hinterland structural style appears in the core of the Tianjingshan structure. The occurrence of the fault plane, the frontal limb, and the rear limb is 180°∠46°, 325°∠35°, and 192°∠14°, respectively (Figure 8B).
The extrusion wedge structural style: The development process of the extrusion wedge generally takes two forms (Sang et al., 2017). The first form involves the development of an extrusion wedge under early extensional stress conditions. During this period, normal faulting activity results in the deposition of syn-rift sedimentary strata within the fault basin. After the cessation of normal faulting, it experiences continuous sedimentation. As extensional stresses transition to compressional stresses, the previously active normal faults reverse and form thrust faults. This change in tectonic stress leads to the development of an extrusion wedge, altering the earlier structural pattern. The second form involves the development of an extrusion wedge through rock brittle failure under compressional stress conditions. This usually results in the formation of two conjugate reverse faults with opposite orientations. In cross-sectional view, these two conjugate reverse faults enclose a wedge-shaped block, which converges and merges at the tip of the wedge-shaped block. The sliding movement along the boundary faults propels the wedge-shaped block forward and induces folding in the overlying strata. During field geological investigations, a detachment wedge of two fault blocks was identified in the hanging wall of the northwest fault at Wenxingchang (Figure 8C).
Additionally, the study area also exhibits frontal (rear) breakout structural styles and crenulated structural styles. The frontal or rear breakout structural style occurs within a compressional environment, especially in association with fault-related folding of the frontal strata, leading to fracturing and the development of breakout structures. These structures primarily serve for stress transmission and release. Crenulated structures generally occur within the gravity-sliding foreland belt or the interior of thrust structures. They are characterized by parallel and overlapping thrust faults stacked together, with the fault planes typically oriented in parallel.
4.4.3 3D detailed structural interpretation
Based on the latest 3D seismic and logging data in the study area and previous research findings, the application of well-seismic correlation, various cross-sections, and profile integration has solidified the understanding of the structural characteristics in the Qiulin area. The Qiulin structure is primarily a single-fault structure that has undergone overall inherited development. It is situated on the down-dip slope of the northern Sichuan ancient depression. Currently, the surface expression of the structure appears as a northwest-oriented nasal-shaped uplift with some localized high points. The hinterland structure exhibits an overall northwest-oriented slope, although there are variations in the different rock layers. Northwest-oriented anticlinal structures, similar to the surface features, primarily characterize the second Member.
Additionally, the slopes on the eastern and western flanks of the structure are steeper. Multiple local structural highs have developed on the anticlinal structure and its flanks, potentially serving as favorable areas for oil and gas accumulation. The highest part is a small-scale syncline located west of well QL17. This syncline exhibits a relatively large closure area, estimated to be approximately 2.3 km2 (Figure 9).
[image: Figure 9]FIGURE 9 | Structural map (T0) of the second Member of the Shaximiao Formation in the Qiulin structure.
The folding within the Shaximiao Formation of the Qiulin Structure is not intensely pronounced, exhibiting relatively gentle structural characteristics. Local occurrences of small-scale normal faults can be observed. In the southern parts of the study area, multiple normal faults extend downward to the base of the Shaximiao Formation, primarily oriented in a northwestern direction. The length of these faults ranges from 0.8 to 2.2 km. However, in the northern parts, the development of faults is not significant (Figure 10). Therefore, the Qiulin structure is characterized by a northwestern tilting nose-shaped structure. Within the Shaximiao Formation, there is a predominant development of normal faults. This suggests that the area was subjected to extensional tectonic forces, indicating its presence within a gravitational sliding tectonic subsidence zone during the Yanshan period. The area experienced extensional tectonic stress, resulting in a predominant uplift of the strata.
[image: Figure 10]FIGURE 10 | Typical fault interpretation profile of the Qiulin area.
5 DISCUSSION
5.1 Impact of tectonic movement on thermal evolution and distribution of source rocks
The Xujiahe Formation in the Early Jurassic is characterized by its multiple layers, significant sedimentary thickness, high organic matter abundance, and substantial hydrocarbon generation potential. It serves as the most crucial source rock of the Shaximiao Formation. The peak of hydrocarbon generation occurs during the Early Cretaceous to Paleogene. During the initial deposition of the Shaximiao Formation (the Middle Jurassic), hydrocarbon generation from the source rocks in the western Sichuan Basin did not reach its peak. During the Late Jurassic to Cretaceous period, abundant hydrocarbon generation occurred from the Xujiahe Formation source rocks in the western Sichuan Basin. Reservoir dissolution processes took place during this period. The frequent activity of the western Sichuan faults facilitated the migration and accumulation of hydrocarbons in deeper reservoirs, marking the first period of gas accumulation in the Shaximiao Formation. From the Cretaceous period to the present, the Da’anzhai Member of the Ziliujing Formation gradually entered the hydrocarbon generation window and began to produce a significant amount of hydrocarbons. At the same time, it was influenced by small-scale faults developed within the Jurassic strata. As the oil and gas concentration reached a certain level, there was significant intra-layer migration and regional accumulation. This led to subsequent adjustments in the gas reservoir during its later periods (Oliveira et al., 2021). Under the same sedimentary and structural background, differences in the fluid charging history can result in significant variations in the pressure evolution process of different gas reservoirs. The temporal relationship between the uplift and erosion of stratigraphic layers and the timing of oil and gas charging in the study area significantly impacts the pressure formation and evolution process of gas reservoirs (Figures 11A, B). The gas reservoirs in the Qiulin area are primarily charged by hydrocarbons from the source rock of the Xujiahe Formation. During the Late Jurassic to Cretaceous period, it generated substantial hydrocarbons. As stratigraphic layers underwent uplift and erosion, leading to a reduction in pressure, hydrocarbons migrated towards lower-potential-energy sandstone reservoirs (Li et al., 2009; Fang et al., 2011; Wu et al., 2012; Wood and Hazra, 2018). Dissolved-state natural gas began to exsolve and accumulate within the fluvial sandstone reservoirs of the Shaximiao Formation. In this process, the dynamic equilibrium between erosion-driven unloading and pressure reduction and hydrocarbon-charging-induced pressure increase, leads to the characteristic of these gas reservoirs maintaining near-normal pressure conditions.
[image: Figure 11]FIGURE 11 | Temporal correlation of key factors in the gas reservoir formation. (A) The second Member of the Shaximiao Formation; (B) The 1st of the Shaximiao Formation.
5.2 Impact of tectonic movement on gas migration
The formation and evolution of the Sichuan Basin have undergone multiple tectonic movements, resulting in a complex system of faults and fractures, which serve as the dominant pathways for oil and gas migration (Xu and Gao, 2020; Li et al., 2021; Shan et al., 2021; Li et al., 2022). Therefore, faults and fractures are the dominant pathways for gas migration of the Shaximiao Formation reservoir in the Qiulin area. During the Yanshan period, the shallow layers (Xujiahe-Shaximiao Formations) were affected by a series of small-scale normal faults. In the peak hydrocarbon expulsion period of the Cretaceous to Paleogene, gas migrated along these minor faults and was preserved in the Shaximiao Formation reservoir.
The gas reservoirs are considered to be long-distance migrated accumulations (Zhu et al., 2013; Zhang et al., 2020; Zhang et al., 2022). The fault network plays a crucial role in migrating and accumulating gas from distant source rocks. The fault systems in the Shaximiao Formation can be classified into three types: 1) Faults that act as conduits between the Xujiahe and Shaximiao Formations; 2) Faults that facilitate communication between the Ziliujing or Lianggaoshan and other Formations; 3) Internal faults in the Shaximiao Formation. The first two categories are hydrocarbon-source faults, connecting the coal-bearing hydrocarbon source rocks of the Xujiahe Formation and the lacustrine hydrocarbon source rocks of the Lower Jurassic.
The hydrocarbon-source faults are characterized by their larger scale and longer extension distances in the western Sichuan Basin (Zhu et al., 2013; Zhang et al., 2023). These faults were generally active during the deposition of the Xujiahe to the Suining Formations. Some of these faults have remained active even in later periods. Due to the absence of Lower Jurassic hydrocarbon-source rocks in the western Sichuan area, only the gas generated from the Xujiahe Formation efficiently migrated within long-lived faults to the Shaximiao Formation. This gas preferentially filled the lower fluvial sandstones, resulting in an overall gas-rich reservoir in the 1st Member and the 1st layer of the second Member. However, varying degrees of gas enrichment in different sandstone layers within different areas indicate differences in gas migration and accumulation through the faults. The characteristics of hydrocarbon-source faults determine the overall enrichment gas features in the Shaximiao Formation. However, the small-scale faults also contribute to the localized variations in enrichment. Internal faults facilitate the connection between the upper and lower sandstone layers. The lower layer is enriched with natural gas from hydrocarbon-source faults, while the upper layer lacks such enrichment. However, gas exchange has occurred over time due to the communication effect of internal faults and the influence of later tectonic activity. In conclusion, the varying distribution of internal faults and their different roles in gas migration has led to the vertical enrichment of natural gas in multiple sandstone layers in the Shaximiao Formation (Figure 12).
[image: Figure 12]FIGURE 12 | Interpreted correlations in composite cross section of 7 wells gas reservoir in the Shaximiao Formation.
5.3 Impact of tectonic movement on gas preservation
In the study area, the reservoir of the Shaximiao Formation mainly consists of distributary channel sands and river sands of the delta front. The overlying Suining Formation acts as the regional cap rock, and the Cretaceous Guankou Formation provides an extensive sealing layer distribution. This ensures the effective containment of oil and gas within the sandstone reservoirs, providing high-quality cap rock for reservoir accumulation (Wang and Shi, 2019; Cai, 2020; Fan et al., 2022; Wang et al., 2022). During the Yanshan period, the Songpan-Ganzi Plateau and the hinterland of the Longmenshan experienced a renewed uplift following the Indosinian tectonic movement. At this time, the frontal thrust zone of the Longmenshan overthrust belt exhibited a gravity-sliding structural system. During this period, the collision of the overthrust belt with the rift basin formed during the Indosinian period led to the strata’s bending and subsidence, resulting in a depression. During this time, fluvial-dominated sedimentation was predominant, with the sand bodies favoring natural gas accumulation. Furthermore, due to its extensional tectonic setting, a series of small normal faults formed, providing conduits for the migration of hydrocarbons from underlying source rocks. During the Middle-Late Yanshan and the Himalayan period, tectonic movements along these faults effectively charged the tight gas reservoirs of the Shaximiao Formation.
6 CONCLUSION
Based on the data from cores, outcrops, mud logging, logging, seismic interpretation, and burial history analysis, this paper takes of the tight gas reservoir in the Jurassic Shaximiao Formation in the Qiulin structure as an example. Through the study of source rocks, sedimentation, reservoir, and structural characteristics, this paper elucidates the impact of the Yanshan-Himalayan tectonic movement in the northern Longmenshan on the gas accumulation of the Shaximiao Formation. The following conclusions have been primarily drawn.
(1) Structural characteristics in the northern Longmenshan belt show variations during the Yanshan-Himalayan period. During the Yanshan period, the area was a unified unit influenced by gravity-sliding tectonics, divided into four zones: ‘Uplifted Zone,’ ‘Slope Belt,’ ‘Foreland Belt,’ and ‘Depression Zone’, known as the “Three Zones and One Belt”. In the Himalayan period, vertical uplift led to complex structures, including duplex, overturned anticlines, fault-bend folds, and thrust wedges.
(2) Sedimentary history in the northern Longmenshan can be summarized as “rapid subsidence-slow subsidence-rapid uplift” phases. Early to Middle Yanshan saw rapid subsidence, followed by sustained slow subsidence. Late Yanshan witnessed increased tectonic activity and rapid uplift, continuing into the early Himalayan movement, followed by erosion.
(3) Faults and favorable reservoirs influence gas accumulation in the Qiulin area. The depocenter area favors gas accumulation in the gravitational sliding structural system. The coupling relationship between the foreland belt and the depocenter area facilitates the development of sedimentary environments, such as river-lake systems conducive to gas storage. Simultaneously, the depocenter area benefits from extensional tectonic activity that forms tensional normal faults, facilitating the migration of oil and gas. During the Himalayan period, compressional forces dominated, primarily modifying pre-existing traps or structures to varying degrees across different areas.
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Accurately predicting fracture initiation pressure is crucial for successfully applying hydraulic fracturing technology in layered reservoirs. However, existing models overlook the effects of rock anisotropy and borehole deformation. In this study, we simplified the layered reservoir to a transversely isotropic medium and developed a model to estimate borehole deformation precisely. Based on this estimated deformation, we created a model to predict fracture initiation pressure in hydraulic fracturing. By comparing previous models and experimental data, we validated the effectiveness of these proposed models. We examined the impacts of various factors on borehole deformation, fracture initiation pressure, and initiation angle. The results revealed that circular boreholes in layered reservoirs deform into elliptical boreholes under in situ stress, with the major axis not aligning with the principal stress direction, which highlights the significant impact of rock anisotropy on borehole deformation. Furthermore, the fracture initiation pressure of hydraulic fracturing either increases or decreases following borehole deformation, depending on specific geological parameters. The calculated initiation angle after borehole deformation is within 10°, closer to previous experimental results, underscoring the notable effect of borehole deformation on hydraulic fracturing. Our research indicates that the impact of borehole deformation on hydraulic fracturing is significant and should not be overlooked. This finding will offer fresh avenues for further study in the field of hydraulic fracturing.
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1 INTRODUCTION
Hydraulic fracturing technology is extensively utilized in layered reservoirs such as shale, tight sandstone, and coal (Abdulelah et al., 2018; Qu et al., 2022a; Lu et al., 2022). This method efficiently enhances reservoir permeability by creating artificial fractures, thereby significantly boosting the extraction of unconventional natural gas (Song et al., 2017; Zhao et al., 2020a; He et al., 2022a; He et al., 2022b; Li et al., 2022; Zhao et al., 2022; Liu et al., 2023). Accurately predicting and minimizing the fracture initiation pressure (FIP) near boreholes in rocks and comprehending fracture extension behavior is crucial (Wu et al., 2020; Huang et al., 2023a). The analysis of FIP through a mechanistic-based theoretical approach is widely acknowledged as an effective method (Shou and Zhou, 2021; Ren et al., 2022) and has been extensively researched by numerous scholars.
Hubbert and Willis. (1957) were the pioneers who proposed a theory to predict FIP. Subsequently, numerous scholars contributed significantly to the development of related theories (Eaton, 1969; Constant and Jr, 1988; Detournay and Cheng, 1988; Oriji and Ogbonna, 2012; Ma et al., 2017; Zhang et al., 2018.). While the accuracy of predicted values has improved over time and can generally meet basic engineering requirements, there are instances where a discrepancy exists between predicted and actual values (Ma et al., 2019). This discrepancy can be attributed to these models’ assumption of uniform mechanical properties in all directions. At the same time, shale, tight sandstone, and coal exhibit significant anisotropic characteristics with varying mechanical properties on parallel and perpendicular bedding planes. As a result, these reservoirs typically be simplified as transverse isotropic mediums (Espinoza et al., 2013; Li and Zhang, 2019; Ma et al., 2021). Existing laboratory experiments on fracturing have shown that the FIP of hydraulic fracturing varies as the angle between the bedding plane and the borehole changes, highlighting the significant impact of rock anisotropy, a factor acknowledged by numerous scholars (Qu et al., 2022a; Liu et al., 2022; Zhang et al., 2023). Numerous researchers have conducted theoretical examinations on the influence of rock anisotropy. Aadnoy and Chenvert. (1987) were the first to propose a stability model for boreholes using anisotropic body theory. Since then, numerous researchers have adopted similar approaches to investigate the FIP for boreholes in transversely isotropic formation (Ong and Roegiers, 1995; Gupta and Zaman, 1999; Prioul et al., 2011; Zhu et al., 2014.). Do et al. (2017) developed a model incorporating hydraulic and mechanical anisotropy to predict the FIP of boreholes with permeable and impermeable boundaries. Sesetti and Ghassemi. (2018) also developed a model that considers elasticity and fracture anisotropy to predict FIP for boreholes in transversely isotropic formations. Ma et al. (2022) developed a model that considers the anisotropy of rock strength to predict FIP for both vertical and inclined boreholes. In addition, the heterogeneity of the reservoir influences the propagation of fractures (Wu et al., 2023), resulting in the creation of intricate fractures (Zhou et al., 2020; Huang et al., 2023b), which also significantly impact the extraction of reservoir gas (Zhao and Zhou, 2020b; Song et al., 2020). Therefore, it is crucial to consider the effect of reservoir anisotropy on the efficiency of hydraulic fracturing.
Several scholars have developed models to predict FIP for transversely isotropic reservoirs in hydraulic fracturing. However, these models are specifically designed for the circular borehole. Field logging data shows that circular boreholes can deform due to stress and mechanical anisotropy (Figure 1) (Zoback et al., 2003; Pierdominici et al., 2020; Han et al., 2021). Various studies have investigated the effects of borehole deformation. For instance, Haimson and Lee. (2004) discovered that circular boreholes in sandstone deform significantly and assume an elliptical shape under uneven loading. Zhai et al. (2015) observed that a circular borehole in an on-site coal seam became elliptical after redistributing in situ stresses. Gao and Ren. (2022) found that circular boreholes deform into elliptical boreholes due to stress exertion in hydraulic fracturing. Several researchers have studied the stress distribution around elliptical boreholes and concluded that changes in borehole shape affect the distribution of the stress field, which in turn affects the destructive behavior of the rock (Qi et al., 2018; Chen et al., 2020; Zhong et al., 2021). Scholars have established models based on theoretical mechanics to compute the deformation of circular boreholes and estimate their precise dimensions (Zou et al., 2018; Fang et al., 2022; Han et al., 2023). However, these models primarily consider the impact of stress anisotropy while disregarding the influence of mechanical anisotropy. Consequently, these models are not suitable for anisotropic formations. Moreover, current fracturing models have failed to establish a correlation between borehole deformation and FIP.
[image: Figure 1]FIGURE 1 | Three-dimensional borehole breakout view from ABI image of the PTA2 borehole wall. Sh and SH are the orientations of the minimum and maximum horizontal principal stresses, respectively (Pierdominici et al., 2020).
In this study, we developed a model to estimate borehole deformation in the layered reservoir. Subsequently, we formulated a mechanical model to predict the FIP in hydraulic fracturing, considering the shape and magnitude of the estimated borehole deformation. Our proposed model was verified by comparing them with previous models. Moreover, we conducted a thorough analysis to evaluate the influence of different factors on the extent of borehole deformation, FIP, and initiation angle.
2 FIP MODEL AFTER BOREHOLE DEFORMATION
2.1 Analysis of circular borehole deformation
This study defines compressive stress as positive and tensile stress as negative stress. The layered reservoir is assumed to be a homogeneous, continuous, linear transverse isotropic medium that undergoes small deformations. Due to the length of the boreholes being significantly more significant than their diameter, the generalized plan strain condition is applicable. In addition, this study ignores the effects of temperature, chemical environment, and seepage.
Assuming the bedding plane exhibits symmetry along the z-axis (Figure 2A), only stresses in the x1oy1 plane impact the borehole deformation and FIP, which allows for simplifying the analysis to a planar problem (Heng et al., 2021) (Figure 2B). In Figure 2B, we established the in situ stress coordinate system (x1oy1) is established along the direction of the in situ stress. The x1 and y1 axes align with the direction of the in situ stresses σH and σh, respectively. Additionally, we defined a bedding plane coordinate system (x2oy2) along the direction of the bedding plane. The x2 and y2 axes are parallel and perpendicular to the bedding plane (Figure 2C). We denoted the angle between the x1 and x2 axes as α. By employing the coordinate transformation formula (1), we can obtain the stress components in the bedding plane coordinate system.
[image: image]
[image: Figure 2]FIGURE 2 | (A) A vertical borehole in the layered reservoir. (B) The stress distribution around the vertical borehole, with the bedding plane at an angle α to the axis of the maximum principle stress axis. (C). The equivalent stress around the borehole after a rotation of angle α.
Where σh and σH are the minimum and maximum horizontal principal stresses, respectively, MPa; α is the inclination angle of the bedding plane, °.
The borehole deformation under generalized plane strain conditions is illustrated below (Please refer to Appendix A for detailed derivation):
[image: image]
Where u and v are the displacement in the directions of x1 and y1 axes, m.
The new coordinates points of the borehole wall, resulting from the borehole deformation under the influence of in situ stress, are as follows:
[image: image]
2.2 Determination of shape after circular borehole deformation
The coordinates points of the borehole wall after the borehole deformation in Equation 3 satisfy the following equation:
[image: image]
where:
[image: image]
Equation 4 is the general equation of the ellipse, indicating that circular boreholes in anisotropic reservoirs will deform into elliptical boreholes under the effect of the in situ stress. This observation aligns with the logging data (Zoback et al., 2003; Han et al., 2021), indicating that the proposed model is consistent with the actual situation.
The major axis (a), minor axis (b), and angle β between the major axis of the ellipse and the coordinate axis x1 can be determined using Equation 4 and relevant mathematical knowledge (β is defined as the deflection angle, the calculation procedure is provided in Appendix B).
[image: image]
When μ1=μ2=i, β=0, E1=E2, v12=v13, we can simplify the model to evaluate the deformation of a borehole in an isotropic stratum under positive stress; at this time, the major axis, minor axis, and deflection angle in Equation 5 are as follows:
[image: image]
Equation 6 is consistent with the borehole deformation model in isotropic reservoirs, as Zou et al. (2018) established, indicating the proposed model’s precision.
2.3 Stress distribution around the circular borehole after deformation
We analyzed the stress distribution around the elliptical borehole in hydraulic fracturing, considering the relevant parameters of the circular borehole after deformation, established a new coordinate system (x3oy3) (Figure 3), in which the x3 and y3 axes are parallel to the major and minor axes of the elliptical borehole, respectively. By applying the coordinate transformation formula (7), we obtained the stress components of the in situ stress in this coordinate system:
[image: image]
[image: Figure 3]FIGURE 3 | The stress distribution around the elliptical borehole.
We obtained the stress distribution around the elliptical borehole in anisotropic media using the stress analysis method for the planar orifice problem (Please refer to Appendix C for detailed derivation).
[image: image]
Where
[image: image]
Thus on the borehole wall:
[image: image]
We can obtain the stress distribution around an elliptical borehole in a Cartesian coordinate system by substituting Equation 10, Equation 9 into Equation 8.
2.4 Prediction model of FIP for the elliptical borehole
If the tangential stress exerted on the borehole wall exceeds the tensile strength of the reservoir, the borehole will failure. Therefore, it is essential first to assess the tangential stress of the borehole. By utilizing the coordinate transformation formula (11), we can determine tangential stress distribution at any point along the borehole wall.
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Previous research indicated that anisotropic rocks have different tensile strengths in different directions (Ma et al., 2017). Furthermore, the N-E criterion can be used to accurately assess the tensile strength of anisotropic rocks in any direction as follows (Nova and Zaninetti, 1990):
[image: image]
Where T1 and T2 are the tensile strength perpendicular and parallel to the bedding plane, respectively, MPa.
Suppose the tangential stress exceeds the rock’s tensile strength. In that case, the rock enters the failure stage (Equation 13). At this moment, the pressure at which the fracturing fluid is injected, known as pw, represents the FIP.
[image: image]
Where σt is the tensile strength of the rock, MPa.
The initiation angle of the fracture can be determined using the following equation (Liang et al., 2022), where θ is the initiation angle.
[image: image]
3 MODEL VALIDATION
3.1 Model validation by different model comparisons
We have successfully validated the proposed borehole deformation model in Section 2.2. Furthermore, it is necessary to validate the proposed FIP model for the elliptical borehole in the anisotropic medium, and we can achieve it by degrading this model to an isotropic model and comparing it with existing models. The existing models that can be used for comparison are the elliptical model in the isotropic medium proposed by Aadnoy and Angell-olsen. (1995) (Eq. 15) and Ge et al. (2019) (Eq. 16), respectively. The specific forms of these models are as follows:
[image: image]
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When calculating the tangential stress on the wall of the elliptical borehole, we utilize the following values: the borehole radius is 0.12 m, c is 1.2, m is 0.6, σx2 is 50MPa, σy2 is 30 MPa, τxy2 is 0, and the fracturing fluid injection pressure is 20 MPa. We determine the tangential stresses on the borehole wall using Aadnoy’s, Ge et al.'s, and our proposed model. We presented the results in Table 1. The table demonstrates that the proposed model yields similar results to Aadnoy’s and Ge et al.'s models when μ11=1.001i and μ22=0.999i, which indicates the accuracy of our proposed model and its applicability in studying the stress distribution around the elliptical borehole in the anisotropic medium.
TABLE 1 | Comparison of tangential stress on the wall of the elliptical borehole.
[image: Table 1]3.2 Model validation by experimental data
To validate the dependability of the proposed model, we substituted the experimental conditions and mechanical parameters from the literature (Liu et al., 2022) into our proposed model and Ma et al.'s model. (Ma et al., 2022). We presented the experiment and calculation results in Figure 4. The FIP decreases as the bedding inclination angle increases, and the calculation results align with the experimental findings. The concave shape of the curve derived from the experimental data aligns with the results of our proposed model, whereas the curve model from Ma et al. exhibits a convex shape. Additionally, our model’s calculation results closely match the experimental data, leading to a maximum 47.6% (23°) improvement in accuracy compared to Ma et al.'s model, which indicates the superiority of our model in predicting the FIP of reservoirs with a significant angle between the bedding plane and stress direction, highlighting its advanced predictive nature.
[image: Figure 4]FIGURE 4 | Comparison of calculated results in the present study with experimental results in the previous literature.
4 ANALYSIS OF FACTORS IMPACTING BOREHOLE DEFORMATION AND FIP
We calculated the FIP and initiation angle of the initial circular borehole by substituting the radius (R) into Equations 13, 14 to replace the major axis (a) and minor axis (b) of the elliptical borehole, then calculated the size of the borehole deformation and the deflection angle (β) under various factors using Matlab software, and compared the FIP and the initiation angle of the initial circular borehole and the elliptical borehole. Table 2 presents the related parameters.
TABLE 2 | Basic parameters in MATLAB
[image: Table 2]4.1 Effect of the in situ stress
The in situ stress significantly influences the deformation and FIP of the borehole. This study set various values of horizontal stress differences to investigate the borehole deformation and distribution of FIP (Figures 5, 6). Figure 5A shows that the length of the major and minor axes and the deflection angle of the deformed elliptical borehole decrease with increasing σh. Further analysis shows that the difference between the length of the major and minor axes first increases and then decreases as increasing σh, reaching a maximum value at 43 MPa. Notably, the deflection angle of the elliptical borehole is invariably greater than zero, indicating that the direction of the major axes of the deformed elliptical borehole is not consistent with the direction of the in situ stress in anisotropic reservoirs. Figure 5B shows that the FIP and initiation angle of both elliptical and circular boreholes increase with increasing σh; when σh is larger than 43.9MPa, the FIP of elliptical boreholes is slightly larger than that of circular boreholes. However, when σh is less than 43.9 MPa, the FIP of elliptical boreholes is smaller than that of circular boreholes, which suggests that borehole deformation arising under in situ stress can either increase or decrease borehole stability, depending on specific geological parameters. The initiation angle of the elliptical borehole is smaller than that of the circular borehole. The difference gradually decreases with increasing σh, which implies that considering the deformation of the boreholes in the calculations yields fracture initiation directions that are closer to the direction of the maximum principal stresses, which is more consistent with the existing experimental results (Heng et al., 2019; Liu et al., 2022).
[image: Figure 5]FIGURE 5 | (A) Variation of the lengths of the major and minor axes and deflection angle for the elliptical borehole with σh. (B) Variation of the FIP and initiation angle for circular and elliptical boreholes with σh.
[image: Figure 6]FIGURE 6 | (A) Variation of the lengths of the major and minor axes and deflection angle for the elliptical borehole with σH. (B) Variation of the FIP and initiation angle for circular and elliptical boreholes with σH.
According to the observations in Figure 6A, the length of both major and minor axes of the elliptical borehole decreases with increasing σH. Furthermore, the difference between the major and minor axes’ lengths and the deflection angle increases with increasing σH. Figure 6B shows that the FIP and initiation angle of both elliptical and circular boreholes increase with increasing σH. When σH is less than 43.3 MPa, the FIP of elliptical boreholes is marginally more extensive than that of circular boreholes. However, when σH exceeds 43.3 MPa, the FIP of elliptical boreholes becomes smaller than that of circular boreholes. The initiation angle of elliptical boreholes is always smaller than that of circular boreholes, and the difference between the two gradually increases with increasing σH. A comparison between Figures 5, 6 indicates that an increase in the horizontal stress difference results in an increase in the deflection angle and the initiation angle, as well as a decrease in the FIP, which suggests that the study of the effect of in situ stress on borehole deformation and FIP can be simplified to study the impact of horizontal stress differences. However, it is essential to note that it is impossible to establish a direct relationship between the horizontal stress difference and the size of borehole deformation.
4.2 Effect of the bedding inclination angle
The bedding inclination angle (α), defined in this study as the angle between the directions of the bedding plane and the maximum principal stress, was investigated for its effects on borehole deformation and FIP. Figure 7A illustrates that as the α increases, the major axis of the deformed elliptical borehole lengthens. In contrast, the minor axis shortens, and the deflection angle increases and then decreases, reaching a maximum value of 44.33° at 22°. Significantly, there is a distinct alteration of the deflection angle at α when it comes to 22°, signifying a complete exchange of the major and minor axes of the deformation elliptical boreholes. These modifications demonstrate the bedding inclination angle’s significant impact on borehole deformation.
[image: Figure 7]FIGURE 7 | (A) Variation of the lengths of the major and minor axes and deflection angle for the elliptical borehole with bedding inclination angle. (B) Variation of the FIP and initiation angle for circular and elliptical boreholes with bedding inclination angle.
It can be seen from Figure 7B that for both elliptical and circular boreholes, the FIPs decrease with increasing α. The difference in FIPs between them first increases and then falls with increasing α, reaching a maximum value of 9.99 MPa at 26°. Based on this observation, we advised choosing formations for field hydraulic fracturing that significantly differ between the directions of the bedding plane and the principal stress to reduce the FIP effectively. Furthermore, the initiation angle for circular boreholes first increases and then decreases as α increases, always resulting in negative values. The maximum initiation angle is approximately 12.4°. However, the initiation angle for elliptical boreholes follows a wavy distribution. It first increases and then decreases as α increases when α is less than 36°, resulting in positive values. The maximum initiation angle is around 10.44°. When α is greater than 36°, the initiation angle first increases and then decreases, but in this case, it results in negative values. Further analysis reveals that the maximum difference between the initiation angles of circular and elliptical boreholes is approximately 17.25°, which indicates that without considering borehole deformation, there may be a significant error in calculating the initiation angle. Therefore, evaluating the effect of borehole deformation when determining the initiation fracture location in hydraulic fracturing is crucial.
4.3 Effect of the elastic anisotropy
Previous research has shown that alterations in the elastic anisotropy ratio (E1/E2) surrounding the borehole result in modifications in the stress distribution around the borehole (Ding et al., 2018). Furthermore, variations in the parameters E1, E2, v12, and v12 in anisotropic materials result in changes in the shear modulus G2. The St. Venant relationship elucidates the connection among these parameters above (Espada and Lamas, 2017; Dambly et al., 2019):
[image: image]
The influence of elastic anisotropy ratio on borehole deformation and FIP was studied using the Saint-Venant relationship, as shown in Figures 8, 9. In Figure 8, we set E2 as constant; an increase in E1/E2 results in an increase in the major axis length of the deformed elliptical borehole. Additionally, the minor axis length first increases and then decreases, while the difference between the two axes decreases and then increases, reaching its minimum value at E1/E2=1.4. The deflection angle follows a similar pattern, first increasing and decreasing, with the maximum deflection angle occurring at E1/E2=1.15. At this ratio, the deflection angle changed to 90°, indicating a complete exchange of positions between the elliptical major and minor axes. These changes mean the significant influence of the elastic anisotropy ratio on the borehole deformation. The FIP of elliptical and circular boreholes decreases with increasing E1/E2. However, the variation in FIP for elliptical boreholes is significantly higher, at 44.29%, compared to only 15.18% for circular boreholes, which suggests that the influence of E1/E2 on deformed elliptical boreholes is more significant and deserves more attention. Furthermore, the difference between FIP for elliptical and circular boreholes initially decreases and then increases with increasing E1/E2. When E1/E2<1.1, the FIP for elliptical boreholes is higher than that for circular boreholes, indicating that a lower elastic anisotropy ratio promotes more excellent stability for circular boreholes after deformation. The initiation angle for circular boreholes increases with increasing E1/E2, reaching a maximum value of approximately 16.99°, which indicates that the fracture initiation directions largely coincide with the direction of the maximum principal stresses. In the case of elliptical boreholes, however, the initiation angle initially increases and then decreases as the E1/E2 increases. It is worth noting that for E1/E2<1.2, the initiation angle is about 100°, suggesting that when elastic anisotropy is low, the fracture initiation direction of deformed elliptical boreholes is closer to the direction of minimum principal stress.
[image: Figure 8]FIGURE 8 | (A) Variation of the lengths of the major and minor axes and deflection angle for the elliptical borehole with E1/E2 (E2=3.6 GPa). (B) Variation of the FIP and initiation angle for circular and elliptical boreholes with E1/E2.
[image: Figure 9]FIGURE 9 | (A) Variation of the lengths of the major and minor axes and deflection angle for the elliptical borehole with E1/E2 (E1=7.2 GPa). (B) Variation of the FIP and initiation angle for circular and elliptical boreholes with E1/E2.
In Figure 9, we set E1 as constant. As E1/E2 increase, the length of the major and minor axes of the elliptical borehole increase and decrease, respectively, and the difference between them constantly increases. Furthermore, the deflection angle increases and then decreases, reaching a maximum value of 19.69° at E1/E2=1.45. However, the total change in the deflection angle is about 6%. Comparing this with Figure 8A, it is clear that there are different distribution patterns in terms of the size of the borehole deformation and the deflection angle. Therefore, we considered that the specific values of E1 and E2 are the main factors affecting the borehole deformation, not just the E1/E2. By comparing and analyzing Figure 8B and Figure 9B, we found that the FIP values in both figures are identical when E1/E2 is the same, which indicates that when calculating the FIP, only the elastic anisotropy ratio needs to be considered, without specifying the actual values. However, the distribution pattern of the initiation angle differs between the two figures. In Figure 9B, the initiation angle for circular boreholes decreases with increasing E1/E2. In contrast, the initiation angle for elliptical boreholes first increases and then falls, which suggests that the specific values of E1 and E2 are essential factors affecting the initiation angle.
4.4 Effect of Poisson’s ratio anisotropy
This section investigated the influence of Poisson’s ratio anisotropy on borehole deformation and FIP. In Figure 10, we set v13 as constant; as v12/v13 increases, the major axis length of the borehole increases, while the minor axis length first increases and then decreases, reaching its maximum value at v12/v13=2.45. Furthermore, the deflection angle decreases continuously, with a maximum change of up to 59%. The maximum difference in deformation of the major and minor axes of the elliptical borehole is 0.28 mm. These results indicate that Poisson’s ratio anisotropy has minimal influence on the borehole deformation but significantly influences the deflection angle. As shown in Figure 10B, the FIP decreases with increasing v12/v13 for both the elliptical and circular boreholes. Furthermore, the difference between them first increases and then decreases, reaching a maximum value of 7.59 MPa at v12/v13=2.7. This observation indicates that high Poisson’s ratio anisotropy can reduce the FIP after borehole deformation. Therefore, when conducting hydraulic fracturing in the field, reservoirs with high Poisson’s ratio anisotropy could be selected to arrange the boreholes to minimize the FIP effectively. Moreover, the initiation angles of both elliptical and circular boreholes decrease with increasing v12/v13, and the initiation angle of elliptical boreholes is consistently smaller than that of circular boreholes. This finding suggests that borehole deformation brings the direction of fracture initiation closer to the direction of the maximum principal stress, consistent with existing experimental results (Heng et al., 2019; Liu et al., 2022).
[image: Figure 10]FIGURE 10 | (A) Variation of the lengths of the major and minor axes and deflection angle for the elliptical borehole with v12/v13 (v13=0.2). (B) Variation of the FIP and initiation angle for circular and elliptical boreholes with v12/v13.
In Figure 11, we set v12 as a fixed value and observed that as v12/v13 increases, the length of the major and minor axes of the elliptical borehole increases and decreases, respectively. The maximum change in size is about 0.06 mm. Additionally, the deflection angle continues to decline. Compared to Figure 10A, it is clear that Poisson’s ratio anisotropy ratio has no significant influence on the length of the major and minor axes of the elliptical borehole. However, it does have a notable effect on the deflection angle. Nevertheless, we cannot predict the trend of the deflection angle solely based on Poisson’s ratio anisotropy ratio trends. Furthermore, the analysis of Figure 10B reveals that as the v12/v13 increases, the FIPs of elliptical and circular boreholes decrease. The difference between them initially decreases and then stabilizes. Moreover, the initiation angle of elliptical boreholes decreases while circular boreholes increase, albeit with a more minor change. We compared this to Figure 10B and could predict the FIP trend based on Poisson’s anisotropy ratio. However, we could not predict the trend of the initiation angle.
[image: Figure 11]FIGURE 11 | (A) Variation of the lengths of the major and minor axes and deflection angle for the elliptical borehole with v12/v13 (v12=0.25). (B) Variation of the FIP and i/nitiation angle for circular and elliptical boreholes with v12/v13.
4.5 Effect of strength anisotropy
Based on Equation 5, the strength anisotropy does not affect the borehole deformation but affects the FIP. To examine this effect, we kept the rock material’s tensile strength constant while adjusting the bedding plane’s tensile strength to achieve varying degrees of anisotropy. Figure 12 illustrates the relationship between the strength anisotropy ratio (Tm/Tb), FIP, and initiation angle for both elliptical and circular boreholes. As Tm/Tb increases, the FIP and angle decrease for both elliptical and circular boreholes. Additionally, the difference in FIPs between elliptical and circular boreholes decreases while the difference in initiation angles increases. Despite their lack of impact on borehole deformation, these findings highlight the significance of considering strength anisotropy in calculating FIPs and initiation angles for deformed elliptical boreholes.
[image: Figure 12]FIGURE 12 | Variation of the FIP and initiation angle for circular and elliptical boreholes with Tm/Tb (Tb=5.24 MPa).
5 DISCUSSION
The analysis of logged data suggests that in layered reservoirs, circular boreholes can be transformed into elliptical boreholes under in situ stress (Zoback et al., 2003; Pierdominici et al., 2020; Han et al., 2021). Various researchers have created models to forecast the extent of borehole deformation (Zou et al., 2018; Fang et al., 2022; Han et al., 2023), but these models do not account for the impact of elastic anisotropy in layered reservoirs, which could affect the accuracy of the forecasts (Ma et al., 2019). Our study factors in layered reservoirs’ elastic and stress anisotropy (Abdulelah et al., 2018; Qu et al., 2022b; Lu et al., 2022), and develops a model to anticipate the extent of deformation in vertical or horizontal boreholes. By substituting the reservoir parameters into the model, we discover that circular boreholes in layered reservoirs also transform into elliptical boreholes, which is consistent with previous findings (Zou et al., 2018; Fang et al., 2022; Han et al., 2023). Unexpectedly, our calculations indicate that the major axis direction of the deformed boreholes is incongruent with the direction of the in situ stress, differing from the previous model but aligning more closely with the logging data (Pierdominici et al., 2020), which highlights the superiority of our proposed model.
Using models and logging data, we have demonstrated that circular boreholes deform into elliptical boreholes under the influence of in situ stress and elastic anisotropy. Previous studies have indicated that the change in borehole shape impacts the FIP (Qi et al., 2018; Zheng et al., 2023). Several models have been developed to predict the FIP of elliptical boreholes (Chen et al., 2020; Zhong et al., 2021), but these models do not consider the effect of mechanical anisotropy in layered reservoirs. We have developed an improved FIP prediction model based on the forecasted borehole deformation and validated its accuracy by comparing it with the models of Aadnoy and Angell-olsen (1995) and Ge et al. (2019). Zang et al. (2023) observed, through digital image correlation during SC-CO2 fracturing in the laboratory, that there is a strain concentration near the borehole before fracturing, which can cause borehole deformation, which suggests that our proposed model can also be used to predict the FIP of bedding shales for hydraulic fracturing in laboratory experiments (Liu et al., 2022). Based on the experimental findings by Liu et al. (2022), we have conducted a comparative analysis of our model and that of Ma et al. (2022). The results indicate a 47.6% enhancement in our model’s accuracy, demonstrating our proposed model’s advanced capability.
We compared the impacts of in situ stress, bedding inclination, and anisotropy parameters on FIP and initiation angle in circular and elliptical boreholes. Our findings indicate that elliptical boreholes may exhibit higher or lower initiation pressures than circular boreholes, depending on specific geologic parameters, which differs from previous models (Chen et al., 2020; Zhong et al., 2021; Zheng et al., 2023) due to the absence of a relationship between the amount of borehole deformation and FIP in the previous models. Furthermore, our proposed model predicts a deviation angle between the fracture initiation direction and the maximum principal stress direction of no more than 10°. In contrast, the deviation angle in the previous model is significantly larger (Heng et al., 2021; Ma et al., 2022). However, the experimental results demonstrate that the fracture initiation direction in anisotropic rocks aligns closely with the direction of maximum stress (Heng et al., 2019; Liu et al., 2022), highlighting the superior predictive performance of our model in determining the initiation angle.
The model proposed in this study is a two-dimensional model suitable only for horizontal or vertical boreholes. In contrast, inclined boreholes are more commonly encountered in on-site hydraulic fracturing operations (Ma et al., 2022; Zheng et al., 2023). Furthermore, the proposed model solely focuses on the tensile failure mode of the rock matrix. Previous experiments have demonstrated that layered rocks in hydraulic fracturing can exhibit various failure modes, including tensile and shear failure modes of the rock matrix and tensile and shear failure modes of the bedding plane (Li et al., 2018; Heng et al., 2021). Therefore, future research should optimize the proposed model by considering these two aspects to enhance its universality.
6 CONCLUSION
We formulated a model for predicting the vertical borehole deformation in layered reservoirs and developed a novel model for forecasting fracture initiation pressure (FIP) in hydraulic fracturing based on the expected deformation. We validated the proposed model’s accuracy against previous models and experimental data. Furthermore, we examined the impact of in situ stress, bedding inclination, and reservoir anisotropic parameters on borehole deformation. We compared FIP and initiation angle changes in undeformed and deformed boreholes under varying conditions. The key findings of our study are summarized as follows.
1. The circular vertical boreholes in layered reservoirs change to elliptical due to in situ stress, and the major axis of elliptical boreholes deviates from the direction of the maximum principal stress.
2. Depending on the specific geological conditions, the borehole deformation can increase or decrease the FIP in hydraulic fracturing. Additionally, alterations in factors such as in situ stress, bedding inclination angle, and elastic modulus can result in more pronounced variations in FIP in elliptical boreholes than circular ones.
3. The initiation angles of elliptical boreholes are within 10°, which are notably lower when compared to that of circular boreholes, and the alteration in the in situ stress, bedding inclination angle, and elastic modulus result in minor modifications in the initiation angles of elliptical boreholes in comparison to those of circular boreholes. The borehole deformations can better explain the fracture propagation in hydraulic fracturing.
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APPENDIX A 
The intrinsic equation, stress equilibrium equation, and strain compatibility equation in the bedding plane coordinate system under generalized plane strain are as follows (Qi et al., 2018).
[image: image]
Where [image: image]
[image: image]
[image: image]
Where E1 and E2 are the elastic modulus in the directions of x1-axis, and y1-axis, respectively, GPa; G12 is the elastic modulus in x1oy1 coordinate system, GPa; v12 and v32 are the Poisson’s ratio in the directions of x1-axis, and y1-axis, respectively.
The stress function F (x, y) was introduced based on Equation (A2) and by substituting it into Equations (A1) and A3 yields (Aadnoy and Chenevert, 1987).
[image: image]
By introducing linear differential operators [image: image], the fourth-order partial differential equation can be derived, which is entirely equivalent to Equation (A4). Hence, these are the roots of the Eigen equation.
[image: image]
Equation (A5) has two pairs of conjugate complex roots:
[image: image]
We expressed the stress function F (x, y) as follows:
[image: image]
where Re is the real part of the complex number, and F1 (z1) and F2 (z2) are arbitrary analytic functions of the complex variables z1 and z2. To simplify calculations, we introduced the following functions can be:
[image: image]
Substituting Equation (A8) into Equation (A7) and subsequently taking the derivative yields:
[image: image]
Based on Equation (A9), the stress component in the anisotropic medium can be represented by the analytical function as:
[image: image]
Where σx1 and σy1 are the normal stress in the directions of x1-axis and y1-axis, respectively, MPa.
The stress boundary condition can be determined by the external force px and py applied as:
[image: image]
The equations to express the external forces px and py can be derived based on the boundary conditions shown in Figure 1 as follows:
[image: image]
Where R is the radius of the borehole and the slotting depth, m.
Substituting Equation (A12) into Equation (A11) and subsequently making the arc integral yields:
[image: image]
Equation (A13) can be expanded into a Fourier series focusing on θ as follows:
[image: image]
where i and e are the imaginary unit and natural number, respectively. By comparing Equations (A13) and (A14) one obtains:
[image: image]
To ascertain the analytical function φk (zk) (k=1, 2) based on the stress boundary conditions, it is essential to map the circular domain on the complex plane zk (i.e., the x2oy2 plane) to the outer region of the unit circle on the ξk plane, with the corresponding mapping function is:
[image: image]
Thus, on the borehole wall:
[image: image]
As the distance is augmented, the pressure induced by the surface forces that act on the well wall gradually decreases, the intricate analytical function can be posited as follows:
[image: image]
The specific form of the analytic function can be derived by comparing Equations (A18) and (A16) as:
[image: image]
The deformation of the borehole caused by in situ stress can be determined using the intrinsic equation:
[image: image]
where [image: image], [image: image], (i=1,2).
By comparing Equations (A17) and (A19) into Equation (A20) and subsequently simplifying, a specific formula for the displacement yields:
[image: image]
The relationship satisfied by the two roots of Equation (A5) is as follows:
[image: image]
To eliminate the Re sign in Eq. 22, one may assume that [image: image], [image: image], and that p and q are natural numbers (Heng et al., 2021). As a result, Equation (A21) can be simplified to Eq. 2.
APPENDIX B
The equation for an ellipse is typically represented in the following standard form:
[image: image]
By rotating the coordinate axes of the standard equation by β, the general equation of the ellipse (Eq. 4) can be obtained. The relationship between the corresponding coordinates can be expressed as follows:
[image: image]
Substituting Eq. (B2) into Eq. (B1) and simplifying yields:
[image: image]
We compared Equations (B3) and (4) yields:
[image: image]
The solution to Eq. (B4) provides the values for the major axis a, the minor axis b, and the angle β between the directions of the major axis and the x2 axes of the elliptical borehole. These values are illustrated in Equation 5.
.Appendix C
To acquire the flexibility matrix of the medium in the x3oy3 coordinate system, we transform on the flexibility matrix in the x2oy2 coordinate system as follows (Ma et al., 2022):
[image: image]
where [image: image] is the flexibility matrix in the x2oy2 coordinate system, [image: image] is the flexibility matrix in the x3oy3 coordinate system, and [image: image] is the bond matrix with the following form:
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where [image: image], and [image: image].
Equation (A5) can be modified in the following form:
[image: image]
It is typical for the Eigen Equation (C4) to exhibit two pairs of conjugate complex roots denoted as and [image: image] (where k=1, 2).
The stress equations are derived using the method described in Appendix A, but the stress boundary conditions are changed. We can modify Equation 12 by considering the effects of fracturing fluid injection pressure and in situ stress (Zheng et al., 2023).
[image: image]
Where pw is the injection pressure of fracturing fluid, MPa.
The final analytical functions obtained from Equation (C5) based on the calculation process in Appendix A are as follows:
[image: image]
Equation 9 can be obtained by taking the derivatives of φ1 (z1) and φ2 (z2) in Equation (C6) for z1 and z2, respectively.
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The Lucaogou Formation, a typical fine-grained mixed formation in the Jimusaer Sag of the Junggar Basin, exhibits considerable potential for hydrocarbon exploration. Accurate brittle prediction is a crucial factor in determining hydraulic fracturing effectiveness. However, the area features complex lithological characteristics, including carbonate rocks, clastic rocks, volcanic rocks, and gypsum interbeds, along with thin layering and sporadic sweet spots. Traditional prediction methods offer limited resolution and there is an urgent need for a seismic brittle prediction method tailored to this complex geological environment. This paper presents a multi-mineral composition equivalent model for complex lithologies that enables the accurate calculation of Vp and Vs These ratios serve as the foundation for pre-stack elastic parameter predictions, which include Poisson’s ratio and Young’s modulus. By comparing the predicted parameters with well-logging measurements, the prediction accuracy is improved to 82%, with particularly high conformity in intervals characterized by high organic matter and clay content. Additionally, a three-dimensional brittle modeling approach reveals that the brittleness of the reservoir exceeds that of the surrounding rock, showing a gradual improvement in brittleness with increasing burial depth from southeast to northwest. The central area exhibits relatively good brittleness, with a stable, blocky distribution pattern.
Keywords: Jimusaer sag, fine-grained mixed reservoirs, complex mineralogy, rock physics modeling, brittleness
1 INTRODUCTION
The Lucaogou Formation in the Jimusaer Sag of the Junggar Basin hosts significant potential for hydrocarbon exploration, with estimated recoverable resources of approximately 238 million tons (Cao et al., 2016; Liu et al., 2017; Zhi et al., 2018; Cai, 2020; Yin et al., 2021; Yin et al., 2022). This formation represents one of the oldest terrestrial mixed clastic rock sequences in China, deposited in a saline lake basin. It features complex characteristics, such as the intermixing of carbonate rocks, clastic rocks, volcanic rocks, gypsum interbeds, source-reservoir integration, thin layering, and sporadic sweet spots (Zhang et al., 2019; Duan et al., 2020; Li et al., 2020; Wang and Wang, 2021; Wei et al., 2022). Rock physics and brittleness modeling are crucial components of comprehensive oil and gas seismic-geological-engineering research in this area. The modeling results not only impact pre-drilling sweet spot predictions but also influence the optimization of reservoir hydrofracturing processes (Wang et al., 2013; Yu et al., 2016; Wu et al., 2017; Feng et al., 2020; Gui et al., 2020; Jahed et al., 2020; Shan et al., 2021).
Prediction methods for rock physics and brittleness can generally be categorized into three types: 1) brittleness prediction based on rock mineral composition, which calculates the brittleness index profile for the entire well section using the mineral composition, achieving a high level of accuracy (Mukerji et al., 1995; Zhi and Zan, 2015; Li et al., 2019; Ma et al., 2019; Ba et al., 2021; Meng et al., 2021); 2) brittleness evaluation based on rock mechanical elastic parameters, relying on vertical and horizontal well logging wave data and pre-stack inversion. It employs the Rickman formula to compute the correlation between Young’s modulus, Poisson’s ratio, and the brittleness index (Meng et al., 2015; Li et al., 2017; Gui et al., 2023); 3) utilization of uniaxial and triaxial stress-strain tests on core samples to obtain correlations between rock physical parameters, mineral composition, bedding characteristics, hydrocarbon content, and other parameters (Wang et al., 2017; Chen et al., 2019; Tao et al., 2020; Liu et al., 2021). However, as rock physics and brittleness parameters are fundamentally a result of the comprehensive response of rock material composition, structure, porosity, and fluid under specific temperature and pressure conditions, predictions based solely on mineral composition or rock mechanical parameters have inherent limitations (Li, 2022; Li, 2023).
Regarding research methods, rock physics models can be broadly classified into three categories: 1) effective medium models that use volume-averaged mineral properties, such as Voigt–Reuss–Hill models (Chung and Buessem, 1967), Hashin-Shtrikman models (Neumann and Bohlke, 2016), Wood equations, Wyllie equations (Saleh and Castagna, 2004), and Raymer equations (Raymer et al., 1980), etc.,; 2) adaptive and scattering theory models that study the influence of internal pore structure and fluids on rock properties, such as the Differential Effective Medium (DEM) model, Kuster-Toksöz model (Hu and Weng, 2000), self-consistent approximation (SCA) model (Ignatchenko and Polukhin, 2016), and Gassmann equation.; 3) contact theory models based on particle interactions, such as the Hertz contact model (Muthukumar &DesRoches, 2006). These models can reflect the brittleness characteristics of reservoirs to some extent. However, the complex interplay between mixed clastic rock’s intricate pore structure and mineral composition has made it challenging to establish a clear relationship between rock mechanical properties and geological parameters in the Lucaogou Formation of the Jimusaer Sag. Moreover, the reservoir in the study area consists of thin interbeds with multiple minerals, with each layer having a thickness of 1–4 m, making identification and prediction based solely on seismic data difficult.
In light of these challenges, this paper focuses on the Lucaogou Formation in the Jimusaer Sag, considering factors such as mineral composition and pore structure in combination to evaluate their impact on rock seismic elastic parameters. Appropriate rock physics equivalent theory models are chosen for the study area to obtain rock elastic parameters, and a brittleness index theoretical template is established to determine the spatial distribution model of reservoir brittleness. This research holds significant guidance for sweet spot predictions and fracturing process optimization.
2 RESEARCH DATA AND METHODS
2.1 Research area
Jimusaer Sag is located in the southeast edge of the Junggar Basin, surrounded by Qitai uplift, Santai fault, Xidi fault and Jimusaer fault, which is in the form of a dustpan high in the east and low in the west. The Lucaogou Formation has developed throughout the entire depression, with an average thickness of about 200–350 m (Figure 1) (Yin et al., 2022; Yin et al., 2023a; Yin et al., 2023b). It belongs to the sedimentary system of saline lake basins, characterized by mixed carbonate clastic volcanic gypsum rocks, integrated source and reservoir, thin layer stacking, and dispersed desserts. The Lucaogou Formation has developed two “dessert bodies,” upper and lower. The upper dessert body is located in the second section of the Lucaogou Formation, and the lithology is mainly composed of lithic sandstone, sandy dolomite, and feldspar lithic sandstone, interbedded with mudstone and dolomite mudstone; The porosity ranges from 1.1% to 2.4%, with an average of 9.88%; Permeability at 0.01 × 10−3 μm2∼36.3 × 10−3 μm2, with an average of 0.07 × 10−3 μm2. The lower dessert body is located in the first section of the Lucaogou Formation, mainly composed of fine sandstone and cloudy sandstone, interbedded with muddy sandstone and mudstone. The porosity ranges from 2.1% to 26.5%, with an average of 8.75%; Permeability at 0.01 × 10−3 μm2–52.6 × 10−3 μm2, with an average of 0.05 × 10−3 μm2. This Formation is divided into two members, Lu1 and Lu2, and four sand groups, P1l11, P1l12, P2l21 and P2l22 from bottom to top. The major reservoirs are two sweet spot layers, the lower one (P2l12)is mainly dolomitic siltstone; the upper one (P2l22)is primarily composed of felsic siltstone, dolomitic siltstone and silty dolomite (Figure 1B).
[image: Figure 1]FIGURE 1 | Location and composite stratigraphic column of the study area (A) Location and structures of the work area; (B) Composite stratigraphic column of the Lucaogou Formation.
2.2 Research data
For this research, over 100 thin-section photomicrographs were used to investigate the mineral composition and pore structure in the studied region. In terms of seismic data quality, a significant improvement was achieved by conducting a comprehensive and integrated interpretation based on the high-density 3D seismic data collected in the Ji25 area, which covered an area of 25 km2 and included 484 coverage passes with a density of 774,400 traces. The seismic data has a dominant frequency of approximately 25 Hz, an effective bandwidth of 10–60 Hz, a signal-to-noise ratio greater than 15 dB, and a vertical resolution of approximately λ/8, as calculated by seismic inversion theory, allowing for the recognition of sand body thicknesses of around 20 m in areas with high signal-to-noise ratios. This quality largely satisfies the precision requirements for lithology and brittleness index prediction.
Utilizing data from core thin-section photomicrographs, scanning electron microscopy, and X-ray diffraction analysis, the research first identifies the microstructure and mineral composition of the rocks. Subsequently, considering the impact of factors such as mineral composition and pore structure on rock seismic elastic parameters, suitable rock physics equivalent theory models applicable to the study area are selected to obtain rock elastic parameters. A theoretical template for brittleness index is then established. Finally, integrating well-logging, seismic, and core data, a spatial distribution model for reservoir brittleness is developed.
2.3 Research methods
The research builds upon the Xu-White model (Keys and Xu, 2002) and refines the process of complex multi-mineral rock physics modeling to create a complex multi-mineral seismic rock physics model. The proposed model accounts for the layering and mineral composition characteristics of mixed clastic rocks, optimizing the process of mixing the matrix minerals. To address the complexity of pore structures in mixed clastic rocks, variable values are determined for layered and brittle mineral-related porosities, replacing previously used empirical constants to enhance pore description accuracy. The fluid mixture section is modified using the Beri model (Kőrösi et al., 2021) for fluid mixture equivalency, and the Boris model (Oran and Boris, 1981) is employed for fluid replacement. This results in the establishment of a saturated mixed clastic rock equivalent model. The specific workflow is depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Complex multi-mineral mixed rock seismic rock physics model.
2.3.1 Equivalent model for brittle minerals
Among the four brittle minerals distributed in the studied area, quartz, feldspar, and calcite have similar abundancy, while dolomite content is relatively lower. Therefore, based on the characteristics of the content of these four brittle minerals, the following equivalent methods were employed.
1) Quartz, feldspar, and calcite were mixed using a self-consistent approximation (SCA) model that can simultaneously account for multiple mineral phases. Specifically, Berryman proposed a calculation of the equivalent volume and shear modulus for rock containing elliptical inclusions based on elastic wave scattering theory (Formula 1):
[image: image]
In the equation, [image: image] represents the volume modulus of the ith inclusion, [image: image] is the equivalent volume/shear modulus for mineral grains, i is the mineral medium index, [image: image] is a parameter related to the composition and pore shape.
2) Using the mixture obtained in the previous step as the background medium and dolomite, as the filler, both are mixed using the Differential Effective Medium (DEM) model to obtain the equivalent modulus for brittle minerals (Formulas 2, 3):
[image: image]
[image: image]
In the equation, [image: image] represents the elastic modulus of the rock matrix as inclusions are gradually added; [image: image] represents the elastic modulus of the inclusions that are gradually added.
2.3.2 Layered minerals and equivalent models
Mixed clastic rocks often exhibit good clay layering, with a variety of clay mineral types. Additionally, different clay minerals have varying elastic properties. The heterogeneity of organic matter, such as kerogen, at different maturities also affects the heterogeneity of mixed clastic rocks. Considering the distribution and interactions of clay and organic matter in mixed clastic rocks, a self-consistent differential effective medium (SCA-DEM) model is used to mix layered minerals (organic matter and clay), resulting in an equivalent modulus with interconnected properties for organic matter-clay:
1) An equal amount of clay is taken in combination with kerogen, and both are mixed using a self-consistent model.
2) With the remaining clay as the background medium and the mixture obtained in step 1 as the filler, both are mixed using the differential effective medium (DEM) model (Cundall and Strack, 1979), resulting in an equivalent modulus with interconnected properties for kerogen-clay plastic minerals.
3) Using the plastic equivalent material composed of clay-kerogen as the background medium and brittle equivalent materials such as quartz and calcite as the filler, both are mixed using the DEM model to obtain the equivalent modulus of the rock framework.
2.3.3 Dry rock equivalent model
Using the rock framework as the background medium, pores are added to the background medium using the differential effective medium (DEM) model, resulting in the equivalent modulus for dry rock. A porosity anisotropy parameter is introduced in this context.
2.3.4 Saturated rock equivalent model

1) Fluid properties are calculated using the Batzle & Wang model (Han and Batzle, 2020) based on known temperature, pressure, oil density, formation water salinity, and gas-oil ratio. Fluid mixing is performed using Brie’s exponent method (Kőrösi et al., 2021).
2) Since mixed clastic rock layers under oil saturation conditions exhibit significant velocity dispersion, the full-band Boris fluid replacement model is used to introduce mixed fluids into dry rock, thereby establishing a mixed clastic rock equivalent model that closely resembles real conditions. Boris fluid replacement model is shown below (Formula 4):
[image: image]
The mineral composition of the mixed clastic rocks in the target area is primarily quartz, feldspar, carbonate minerals, clay, etc. When modeling, the mechanical parameters of each mineral component are set based on Mavko et al.’s work (Mavko and Nur, 1979). For example, the volume modulus of quartz is set to 37 GPa, the shear modulus to 44 GPa, and the density to 2.65 g/cm³.
3 MINERAL AND PORE STRUCTURE CHARACTERISTICS
The study area in the Jimsar sag of the Junggar Basin hosts the Lucaogou Formation, which is a sedimentary sequence in a saline lake basin. The rock samples exhibit a wide variety of mineral components, including quartz, potassium feldspar, plagioclase feldspar, calcite, dolomite, ankerite, pyrite, pyrrhotite, siderite, natrolite, thomsonite, and various clay minerals. XRD mineral content analysis was conducted on 142 core samples from the target interval in the study area. The results revealed that there are as many as 12 different minerals in the overall composition. Among these, calcite and plagioclase feldspar are the predominant minerals, each accounting for over 20% of the composition. Quartz and siderite follow, with a content range of 10%–15%. There are at least six minerals with an absolute content greater than 4%, indicating a complex mixed composition of multiple mineral components forming the mixed clastic rock’s intricate rock framework. Specifically, in the upper sweet spots, the content of felsic minerals (feldspar and quartz) is relatively high, exceeding 40%, while in the lower sweet spots, mafic minerals are predominant, with a content exceeding 45%. The absolute content of clay minerals is generally low (less than 10%) and is primarily composed of illite and smectite, with small amounts of montmorillonite and kaolinite. The difference in clay mineral composition between the upper and lower sweet spots is not significant (Figure 3).
[image: Figure 3]FIGURE 3 | Mineral composition in the Jimusaer Lucaogou Formation.
The complex mineral composition and content combinations in this region differ significantly from fine-grained sedimentary rocks and shale oil reservoirs in other basins. This reflects a mixed sedimentary rock type transitioning from clastic sedimentation to chemical sedimentation, or from volcanic clastic rocks to normal sedimentary rocks. The relative mineral content varies considerably in different depth intervals, and there are frequent changes in the relative mineral content along the vertical profile. This complexity indicates that the rock types and their combinations are highly intricate.
Pore structure is a crucial factor that influences fluid presence and changes in rock physical properties. Based on core and thin-section analysis data, the primary pore types in the Lucaogou Formation include intergranular dissolution pores (Figure 3A), intragranular dissolution pores, intercrystalline pores, microfractures, and a small number of oomoldic intergranular dissolution pores and biogenic framework pores, among others. In general, the relative content of intergranular pores in terrigenous clastic rock reservoirs is higher compared to other types of rock reservoirs, while in carbonate rock reservoirs, intergranular dissolution pores have a relatively higher content than in other rock types. Various types of fractures, including structural fractures, dissolution fractures, bedding fractures, and pressure solution fractures, have developed. The degree of fracture development is closely related to lithology, with carbonate rock fractures typically more well-developed than sandstone fractures. Overall, carbonate rock exhibits a stronger brittleness compared to sandstone (Figure 4).
[image: Figure 4]FIGURE 4 | Microscopic Structure of Pore Types in the Jimusaer Lucaogou Formation (A) Primary intergranular pore (B) Intragranular and intergranular dissolution pores (C) intragranular dissolved pore (D) Residual intergranular pores (E) Intragranular and intergranular dissolution pores (F) Organic matter pore (G) Intergranular pore (H) Diagenetic contraction joint (I) Intragranular dissolved pores.
4 ANALYSIS OF BRITTLENESS PREDICTION EFFECT
4.1 Prediction of mineral content and pore aspect ratio
The Lucaogou Formation exhibits a diverse range of mineral components, making it challenging to provide detailed characterizations for each mineral’s content. However, by analyzing the petrophysical parameters of minerals and optimizing the consolidation of multiple mineral components, effective prediction of mineral content can be achieved. Initially, considering that minerals such as pyrite and siderite have minimal content, constituting less than 4% and having a negligible impact on the modeling results, they were excluded from the analysis. For both orthoclase and plagioclase feldspar, with densities of 2.59 and 2.61 g/cm³, and compressional wave velocities of 5,590 and 5,749 m/s, respectively, their petrophysical properties are similar. As a result, they were combined and simplified into a single category, referred to as “feldspar.” Using this approach, the complex mineral components were ultimately reduced to six categories: quartz, feldspar, calcite, dolomite, clay minerals, and kerogen. Through optimized well log interpretations, it became possible to predict the content of quartz, feldspar, calcite, dolomite, and clay minerals. However, the precise prediction of kerogen content (total organic carbon) is relatively complex (Formulas 5, 6). Therefore, this study applied the Passey formula to predict the kerogen content (Figure 5).
[image: image]
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[image: Figure 5]FIGURE 5 | Comparison of results obtained by different methods for obtaining kerogen.
Where, TOC represents the kerogen content, %; R stands for resistivity, ohm·m; K is the corresponding calibration factor, which is set at 0.02 in this area; Δt represents the sonic transit time, ohm·m; Δt* denotes the baseline for the sonic transit time, ohm·m; and B represents the TOC value for non-source rock intervals. There are usually four methods for calculating the content of cheese roots, namely, the Passey formula method, multivariate fitting method, density method, and natural gamma spectroscopy method. The calculation of kerogen was carried out using the four calculation methods mentioned above, and comparative verification showed that the content of kerogen obtained by the Passey formula method was in good agreement with the measured values in the well (Figure 5).
The fixed constant of pore aspect ratio cannot accurately describe the complex porosity types of the Lucaogou formation. In this study, mineral content is introduced, and a weighted method is used to calculate the porosity aspect ratio curve. The specific formula is as follows (Formula 7):
[image: image]
Where, A represents the porosity aspect ratio curve, Σ denotes the summation formula, V′ stands for the content of a specific mineral, VT is the total mineral content, and A′ represents the theoretical aspect ratio of a certain mineral. Table 1 contains the theoretical values of aspect ratios for different minerals. By applying the formula with the mineral content at various depth points and their respective theoretical aspect ratios, accurate determination of rock porosity aspect ratios can be achieved (Figure 6).
TABLE 1 | Theoretical pore aspect ratio values for different pore types.
[image: Table 1][image: Figure 6]FIGURE 6 | Prediction curve of pore width to length ratio in well C.
4.2 Comparison of rock physical template and logging data
The above method was used to complete the rock physics modeling of 72 vertical wells in the area. Taking a C well with shear wave logging data as an example, the predicted results were compared with the measured results. The prediction accuracy was improved especially in the layers with higher organic matter and clay content, where the consistency was higher (Figure 7). An overall analysis was conducted on 11 wells in the entire region with measured shear wave data. After using the Xu-White and Mixed rock Physics methods, and the point-to-point parameters are compared with the predicted longitudinal wave velocity (Vp), density and shear wave velocity (Vs), the measured data from 3,152–3,208 m in well C. The correlation coefficient between predicted and measured values was as high as 0.82, indicating that this method is highly accurate and reliable (Figure 8).
[image: Figure 7]FIGURE 7 | Comparison between Xu-White model and joint equivalent model in Well C.
[image: Figure 8]FIGURE 8 | Correlation between rock physical prediction and actual measurement in well C.
4.3 Analysis of brittleness prediction effect

1) Establishment of Brittleness Index Based on Elastic Parameter Method
The method for assessing brittleness based on elastic parameters primarily considers that higher Young’s modulus (E) and lower Poisson’s ratio (ν) indicate better rock brittleness. Rickman, using statistical methods, studied the relationship between rock brittleness and Young’s modulus (E) and Poisson’s ratio (ν). While, Young’s modulus can be regarded as an index to measure the difficulty of rock elastic deformation. The greater the value, the greater the stress of the rock elastic deformation occurs to a certain extent, that is, the greater the rock stiffness, and the smaller the elastic deformation occurs under the action of a certain stress. Poisson’s ratio refers to the ratio of the absolute value of the lateral positive strain to the axial positive strain when the rock is pulled or pressed, which is the elastic constant reflecting the lateral deformation of the rock. Rock brittleness is an inherent property of rock when ruptured by force. The fragility index characterizes the speed or difficulty of transient changes before rock rupture, rMeflecting the complexity of cracks formation after reservoir fracturing. Usually, rocks with a higher brittle index are harder and more brittle.
Young proposed that the ability of rocks to fail under loading can be quantified by Poisson’s ratio, while Young’s modulus reflects the rock’s ability to maintain internal fractures after failure. He suggested that rock brittleness is positively correlated with Young’s modulus and negatively correlated with Poisson’s ratio. He established a brittleness index, which has been widely applied in oil fields in South America.
Obtain relevant elastic parameter data through the triaxial stress test of Jimusaer Lucaogou Formation, and conduct intersection analysis between elastic parameters and brittleness. It can be seen that the Young’s modulus and Poisson’s ratio are more sensitive to rock brittleness, and the Young’s modulus is positively correlated with brittleness. The better the brittleness, the greater the Young’s modulus; The Poisson’s ratio is negatively correlated with brittleness. The better the brittleness, the smaller the Poisson’s ratio, and a single Young’s modulus or Poisson’s ratio cannot better characterize the degree of brittleness of the rock. Based on the above understanding, the final optimal formula BI10 is selected to evaluate the reservoir brittleness index.
[image: image]
Where, [image: image] is normalized Young’s modulus, GPa; [image: image] is normalized Poisson’s ratio.
The above method considers not only the influence of mineralogy but also the impact of pore shape and pore fluids. It effectively characterizes the interaction of stress and strain in rocks and provides a reliable reflection of rock brittleness. It establishes a well-defined relationship between brittleness index and elastic parameters, serving as a valuable bridge for brittleness characterization based on seismic data. As a result, it finds wide application in unconventional reservoir brittleness assessment.
3) Brittleness Sensitivity Analysis
Through triaxial stress tests on the Lucaogou Formation in the Junggar Basin, relevant elastic parameter data were obtained, and a cross-plot analysis of elastic parameters and brittleness was conducted. The results show that Young’s modulus and Poisson’s ratio are sensitive indicators of rock brittleness. Young’s modulus is positively correlated with brittleness, meaning that higher brittleness corresponds to larger Young’s modulus. By contrast, Poisson’s ratio is negatively correlated with brittleness, meaning that better brittleness corresponds to a smaller Poisson’s ratio. It was observed that a single parameter, either Young’s modulus or Poisson’s ratio, cannot effectively represent the brittleness of the rock. The analysis confirms the validity of the previously mentioned formula (Figure 9).
3) Seismic Brittle Index Prediction
[image: Figure 9]FIGURE 9 | Intersection of Young’s modulus and Poisson’s ratio in the Permian Lucaogou Formation of Well C (A) Crossplot of data from different lithologies; (B) Crossplot of different brittle data.
Leveraging the complex lithology and multiple mineral components of the mixed sedimentary rocks, high-precision Vp/Vs ratios can be obtained as the basis for pre-stack elastic parameter prediction. This allows for the calculation of sensitive rock mechanics parameters such as Poisson’s ratio and Young’s modulus (Figure 10), enabling quantitative predictions of brittleness and geomechanical sweet spots.
[image: Figure 10]FIGURE 10 | (A) Prediction Profile of Poisson’s Ratio through Well A; (B) Yang’s modulus prediction profile.
Building upon the pre-stack inversion, data on Young’s modulus and Poisson’s ratio are obtained, normalized, and entered into the brittleness index calculation formula to achieve quantitative brittleness characterization. From the prediction results, the upper and lower sweet spots exhibit better brittleness compared to the surrounding rocks, consistent with drilling observations. Additionally, to validate the reliability of the results, two wells (C and B) with similar sweet spot quality and hydraulic fracturing parameters were selected. The prediction results show that the sweet spot in well C has better brittleness, forming a complex fracture network with excellent reservoir space and high oil richness. By contrast, the sweet spot in well B exhibits lower brittleness and relatively lower oil richness. When considering the actual oil production results, well C averages 7.76 tons of daily oil production, while well B averages 0.71 tons of daily oil production. The prediction results align well with the actual situation, demonstrating the reliability of the prediction method. This also reflects that brittleness is one of the key controlling factors for high oil production in this mixed sedimentary rock region (Figure 11).
[image: Figure 11]FIGURE 11 | Brittle parameter profile of well B-C.
From the brittleness index contour map, it is observed that the brittleness in the study area gradually improves as the depth increases from southeast to northwest. Simultaneously, there is a clear east-west zonation feature. The central part of the area exhibits relatively good brittleness, showing stable block-like distribution. This central region is a favorable area for the subsequent deployment of horizontal wells (Figure 12).
[image: Figure 12]FIGURE 12 | Brittleness Index Plan (?) of the Permian Lucaogou Formation in Well Block A (A) Top dessert body; (B) Lower dessert body. 
5 CONCLUSION

1) In response to the complex lithology and pore structure of the Lucaogou Formation in the Jimusaer Sag, by utilizing a complex lithology multi-mineral component mixed rock equivalent model, high-precision brittleness index are obtained. These ratios serve as the basis for predicting elastic parameters in pre-stack analysis, including Poisson’s ratio and Young’s modulus, which are sensitive rock mechanics parameters. This enables the quantitative prediction of brittleness, stress conditions, and other engineering parameters.
2) The rock physics model developed in this study shows good alignment with well-logging interpretation results. The prediction accuracy has improved, especially in the intervals with high organic content and clay content, where the alignment is even better. This indicates that the method is highly accurate and reliable.
3) Examining the prediction results reveals that the brittleness of the upper and lower sweet spots is better than that of the surrounding rock, consistent with drilling observations. Analyzing the spatial distribution of brittleness indices, it can be observed that the brittleness in the study area gradually improves as depth increases from the southeast to the northwest. Furthermore, there is a distinct zonal pattern in the east-west direction, with the central area exhibiting relatively higher brittleness. This area demonstrates stable, block-like distribution and is considered a favorable region for future horizontal well deployment.
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A systematic study of the pore structure characteristics of Lower Cambrian shales in the southeastern Upper Yangtze Platform, was conducted using organic geochemistry, mineralogy, nitrogen adsorption, physical property analysis, and scanning electron microscopy. The results indicate that: 1) The Total organic carbon (TOC) content shows a strong correlation with quartz and clay minerals. Shales with low TOC content and rich in clay minerals primarily exhibit slit-shaped and narrow slit-like inter-clay particle pores with pore size distribution is dominated by mesopores and macropores. Shales with high TOC content predominantly feature narrow slit-like and ink bottle-shaped pores with pore size distribution dominated by micropores and mesopores. 2) Shale pore structures vary significantly under different gas content and preservation conditions. Shales under favorable preservation conditions exhibit a relatively “high porosity, low permeability, and high gas content” pattern, with well-developed organic pores and a strong pore-permeability correlation. In contrast, shales under unfavorable preservation conditions appear dense, with excessively developed fractures increasing both average pore size and local permeability. The pore-permeability correlation is weak, presenting a relatively “low porosity, high permeability, and low gas content” pattern. 3) TOC content plays a crucial role in controlling pore structure, showing overall positive correlations with pore volume, specific surface area, and porosity, and negative correlations with pore size. High TOC content enhances shale plasticity, resulting in lower pore diameters. Factors such as compaction and unfavorable preservation conditions lead to the shrinkage, collapse, and closure of some narrow pore throats, negatively impacting pore volume, specific surface area, brittleness, and fractal dimension, exhibiting a negative correlation with TOC content. 4) The pore structure of Lower Cambrian shales is complex, with fractal dimensions D1 and D2 exhibiting negative correlations with average pore size and positive correlations with TOC, specific surface area, and total pore volume. A high D1 value indicates well-preserved nanoscale pore surface structures with low complexity, suggesting minimal alteration by external fluids and better shale gas preservation. D1 serves as an indicator for shale gas content and preservation conditions. D2 shows better correlations with various pore structure parameters, making it suitable for characterizing pore structures.
Keywords: pore structure, fractal dimension, preservation condition, Niutitang Formation, Bianmachong Formation, Lower Cambrian, South China
1 INTRODUCTION
Shale oil and gas, as an important supplement and replacement for conventional oil and gas resources, have become a global exploration and development hotspot. Shale gas is generated and stored in organic-rich mud shale formations, constituting a natural gas accumulation system with adsorption and free gas as its main occurrence modes (Hu et al., 2021; Wang et al., 2022). The discovery of the Fuling Shale Gas Field marks a significant breakthrough in China’s shale gas exploration and development, playing a crucial role in leading and demonstrating unconventional oil and gas development and optimizing the energy structure in China. In recent years, with technological advancements and the rise of nanogeoscience (Wang et al., 2021a), research on the micro-pore structure of shale reservoirs has become a key focus in both domestic and international shale oil and gas exploration and development. As research deepens and new technologies emerge, there has been substantial progress in understanding shale micro-pore structures (Bernard et al., 2012; Wang et al., 2017; Zhu et al., 2019; Hackley et al., 2020; Xu et al., 2021; Sun M. et al., 2022; Sun Y. et al., 2022; Li et al., 2022).
Studies by Yang et al. (2016) and Wang et al. (2018) on the Longmaxi Formation in the Sichuan Basin revealed a positive correlation between organic matter abundance and shale pore volume and specific surface area. Liu et al. (2016), in their research on the micro-pore structure of Longmaxi Formation shale in southern Sichuan during the Lower Silurian period, found that approximately 80% of the shale reservoir space consists of micro-to mesopores. Poorly organic-rich shales are dominated by slit-shaped pores with a fractal dimension generally less than 2.75, and the storage space is mainly inorganic mineral pores. Conversely, richly organic shales primarily feature “ink bottle” shaped pores with a fractal dimension generally greater than 2.85, and the storage space is mainly organic pores. Zhang et al. (2020), in their study of Longmaxi Formation shale in Weiyuan area, suggested that the fractal dimension is mainly related to the degree of micro-pore development. Specifically, Total Organic Carbon (TOC) and quartz content control micro-pore development and show a positive correlation with the fractal dimension, while the volume fractions of carbonate rocks and clay minerals are negatively correlated with the fractal dimension.
The characteristics of shale reservoirs are collectively controlled by organic matter (OM), inorganic mineral composition, their evolution, and diagenetic processes. The pore characteristics of shale reservoirs vary significantly under different geological conditions, exhibiting strong heterogeneity (Aplin et al., 2006; Bernard et al., 2012; Wang et al., 2018; Dowey and Taylor, 2020; Liu Y. et al., 2021; Wang et al., 2021a; Liu D. et al., 2021; Sun M. et al., 2022; Lai et al., 2022; Wang et al., 2023a; Wang et al., 2023b; Dong et al., 2023; Shi et al., 2023). Additionally, influenced by the unique geological conditions in China, shale gas in southern marine shale formations is significantly constrained by preservation conditions (Wang et al., 2016; Liu D. et al., 2021; Guo et al., 2022; Wu et al., 2022). The development characteristics and controlling factors of shale pores in different thermal evolution stages and under the influence of tectonic preservation conditions are still not clear enough, and research on the response and constraints of shale pore structures to gas content and preservation conditions in southern China is still an area that requires further exploration (Wang et al., 2021a; 2022). This study focuses on the Lower Cambrian Niutitang Formation and Bianmachong Formation shales in the southeast part of the Yangtze region, aiming to provide insights for the exploration and development of Paleozoic ancient shale gas in complex tectonic regions in southern China and similar areas worldwide.
2 GEOLOGICAL SETTING
The study area is located at the southeastern margin of the Upper Yangtze Block. In the Early Cambrian, it experienced passive continental margin deep-water shelf sedimentation, with water depth gradually decreasing from southeast to northwest (Wang et al., 2017; Wei et al., 2022). The majority of the block comprises Cambrian sedimentary strata, with a total thickness ranging from 2,000 to 2,700 m. Organic-rich shales are mainly developed in the Lower Cambrian Niutitang Formation, Jiumenchong Formation, and Bianmachong Formation (Chen et al., 2020). In the study area, the Niutitang Formation shale exhibits significant thickness (50–70 m) and a widespread distribution in the Cengong block, predominantly consisting of black/gray-black siliceous shale. The Bianmachong Formation represents a suite of continental margin, relatively close to offshore, and shallow-water restricted marine-land source clastic sediments (Chen et al., 2020). It displays characteristics of both marine shale (sedimentary environment) and transitional shale (lithological composition), with predominant interbedding of gray-black shales and shale with thin interlayers of fine sand-siltstone. The maximum thickness of a single shale layer in the formation is 35.5 m.
3 SAMPLES AND METHODS
A total of 52 shale samples were collected from the Niutitang Formation and Bianmachong Formation in the study area, including TXA well, CYA well, and TMA well (Figure 1). In this study, a series of tests, analyses, and calculations were conducted on these 52 black shale samples, including Total Organic Carbon (TOC) content, maturity, mineral composition, organic geochemistry, Field Emission Scanning Electron Microscopy (FE-SEM), petrophysical properties, pore structure, methane isotherm adsorption, and fractal dimension analysis. All sample analyses were performed by SGS North America Inc. (Beijing) using unconventional oil and gas technology. The TOC content of the 52 samples was measured using a LECO CS-230 carbon-sulfur analyzer, following the guidelines of “GB/T 19,145-2003 Determination of Total Organic Carbon in Sedimentary Rocks.” The asphaltene reflectance (Rb) of 9 samples was determined using an MPV-III microscope photometer, based on the method outlined in “SY/T 5124-1995 Method for Determination of Vitrinite Group Reflectance in Sedimentary Rocks.” The equivalent vitrinite reflectance (Ro) was calculated using the formula Ro = 0.3195 + 0.679Rb (Feng and Chen, 1988). Mineral composition analysis of 22 samples was conducted using a SmartLab9 X-ray diffractometer, following the guidelines of “SY/T 5163-2010 X-ray Diffraction Analysis of Clay Minerals and Common Non-Clay Minerals in Sedimentary Rocks.” The pore volume and permeability of 52 samples were measured using an HKC-2 helium porosity tester, according to “SY/T 5336-2006.” Nitrogen adsorption experiments and pore structure parameter analysis of 22 samples were performed using a Quadrasorb SI specific surface area and pore size analyzer, following the method outlined in “SY/T 6154-1995 Static Nitrogen Adsorption Capacity Method for Determining Rock Specific Surface Area and Pore Size Distribution.” Scanning electron microscopy observations of 22 samples were conducted using a Quanta 200F FE-SEM at a temperature of 24°C and a humidity level of 35%. Shale gas content testing was conducted using the WX-1 integrated intelligent shale on-site desorption instrument developed by Wuxi Research Institute of Petroleum Geology, Sinopec Petroleum Exploration and Production Research Institute. The gas loss recovery method was based on the USBM method (Yang et al., 2022). In addition, this paper provides a comprehensive and systematic observation and description of shale fractures, including the measurement of the following metrics: 1) fracture type; 2) fracture inclination angle; and 3) fracture linear density (frequency of fracture occurrence per unit length).
[image: Figure 1]FIGURE 1 | Location and stratigraphic characteristics of the study area.
Characterization by fractal dimension has been widely used to quantitatively describe pore surface roughness and the pore structure of heterogeneous porous media, and the FHH model presently is the most effective fractal model for studying pore structure of porous materials (Avnir and Jaroniec, 1989). Thus, the FHH model is used to describe the fractal characteristics of pore structure of shales in the study area. There are two distinct linear segments at a relative pressure (P/P0) of 0–0.5 and 0.5–1, indicating that the pore spaces in shale have fractal characteristics in these two regions. Accordingly, the fractal dimension D1 (P/P0: 0–0.5) and D2 (P/P0: 0.5–1.0) are used to characterize the roughness of the pore surface and the complexity of the pore structure, respectively.
4 RESULTS
4.1 Geochemical and mineral composition characteristics
The Total Organic Carbon (TOC) content of black shale samples from the Lower Cambrian in the study area ranges from 0.5% to 8.5%, with the equivalent vitrinite reflectance (Ro) ranging between 2.2% and 2.9%, indicating an over-mature stage. Specifically, the TOC content of the Bianmachong Formation shale mainly falls within the range of 0.5%–1.7%, while the Niutitang Formation shale exhibits TOC content ranging from 1.1% to 8.5%, with the majority exceeding 4% (Table 1). Regarding mineral composition, both the Bianmachong Formation and Niutitang Formation black shale are dominated by quartz and clay minerals (Table 1). The Bianmachong Formation shale has a quartz content ranging from 33.1% to 38.4%, with an average of 36.2%, and a relatively high clay mineral content ranging from 44.4% to 54.9%. In comparison, the Niutitang Formation shale has a higher quartz content ranging from 27.5% to 68.3%, with an average of 47.7%, and a clay mineral content ranging from 8.7% to 42.5%, with an average of 21.8%. The averages for feldspar, pyrite, and carbonate minerals are 11.5%, 10.1%, and 8.9%, respectively. There is a strong positive correlation between TOC content and the presence of quartz and clay minerals (Figure 2), indicating a close relationship between TOC and quartz. Shale intervals rich in TOC show elevated biogenic quartz content (Wang et al., 2017).
TABLE 1 | Statistical summary of TOC, maturity, and mineral composition parameters for Lower Cambrian shale.
[image: Table 1][image: Figure 2]FIGURE 2 | Correlations between TOC and mineral contents in Lower Cambrian shale. (A) Correlations between TOC and quartz content. (B) Correlations between TOC and clay mineral content.
4.2 Physical properties and gas content
The statistical results of shale physical parameters (Table 2) indicate that the physical properties and gas content of Niutitang and Bianmachong shale formations are generally comparable. However, significant differences in pore volume are observed under different gas content and preservation conditions. Taking Niutitang Formation as an example, the average gas content in TXA well is 1.6 m3/t, with methane accounting for over 80%. In CYA well, the average gas content is 1.0 m3/t, with methane exceeding 95%. TMA well generally exhibits gas content below 0.3 m3/t, with nitrogen accounting for over 95% (Wang et al., 2016). The gas content and preservation conditions in TXA, CYA, and TMA wells of the Niutitang Formation gradually deteriorate, and the porosity decreases accordingly (Table 2; Figure 3). In terms of permeability, the permeability of the Bianmachong and Niutitang shale in TX-1 well, which has better preservation and gas content, is generally below 2 × 10−3 mD, showing a good positive correlation between pore and permeability (Figure 3). On the other hand, the permeability of Niutitang shale in CYA and TMA wells is higher, with a weaker correlation between pore and permeability. Compared to TXA well, TMA well’s Niutitang shale exhibits a smaller median radius, higher median pressure, denser reservoir, and generally demonstrates a “low porosity, high permeability, low gas content” characteristic. In contrast, the shale properties of TXA well, characterized by better preservation and gas content, generally show a “high porosity, low permeability, high gas content” pattern (Table 2; Figure 3).
TABLE 2 | Statistics of shale reservoir physical parameters in the study area.
[image: Table 2][image: Figure 3]FIGURE 3 | Characteristics of shale physical properties under different gas contents and preservation conditions.
4.3 Pore structure characteristics
4.3.1 Pore types
According to the classification by the International Union of Pure and Applied Chemistry (IUPAC) (Sing, 1985), nitrogen adsorption isotherms of 22 shale samples exhibit three types of curves: H2, H3, and H4 (Figures 4A–C), corresponding to ink bottle-shaped, slit-shaped, and narrow slit-like pores, respectively. The adsorption curves and corresponding pore types and parameter statistics are shown in Table 3. Clay-rich, organic-poor shales are dominated by slit-shaped pores, with a larger average pore diameter and lower pore volume and specific surface area. Organic-rich shales, on the other hand, are characterized by ink bottle-shaped and narrow slit-like pores, with a smaller average pore diameter and higher pore volume and specific surface area.
[image: Figure 4]FIGURE 4 | Shale Nitrogen Adsorption Isotherm Characteristics. (A–C) Liquid nitrogen adsorption and desorption isotherms of Cambrian shale samples. (D) Liquid nitrogen adsorption and desorption isotherms of Silurian Longmaxi shale samples (Yang et al., 2016).
TABLE 3 | Pore types and parameter statistics of shale pores.
[image: Table 3]In comparison with the Lower Silurian Longmaxi Formation shale in southern China, the Lower Cambrian shale exhibits a lower degree of organic pore development and smaller pore sizes (Wang et al., 2017; 2018; Zhang et al., 2022). The average pore diameter is generally less than 4–5 nm (Table 3), and the nitrogen adsorption quantity and hysteresis loop area are significantly smaller than those of the Longmaxi Formation (Figure 4D), indicating that the Longmaxi Formation has larger pore volume and more ink bottle-shaped organic pores (Liu et al., 2016).
4.3.2 Microscopic characteristics of pores
Microscopic features of shale under scanning electron microscopy reveal that the clay-rich shale of the Bianmachong Formation has a low TOC content, with well-developed interlayer pores between slit-shaped clay minerals (Figure 5A), corresponding to the morphology of adsorption isotherms, which are predominantly slit-shaped and narrow slit-like (Table 3). In comparison with the Bianmachong Formation, the Niutitang Formation shale has a higher TOC content, and the development of organic matter (OM) pores has increased, but the pore size of OM pores is generally less than 50 nm (Figures 5A–C). In contrast to the TXA well, the Niutitang Formation shale in the TMA well, which has poor preservation conditions, is denser, with smaller organic pore sizes (Figures 5B, C). The shale exhibits high levels of compression and deformation, with densely developed fractures, and noticeable phenomena of particle and aggregate compression and fragmentation, resulting in incomplete and irregular shapes (Figures 5D, E). Additionally, in the Niutitang Formation shale from the TMA well, narrow fissures between OM and mineral particles, formed either by OM shrinkage or mineral fracture, are commonly observed (Figure 5F). This is consistent with the predominant narrow slit-like morphology of pores corresponding to the N2 adsorption isotherms of shale samples from the TMA well (Table 3).
[image: Figure 5]FIGURE 5 | FE-SEM images of Lower Cambrian shale in the study area. (A) Well-developed interlayer pores between slit-shaped clay minerals are more prominent than OM pores, Bianmachong Formation, TXA well, 1,718.4 m. (B) Lower development of OM pores, Niutitang Formation, TXA well, 1,800.2 m. (C) OM pore sizes generally smaller than 20–50 nm, Niutitang Formation, TMA well, 1,450.5 m. (D) Microscopic features show well-preserved particle and aggregate shapes, particularly regular forms of pyrite (FeS) particles, Niutitang Formation, TXA well, 1,779.3 m. (E) Microscopic features reveal dense reservoir, with noticeable compression and fragmentation of pyrite (FeS) particles and aggregates, Niutitang Formation, TMA well, 1,445.3 m. (F) Low development of OM pores, narrow fissures developed at the edges of OM and minerals, Niutitang Formation, TMA well, 1,439.3 m.
4.3.3 Fractal dimensions
Fractal characteristics of shale pores (Table 1) show that the fractal dimension D1 of Lower Cambrian shale ranges from 2.564 to 2.840, with a mean value of 2.723. The D2 dimension ranges from 2.593 to 2.952, with a mean value of 2.867. D2 is generally greater than D1, indicating that the internal structure of the shale is significantly more complex than its surface structure. Both D1 and D2 are markedly greater than those of Longmaxi Formation shale in the Sichuan Basin and its surrounding areas, suggesting a higher complexity in the pore structure of the Lower Cambrian shale.
As shown in Figure 6, there is a negative correlation between clay mineral content and fractal dimensions (Figures 6A, D). The positive correlation of TOC with quartz content in marine shale makes the relationships between quartz, TOC, and fractal dimensions similar to those of reservoir parameters (Figures 6B, C, E, F). Overall, the correlations between TOC, quartz content, clay minerals, and D2 are better than those with D1. It is noteworthy that with increasing TOC content, especially when TOC content exceeds 4%, the increase in fractal dimensions D1 and D2 is limited and tends to stabilize. Additionally, when TOC content exceeds 6%, a slight decrease in fractal dimensions D1 and D2 is observed with the increasing TOC content (Figures 6C, F).
[image: Figure 6]FIGURE 6 | Correlations between fractal dimensions and reservoir parameters of shale. (A) Correlation between clay mineral content and fractal dimension D1. (B) Correlation between quartz content and fractal dimension D1. (C) Correlation between TOC content and fractal dimension D1. (D) Correlation between clay mineral content and fractal dimension D2. (E) Correlation between quartz content and fractal dimension D2. (F) Correlation between TOC content and fractal dimension D2.
The relationship between D1 and D2 and pore structure parameters reveals a negative correlation with average pore diameter and a positive correlation with specific surface area and total pore volume (Figure 7). Elevated values of D1 and D2 indicate the development of nanoscale pores, suggesting increased surface roughness and internal structural complexity. Generally, D2 demonstrates stronger correlations with various pore structure parameters (Figures 7D–F). As D2 increases, shale pore diameter gradually decreases, while pore volume and specific surface area increase. When D2 surpasses 2.9, its variation with pore volume and specific surface area becomes limited, indicating stabilization in pore structure and complexity. Additionally, samples from TXA well with better gas content and preservation conditions exhibit significantly larger D1 than samples from TMA well under the same conditions (Figures 6A–C, 7A–C), implying that shale pore surfaces in TXA well are notably rougher than those in TMA well.
[image: Figure 7]FIGURE 7 | Correlations between fractal dimensions and pore structure parameters. (A) Correlation between pore size and fractal dimension D1. (B) Correlation between specific surface area and fractal dimension D1. (C) Correlation between total pore volume and fractal dimension D1. (D) Correlation between pore size and fractal dimension D2. (E) Correlation between specific surface area and fractal dimension D2. (F) Correlation between total pore volume and fractal dimension D2.
5 DISCUSSION
5.1 Impact of TOC content and mineral composition on pore structure
Interrelationships among shale pore structure parameters reveal a strong positive correlation between total pore volume and specific surface area, both of which are negatively correlated with average pore diameter (Figures 8J–L). Compared to the Bianmachong Formation shale, the Niutitang Formation shale has a smaller average pore diameter but larger specific surface area and pore volume (Figures 8A–C). In terms of the relationships between TOC, quartz, clay mineral content, and specific surface area, pore volume, and average pore diameter, the variations in reservoir pore structure parameters are primarily controlled by the positive correlation of TOC and quartz content. Specifically, average pore diameter is negatively correlated with TOC and quartz content but positively correlated with clay mineral content (Figures 8G–I). Specific surface area and total pore volume generally exhibit positive correlations with TOC and quartz content but negative correlations with clay mineral content (Figures 8D–F). Shales with low organic content (TOC content less than 2%) typically have a specific surface area less than 10 m2/g, while shales with high organic content (TOC content greater than 2%) generally exhibit an average pore diameter less than 3–4 nm and a specific surface area greater than 20 m2/g (Figures 8D, G). This indicates the abundant development of organic pores smaller than 5 nm within organic matter (Kuila et al., 2014; Wang et al., 2017), leading to a reduction in average pore diameter and an increase in specific surface area and pore volume, facilitating the adsorption of gases (Mosher et al., 2013). An anomalous decrease in specific surface area and total pore volume occurs when TOC and quartz content are excessively high (Figures 8A, B, D, E).
[image: Figure 8]FIGURE 8 | Correlations among TOC, mineral content and pore structure parameters. (A) Correlation between total pore volume and TOC content. (B) Correlation between total pore volume and quartz content. (C) Correlation between total pore volume and clay mineral content. (D) Correlation between specific surface area and TOC content. (E) Correlation between specific surface area and quartz content. (F) Correlation between specific surface area and clay mineral content. (G) Correlation between pore size and TOC content. (H) Correlation between pore size and quartz content. (I) Correlation between pore size and clay mineral content. (J) Correlation between total pore volume and specific surface area. (K) Correlation between pore size and specific surface area. (L) Correlation between pore size and total pore volume.
When the TOC content reaches 4%, the fractal dimensions D1 and D2 generally exceed 2.7 and 2.9, respectively, with a limited increase and a tendency to stabilize (Figures 6C, F). The pore structures exhibit similarity and convergence, indicating a stabilization of the pore structure. Studies by Vernik and Landis (1996) have shown that when the TOC content in shale exceeds 5%, organic matter between clay and detrital particles can form a continuous network structure, isolating clay and detrital particles from each other and stabilizing the shale pore structure. Therefore, when the TOC content is above 4%, the uniformity of shale pore development is high, dominated by organic pores and a small number of pores between clay mineral particles.
In the Niutitang Formation shale of the study area, the relationship between TOC content and porosity, as well as rock mechanical parameters, also exhibits a segmented pattern. When the TOC content is around 6.0% or higher, the relationship between TOC content and porosity, as well as elastic modulus, changes from positive correlation to negative correlation (Figure 9). This indicates that excessively high TOC content enhances shale plasticity (Milliken et al., 2013; Wang et al., 2017), leading to shrinkage and closure of some pores under compaction (Wang et al., 2017). The aforementioned relationships highlight the significant control of TOC and quartz content on shale reservoir pore structure. The coupling relationship between TOC, quartz content, and shale porosity, pore volume, specific surface area, fractal dimensions, and brittleness suggests a geological and engineering sweet spot in high-TOC and high-quartz content shale intervals that have not yet reached the TOC inflection point. For shale intervals with excessively high TOC content, such as the Niutitang Formation shale with TOC content exceeding 6%, the negative correlation between TOC content and average pore diameter, increased plasticity, and changes in pore structure parameters indicate a decreasing trend in porosity, pore volume, specific surface area, fractal dimensions, and brittleness (Figures 6C, F, 8A). This trend is unfavorable for the accumulation of shale gas and reservoir fracturing enhancements. Therefore, identifying the key parameters and their critical values controlling shale reservoir pore structure is of great significance for shale gas exploration and development.
[image: Figure 9]FIGURE 9 | (A) Correlation between TOC content and porosity in the Niutitang shale. (B) Correlation between TOC content and dynamic Young’s modulus in the Niutitang shale of well TX1.
5.2 Impact of tectonic preservation conditions on pore structure and gas content
The tectonic preservation conditions are significant factors influencing shale gas enrichment and are closely related to the development of faults and fractures. Practical exploration and development of shale gas in southern China indicate that, influenced by multiple tectonic movements, shale fractures vary in degrees of development across different regions and stratigraphic units, exerting a crucial influence on the accumulation and preservation of shale gas (Wang et al., 2016; 2021b; Fan et al., 2020; 2024). The development scale of high-angle fractures often reflects the preservation conditions of shale gas, showing a strong correlation with shale brittleness. This fracture type is predominant in marine shale formations in southern China (Wang et al., 2021b).
There are noticeable differences in porosity and gas content under different preservation conditions in the Niutitang Formation. The drilling results of three wells in the study area (Figure 10) reveal that the TXA well is located in a structurally stable area, distant from faults, and the drilling operation proceeded smoothly. The shale gas content of the Niutitang Formation shale ranges from 1.1 to 2.9 m3/t, with a maximum of 7.1 m3/t. The CYA well is situated near a fault, experiencing four instances of lost circulation during the drilling of the shallow 500 m carbonate rock. The gas content ranges from 0.3 to 1.8 m3/t. The TMA well is located in a strike-slip fault zone with highly developed highcarbonate rock. The gas content-angle faults and fractures. Numerous and large-scale high-angle fractures are encountered, and gas anomalies appear shortly after drilling into shallow layers. The on-site desorption gas content is only 0.1–0.3 m3/t, with nitrogen (N2) constituting over 95% of the gas composition, indicating that the shale gas preservation conditions of the TMA well have been significantly compromised (Wang et al., 2016). The relationship between fracture density and gas content in three wells in the study area is illustrated in Figure 10. The moderately developed fractures in the TXA well contribute to an increase in shale content. As the scale of fracture development increases, preservation conditions gradually deteriorate, leading to a decrease in gas content in CYA and TMA wells. Therefore, excessive fracture development disrupts shale gas preservation conditions, introducing external fluids. Under the influence of fractures and foreign fluids, the local permeability of shale increases, resulting in a weaker pore-permeability correlation overall, characterized by “low porosity, high permeability, low gas content” (Table 2; Figure 3).
[image: Figure 10]FIGURE 10 | Structural position, fracture density, and gas content distribution of key wells in the Niutitang shale of the study area.
The characteristics of N2 adsorption-desorption isotherms also reflect differences in pore structure under different preservation conditions. Under the same geological conditions, the area of N2 adsorption-desorption hysteresis loop corresponds well to TOC content, representing the development of organic pores. In shale from TXA well with good gas content and preservation conditions, the area of N2 adsorption-desorption hysteresis loop is significantly larger than in TMA well. The dominant pore type in TXA well is ink bottle-shaped organic pores, while TMA well exhibits predominantly narrow slit-like pores (Table 3). This phenomenon reflects that marine organic-rich shale reservoir spaces are primarily dominated by ink bottle-shaped organic pores. With the deterioration of preservation conditions, decrease in formation pressure, and the escape of shale gas, organic pores gradually contract and close, and the proportion of slit-shaped pores between clay mineral particles in the storage space increases.
The relationship between fractal dimensions D1 and D2 and pore structure parameters indicates that both D1 and D2 play a certain indicative role in the development of nanoscale pores. High values of D1 and D2 suggest that the pore surface roughness and internal structure are complex, and the pores have not undergone external fluid alteration. Excessive fracture development and unfavorable preservation conditions in the TMA well result in varying degrees of alteration in shale pore structure, especially in pore surface structure. This alteration leads to a reduction in pore surface roughness, consequently causing a significant decrease in the fractal dimension D1 compared to the TXA well samples (Figures 6A–C, 7A–C). Therefore, fractal dimension D2 is suitable for characterizing the pore structure of shale, while fractal dimension D1 reflects the degree of alteration of the pore structure. Both dimensions are crucial indicators of gas content and preservation conditions in shale, especially in structurally complex areas.
6 CONCLUSION

(1) In the Lower Cambrian shale of the southeastern Guizhou, there is a strong correlation between TOC content and quartz and clay minerals. Low-TOC, clay-rich shale primarily exhibits platy and slit-shaped interlayer pores dominated by mesopores and macropores, with pore sizes generally larger than 5 nm. Organic-rich shale, on the other hand, features mainly slit-shaped and ink bottle-shaped pores, with a pore size distribution primarily in the micropore and mesopore range, generally smaller than 4 nm. The specific surface area of organic-rich shale is 2–3 times that of clay-rich shale. Total pore volume and specific surface area are positively correlated, and clay content is positively correlated with average pore size. However, the correlations between total pore volume/specific surface area and clay mineral content/average pore size are negative.
(2) Significant differences in pore structure are observed in shale reservoirs under different gas contents and preservation conditions. Shale under favorable preservation conditions exhibits a relatively “high porosity, low permeability, and high gas content” feature, with higher pore volume and peak pore size and a well-developed organic pore network, leading to strong pore-permeability correlation. In contrast, shale reservoirs under unfavorable preservation conditions appear denser, with lower pore volume and peak pore size. Shrinkage and compaction of organic matter induce the development of contraction fractures, and excessive fracture development increases average pore size and local permeability. The pore-permeability correlation is weak, resulting in a “low porosity, high permeability, and low gas content” characteristic.
(3) TOC content plays a crucial role in controlling pore structure and shale brittleness. It is generally positively correlated with pore volume, specific surface area, and pore density, and negatively correlated with average pore size. Shale sections with excessively high TOC content exhibit enhanced plasticity, lower pore sizes, and factors such as compaction or unfavorable preservation conditions cause some narrow pores to shrink, collapse, and close. This results in negative correlations between TOC content and pore volume, pore density, specific surface area, brittleness, and fractal dimensions. Therefore, identifying key parameters and their critical values that control shale reservoir pore structure is essential for shale gas exploration and development.
(4) The pore structure of Lower Cambrian shale is complex, with fractal dimensions D1 and D2 negatively correlated with average pore size and positively correlated with TOC, specific surface area, and total pore volume. D2 exhibits better correlations with various pore structure parameters and is suitable for characterizing shale pore structure. D1 serves as an indicator of gas content and preservation conditions, with high D1 values indicating well-maintained nanoscale pore surface structure and complexity, less affected by external fluid alteration, and conducive to shale gas preservation.
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This study focuses on understanding the fractal characteristics and controlling factors of micropore structures within organic-rich shale of the Cambrian Shuijingtuo Formation in the Yichang area of Hubei Province. Mineralogy, petrology, and organogeochemical characteristics were confirmed through comprehensive testing methods, including whole-rock X-ray diffraction and organic geochemical analyses. Additional experiments included low-temperature carbon dioxide adsorption, low-temperature nitrogen adsorption, and high-pressure mercury injection. Fractal dimensions of micropores, mesopores, and macropores were calculated using the V-S, FHH, and MENGER sponge models, respectively. Results indicate that the Cambrian Shuijingtuo Formation represents a typical deposit from an alkaline water body, resulting in high-calcareous shale. Fractal dimensions were as follows: micropores (D1) ranged from 2.1138 to 2.3475 (average 2.2342), mesopores (D2) ranged from 2.5327 to 2.7162 (average 2.6171), and macropores (D3) ranged from 2.7361 to 2.9316 (average 2.82905). Correlations were observed between total organic carbon (TOC) content and Ro with D1 and D2 (positive) and D3 (negative). Shale pore volume and specific surface area exhibited positive correlations with D1 and D2 but negative correlations with D3. High bio-deposited silica positively influenced micropore and mesopore development, while clay mineral compaction and dehydration transformations favored macropore development. Carbonate minerals primarily contributed to regular macropores, with complex correlations involving fractal dimensions D1, D2, and D3. The research results provide theoretical support for analyzing pore fractal characteristics of shallow old Marine shale reservoirs and the prediction and development plan of high-quality reservoirs of the Shuijingtuo Formation in the Yichang area.
Keywords: Yichang area, Shuijingtuo Formation, low-temperature gas adsorption, high-pressure mercury injection, fractal dimension, controlling factor
1 INTRODUCTION
As an unconventional reservoir, shale typically exhibits low porosity and permeability (Li, 2023). A large number of nanoscale pores and micro-fractures (faults) develop in shale, interweaving with each other to form a complex fissure-pore network. The occurrence states of gas in shale include the free state, adsorption state, and a small amount in the dissolved state (He et al., 2022a; 2022b). The proportion of gas content in different states is directly related to the pore structure, an important aspect of shale reservoir evaluation (Li et al., 2019a; Li B. et al., 2019). Gas in micropores and small-aperture mesoporous pores is mostly adsorbed on the inner wall of pores, while gas in large-aperture mesoporous pores and macropores is mostly in the free state (Gao et al., 2020; Zhao et al., 2022). The adsorbed gas content in shale gas is about 80% (Liu and Ostadhassan, 2019; Li, 2021), and characterization of pore complexity has become an important aspect of studying shale reservoir performance.
Due to the characteristics of small pore size and strong heterogeneity, the application of conventional reservoir pore characterization methods in shale reservoirs is extremely limited, which brings challenges to the characterization of shale pore structure (Dou et al., 2020). Shale pore types and morphologies can be observed using argon ion-polished scanning electron microscopy (Cheng et al., 2018). High-pressure mercury intrusion and low-temperature gas adsorption methods are employed for pore structure parameter testing. Low-temperature gas adsorption is more precise for micro-to-mesopore characterization (Jiang et al., 2016; Zeng et al., 2021; Abraham et al., 2022; Xia et al., 2022). Due to its larger kinetic diameter, nitrogen analysis introduces greater errors in characterizing micropore structures during low-temperature nitrogen gas adsorption. Carbon dioxide gas, with its smaller kinetic diameter, offers more accurate characterization of micro-pore structures. During high-pressure mercury intrusion experiments, changes occur in the small pore structures under high pressure, making this method mainly suitable for characterizing macropore structures. Scanning electron microscopy and gas adsorption are currently the most commonly used and effective methods for characterizing shale micro-pore structures (Ma et al., 2021).
Shale pore distribution exhibits significant heterogeneity, influenced by the presence and distribution of organic matter and inorganic minerals. This complexity poses challenges in quantitatively assessing shale pore structures. With the application of fractal theory in characterizing pore structures within unconventional reservoirs, numerous scholars have quantitatively characterized the fractal dimension of pores using different theoretical models (Fan et al., 2020a; Zhang et al., 2020). Zhang et al. (2020) calculated the fractal dimension of pores in different small layers in the Weiyuan area using the FHH model and obtained the most favorable reservoir development section at the bottom of small layer 1. Zhao et al. (2022) quantitatively characterized the shale surface’s fractal and structural dimensions by conducting low-temperature nitrogen adsorption experiments. Their findings suggest that the content of organic matter and quartz is the main reason for the complexity of the pore structure. Sun et al. (2021) used low-temperature nitrogen adsorption and high-pressure mercury injection experiments to compare and analyze the complexity of shale pores in Qianjiang Sag and pointed out that the existence of oil film would reduce the complexity of pores, while the development of salt minerals would reduce the connectivity of pores. Xie et al. (2022) pointed out in their study of multi-scale fractal characteristics of shale pores using different gas adsorption experiments and high-pressure mercury intrusion experiments that different experimental methods have specific pore size adaptation ranges in characterizing pore complexity. Finding suitable gases as adsorption media and combining high-pressure mercury intrusion experiments can better characterize the complexity of pore sizes at different scales.
Therefore, understanding the pore structure heterogeneity and its controlling factors in shale formations is crucial for predicting and optimizing hydrocarbon production. This study delves into the intricate pore structure of shale formations, focusing specifically on the Longmaxi Formation in Western Hubei, China. We recognized the importance of shale petrology and geochemical characteristics in determining reservoir behavior, so we conducted a series of advanced laboratory experiments. These included low-temperature carbon dioxide and nitrogen adsorption and high-pressure mercury intrusion experiments. These methods allowed us to meticulously quantify the fractal dimensions of micro, meso, and macropores, providing insights into the hierarchical pore structure of the Longmaxi Formation.
Furthermore, we conducted a correlation analysis to elucidate the interplay between major mineral content, pore structure parameters, and fractal dimensions. By exploring their impact on pore complexity, we aim to unravel the underlying mechanisms shaping the heterogeneity of shale pore networks. This research aims to provide valuable theoretical support for upcoming shale oil and gas exploration endeavors, particularly in the Shuijingtuo Formation.
2 GEOLOGICAL SETTING
Regarding regional geological characteristics, the Huangling area is located in the northern part of the Yangtze Plate, within the complex tectonic zone known as the folded fault belt of Western Hunan and Hubei (Zhang et al., 2019). It lies in the southwestern sector of the Yichang Slope, bounded by the Huangling Anticline to the north and the Yichang Slope to the east (Figure 1A). To the southwest, it interfaces with the Yidu-Hefeng Anticline through the Jiunianxi Fault and Tianyangping Fault (Xu et al., 2022). The region’s surface geological environment is complex, featuring numerous thrust faults and well-exposed stratigraphic sequences spanning the Precambrian to the Cenozoic. The Shuijingtuo Formation was deposited within the stable Yangtze Craton basin during the Jinning period. It was confined by the peripheral ancient landmass and shaped by marine transgressions, resulting in a restricted aquatic environment characterized by deep-water continental shelf facies, shallow-water mixed continental shelf facies, and submarine uplifts. Based on lithological and depositional environment differences, the Shuijingtuo Formation can be divided into three members from bottom to top. The lower part of the Shuijingtuo Formation (1st Member) predominantly comprises mudstone and limestone. The middle part of the Shuijingtuo Formation (2nd Member) consists mainly of black organic-rich shale deposited in a deep-water continental shelf environment (Luo et al., 2019a). This interval hosts abundant fossils such as graptolites and benthic algae and serves as the primary gas-bearing interval within the Shuijingtuo Formation. It is laterally parallel but unconformably overlies the underlying Baiyun Limestone Member of the Yimajiahe Formation (Figure 1B). The uppermost segment, the 3rd Member of the Yimajiahe Formation, represents the sedimentary product of a shallow-water mixed continental shelf environment, primarily composed of interbedded limestone and clastic rocks. It is conformably overlain by the deep gray mudstone and siltstone of the Shipai Formation (Luo et al., 2019b).
[image: Figure 1]FIGURE 1 | Regional structure position (A) and comprehensive stratigraphic column chart (B) in the study area.
The mudstone shale of the Shuijingtuo Formation has an early formation time and is characterized by a wide lateral distribution, substantial vertical effective thickness, high TOC content, and a high degree of thermal evolution (Zhang et al., 2023). The vertical distribution of TOC content gradually decreases based on typical well analyses. Continuous thicknesses with TOC content greater than 2% extend over 35 m from the base to the top, and thicknesses with TOC content greater than 1% extend over 65 m. The organic matter comprises Type I kerogen, with a minor presence of Type II1 kerogen. In contrast to the Shuijingtuo Formation shale in the Chongqing and Guizhou regions, it is classified as high-calcium shale, with illite being the predominant clay mineral. The formation is generally buried at depths exceeding 2,000 m, classifying it as mid-shallow shale. Exploration practices have revealed significant variations in gas content and well productivity among different individual wells.
3 SAMPLES AND METHODS
The shale samples analyzed in this study were sourced from outcrop sections around the Huangling Uplift. Before sampling, surface vegetation was cleared, and the upper weathered or weakly weathered layers were removed from the shale outcrops using an excavator. We selected intact and fresh large blocks of shale samples during the sampling process, which were sealed in bags to preserve their integrity. The samples primarily consisted of unweathered, black, organic-rich shale.
3.1 Total organic carbon (TOC) content and maturity testing
We utilized an infrared carbon-sulfur analyzer (LECO CS844) manufactured by the American company LECO to determine the organic carbon content in the black shale samples from the Shuijingtuo Formation. Before experimental testing, fresh black shale samples were ground in agate mortars until they reached a particle size finer than 80 mesh. The powdered samples were then acid-washed using excess dilute hydrochloric acid for approximately 3 h. After acid washing, the powdered samples were rinsed with distilled water until they reached a neutral PH. Subsequently, the neutral powdered samples were dried at 65°C. The entire testing procedure followed the GB/T 19145-2003 standard, and solid-state infrared absorption was employed to measure the organic carbon content.
We conducted maturity testing using a polarizing microscope (Leica DM4500P) and a microphotometer (CRAIC QDI 302) manufactured by Leica and CRAIC, respectively. Before the experiments, the samples were mechanically crushed and polished. Subsequently, the polished samples were subjected to low-temperature drying at 45°C for 3.5 h in an oven. The experimental procedures followed GB/T 6948-1998 standards and SY/T 5124-2010.
3.2 Whole-rock X-ray diffraction (XRD) analysis
We conducted mineral composition and content analysis of shale using a multifunctional X-ray diffractometer, the Bruker D8ADVANCE, manufactured by Bruker in Germany. The X-ray source employed in the instrument was Cu-target. Before experimentation, shale samples were subjected to low-temperature drying and then finely ground to a particle size exceeding 200 mesh using an agate mortar, ensuring that the sample weight exceeded 0.5 g. The entire testing procedure was conducted at room temperature. During the experiments, the instrument was set to a voltage and current of 40 kV and 5 mA, respectively, and continuous scanning was performed at a minimum diffraction angle of 2°, following the SY/T5163-2010 standard.
3.3 Low-temperature gas adsorption
We conducted low-temperature nitrogen adsorption experiments using an ASAP2420 fully automated surface area and pore size distribution analyzer manufactured by Micromeritics Instrument, United States. Before the experiments, the samples underwent degassing to remove surface impurities. The samples were dried at low temperatures and then ground to a particle size of approximately 40 mesh using an agate mortar. Subsequently, the finely ground powder samples underwent 14 h of vacuum drying at 120°C, with the vacuum pressure below 1 Pa. High-purity liquid nitrogen with a purity exceeding 99.9% was used as the adsorption medium. Under constant temperature conditions at 77 K using liquid nitrogen, the sample’s specific surface area, pore size, and pore volume were calculated using the BJH and BET principles (Wang et al., 2018).
We used a pore analyzer produced by Quantachrome Instruments with the model Quadrasorb SI for low-temperature carbon dioxide adsorption experiments. Before testing, the samples were subjected to vacuum treatment at 65°C to eliminate surface moisture. After drying, the samples were placed in liquid carbon dioxide for experimentation.
3.4 High-pressure mercury injection experiment
In this study, we utilized the AutoPore 9510, an automated mercury porosimeter manufactured by Micromeritics Instrument Corporation in the United States. During the testing phase, this instrument allowed for mercury injection pressures of up to 414 MPa, corresponding to a lower limit of approximately 3 nm in test pore size. Before the tests, we shaped the samples into cubes measuring 1 cm × 1 cm × 1 cm.
To minimize the influence of surface roughness on the mercury injection experiment, we employed the instrument to segment the samples, ensuring a flat surface. Before testing, the cubic samples underwent a 60°C drying process lasting 48 h. This step was crucial for eliminating internal impurities and guaranteeing that the original pore structure of the samples remained intact throughout the drying process.
The instrument’s internal vacuum was maintained throughout the testing procedure, and the instrument automatically recorded data for mercury intrusion and extrusion processes (Zhu et al., 2019; Zuo et al., 2019).
3.5 Calculation of fractal dimension
The calculation of fractal dimensions involves various models, and the suitability and accuracy of different models vary depending on the pore sizes in question. The calculation methods for fractal dimensions of pores within different size ranges also differ (An et al., 2023). This study employed different calculation models for the fractal dimensions of micropores, mesopores, and macropores to accurately characterize.
In the low-temperature gas adsorption experiment, the kinetic diameter of CO2 is 0.33 nm, which can be used to characterize the micropores of 0.33–1.4 nm (Shi et al., 2023). The low-temperature carbon dioxide adsorption experiment is well-suited for characterizing micropore complexity (Zhao et al., 2015). The micropore fractal dimension was calculated using the V-S model, with the specific calculation formula presented as follows:
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In the equation: “k” represents a dimensionless constant; “V1” denotes the cumulative pore volume, measured in mL/g; “S” stands for the cumulative specific surface area, measured in m2/g; “D1” represents the micropore fractal dimension, which is dimensionless.
Due to the activation and diffusion effect of nitrogen in micropores and the capillary condensation phenomenon in macropores, the application effect in mesoporous pores is better, so Low-temperature nitrogen adsorption experiments are well-suited for characterizing mesopores (Liu et al., 2023). The fractal dimension of mesopores in shale, as calculated using the FHH model, is determined by the following specific formula:
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In the equation: “k” is a dimensionless constant; “V” represents the cumulative pore volume of a specific stage (e.g., mesopores), measured in mL/g; “P0” is the vapor pressure of the gas at saturation, measured in MPa; “P” stands for the system’s equilibrium pressure, measured in MPa; “D2” is the fractal dimension of mesopores and is dimensionless.
In the process of using high-pressure mercury injection to characterize pore structure, excessive pressure will destroy shale pores, affecting the experimental results, and it is suitable for macro pore characterization (>50 nm) (Wang et al., 2015). Therefore, High-pressure mercury injection experiments have a natural advantage in characterizing shale macropores (Kong et al., 2020). The fractal dimension of macropore porosity is calculated using the MENGER sponge model, with the specific formula provided as follows:
[image: image]
Where: “D3” is the macropore fractal dimension (dimensionless); “Vp” is the incremental pore volume (mL/g); “P” is the experimental pressure (MPa).
4 RESULTS
4.1 Organic geochemical and petrological characteristics
The results of organic matter content and maturity testing show significant variations in the organic matter content of the Shuijingtuo Formation shale in the Yichang area. The overall content ranges from 0.88% to 4.62%, with an average of 2.56%. The equivalent vitrinite reflectance (Ro) values of organic matter range from 2.05% to 2.74%, with an average of 2.41%.
The whole-rock X-ray diffraction results reveal the complex mineral composition of the Shuijingtuo Formation shale (Table 1). The primary mineral types include feldspar, quartz, calcite, dolomite, and clay, among other major rock-forming minerals. Additionally, pyrite and siderite are notable occurrences. Among these, siliceous and clay minerals are the predominant rock-forming minerals, constituting over 70% of the total mineral content. Quartz content varies between 46% and 64%, with an average of 55.33%, while feldspar content ranges from 3% to 11%, averaging 6%. Clay mineral content falls between 14% and 35%, averaging 23.92%. Carbonate minerals account for 7%–19% of the composition, averaging 11.17%. Calcite content varies from 3% to 14%, averaging 6.8%, while dolomite content ranges from 2% to 7%, averaging 4.3%. Pyrite content is between 1% and 5%, with an average of 2.75%.
TABLE 1 | Organic geochemistry and mineral composition characteristics of shale samples.
[image: Table 1]4.2 Shale porosity characteristics
Based on DFT, BJH models, and Washburn equations, low-temperature CO2, N2 adsorption data, and high-pressure mercury experiment data are processed to obtain the pore volume and specific surface area of micropores, mesoporous, and macropores. The experimental results revealed a total pore volume ranging from 12.63 × 10−3 to 28.71 × 10−3 mL/g, with an average pore volume of 19.50 × 10−3 mL/g (Table 2). Among these values, micropore volume varied between 1.56 × 10−3 and 7.64 × 10−3 mL/g, averaging at 4.228 × 10−3 mL/g, constituting an average of 21.26% of the total. Mesopore volume ranged from 3.77 × 10−3 to 15.58 × 10−3 mL/g, averaging at 7.925 × 10−3 mL/g, representing an average of 39.76%. Macropore volume fell between 4.85 × 10−3 and 11.4 × 10−3 mL/g, with an average of 7.35 × 10−3 mL/g, making up 38.98% of the total.
TABLE 2 | Pore structure parameters of shale samples.
[image: Table 2]The shale’s total specific surface area spanned from 9.54 to 17.54 m2/g, with an average specific surface area of 13.55 m2/g. Within this range, micropore specific surface area fluctuated between 6.84 and 13.42 m2/g, averaging at 9.91 m2/g, representing an average of 72.52%. Mesopore specific surface area ranged from 2.52 to 4.14 m2/g, averaging at 3.19 m2/g, averaging 24.11%. Macropore specific surface area ranged from 0.18 to 0.84 m2/g, with an average specific surface area of 0.45 m2/g, constituting an average of 3.35%.
4.3 Fractal dimension characteristics of pore structure
We determined the micropore fractal dimension, calculated using the V-S model, as D1; we denoted the mesopore fractal dimension, calculated using Eq. (1) the FHH model, as D2; and we assigned the macropore fractal dimension, calculated using Eq. (2) the MENGER sponge model, as D3 Eq. (3). According to the results obtained from these different models, there are significant variations in the micropore, mesopore, and macropore fractal dimensions. Specifically, D1 values for the samples range from 2.1138 to 2.3475, with an average of 2.2342. D2 values range from 2.5327 to 2.7162, with an average of 2.6171. D3 values range from 2.7361 to 2.9316, with an average of 2.82905 (Table 3).
TABLE 3 | Distribution table of fractal dimension of shale samples.
[image: Table 3]The fractal dimension of pore structures in shale samples falls within the range of 2–3. A higher fractal value indicates a more complex pore system within the shale. The calculation results reveal a clear relationship of D1 < D2 < D3 (Figure 2). Notably, D1 is relatively close to the lower limit of the fractal theory, suggesting that micro-pores in the Shuijingtuo Formation shale have smoother surfaces and lower roughness, indicating a relatively simple pore structure. On the other hand, the maximum fractal dimension of macropores exceeds 2.9, approaching the theoretical upper limit, indicating that macropore structures in the Shuijingtuo samples are more complex with rougher pore surfaces.
[image: Figure 2]FIGURE 2 | Box diagram of fractal dimension of different shale pores in the Shuijingtuo Formation.
5 DISCUSSION
5.1 Shale pore heterogeneity influencing factors
The strong heterogeneity of pores in shale directly affects the gas occurrence state and flow mode. Pore heterogeneity is influenced by multiple factors, among which diagenetic minerals and organic matter are the two decisive factors affecting pore development (Li et al., 2019c; Fan et al., 2020b). Organic matter pyrolysis determines the morphology and development degree of organic pores (Borjigin et al., 2021), while diagenetic minerals affect the type and distribution of inorganic pores (Hao et al., 2022; Yin et al., 2022). Therefore, this study mainly explores the controlling factors of shale pore heterogeneity from the relationship between organic matter content, maturity, inorganic mineral content, pore volume, specific surface area, and different fractal dimensions.
5.1.1 Influence of shale organic geochemical characteristics on heterogeneity
Organic pores are the most important pore type in mature organic-rich shale. The irregular and scattered distribution of organic matter in shale is one of the important reasons for the uneven distribution of organic pores. Organic matter is the basis for developing hydrocarbon-generating pores, and a certain degree of maturity is necessary for the thermal decomposition of organic matter to form pores. The two jointly control the development of organic matter (Cao et al., 2016; Li et al., 2022; Fan et al., 2024).
To further analyze the impact of organic matter content and maturity on pore heterogeneity, we conducted statistical and regression analyses to assess the relationships between organic matter content, maturity, and the fractal dimensions of micro, meso, and macro-pores. The results demonstrated a strong positive correlation between shale organic matter content and D1, with a correlation coefficient of 0.6797. Similarly, a significant positive correlation was observed between organic matter content and D2, with a coefficient of 0.5167. However, there was a moderate negative correlation between organic matter content and D3, with a correlation coefficient of 0.448 (Figure 3A).
[image: Figure 3]FIGURE 3 | The relationship between the basal localization characteristics, the pore structure parameters, and the fractal dimension of shales in the Shuijingtuo Formation. (A) Fractal dimension and TOC; (B) Fractal dimension and Ro; (C) Pore volume and TOC; (D) Specific surface area and TOC; (E) Pore volume and Ro; (F) Specific surface area and Ro.
The development of hydrocarbon-producing pores is directly linked to the thermal maturity of organic matter. Before reaching the late over-maturity stage, the number of hydrocarbon-producing pores increases with growing maturity, leading to irregular changes in pores of different sizes. According to the correlation analysis between shale sample fractal dimensions and maturity, during the early stages of high-over-maturity, there is a positive correlation between organic matter maturity and both D1 (correlation coefficient of 0.4344) and D2 (correlation coefficient of 0.4851). However, there is an overall decreasing trend in the relationship between maturity and D3, although the correlation coefficients are relatively low (Figure 3B).
Based on the correlation analysis between organic matter content and pore volume, as well as surface area, we found that the correlation coefficients between organic matter content and micro-pore surface area and pore volume were 0.5248 and 0.4939, respectively. For mesopores, the correlation coefficients were 0.2643 for surface area and 0.4113 for pore volume (Figures 3C, D). However, there was no significant correlation between organic matter content and macro-pore volume and surface area. This suggests that organic matter primarily contributes to micro and meso-pores.
During the early stages of over-maturity, organic matter undergoes thermal decomposition and gas generation phases The substantial loss of organic matter reduces its “supporting capacity,” leading to the collapse of organic matter (Li et al., 2020; Wu and Lei, 2022). This phenomenon results in the extensive development of pores, and as hydrocarbon generation intensifies, the original pore sizes expand, increasing pore heterogeneity.
As organic matter content increases, various pore sizes receive some degree of stimulation, with the most substantial increase occurring in micro-pores, followed by meso-pores, while macro-pores show the least increase. Combining this with the earlier comparison of micro, meso, and macro-pore fractal dimensions, micro-pores exhibit the smallest fractal dimension, indicating simpler pore structures. With increasing organic matter content, both the quantity and heterogeneity of micro and mesopores increase, leading to higher values of D1 and D2.
As previously discussed, the organic matter in the study area is in a state of high-over maturity. The correlation coefficients between the thermal maturation level of shale samples and the fractal dimensions of micro and mesopores are moderate (Figures 3E, F).
On the one hand, as the thermal maturation level increases, organic matter undergoes more intense hydrocarbon generation, increasing the quantity of micro, meso, and macro-pores. During the over-maturity stage, as the thermal maturation level continues to rise, organic matter undergoes aromatization (Wu and Lei, 2022), which increases the roughness of pore walls and weakens the supporting capacity of pores for overlying strata. This results in irregular deformation of pores and an increase in the irregularity of pore shapes, leading to an increase in the fractal dimensions of micro and mesopores.
Regarding macropores, as the thermal maturation level increases, some mesopores continue to expand into macropores, increasing the total quantity of macro-pores. These macropores are often elliptical or circular, which, to some extent, reduces the fractal dimensions of macropores. This weakening effect on the complexity of macro-pores, along with the contribution of regularly shaped macropores by inorganic minerals, results in a lack of a strong correlation between the fractal dimensions of macropores and thermal maturity in the study area.
5.1.2 Relationship between shale pore structure parameters and fractal dimensions
Pore volume and specific surface area are characteristic parameters for evaluating shale gas storage capacity. The larger the pore volume, the larger the gas storage space; the larger the specific surface area, the stronger the gas adsorption capacity. The fractal dimension can quantify the complexity of pores and affect the ratio of adsorbed gas to free gas in shale. Therefore, a natural inherent relationship exists between pore volume, specific surface area, and fractal dimension.
According to the results of the correlation analysis between sample pore volume, specific surface area, and fractal dimensions, strong positive correlations were observed between micropore-specific surface area and D1, with correlation coefficients of 0.6202 (Figure 4A). In contrast, the correlation between micro-pore volume and D1 was weaker, with a coefficient of 0.3056 (Figure 4B). Mesopore specific surface area exhibited a significant positive correlation with D2, with a coefficient of 0.5946, while the correlation coefficient between mesopore volume and D2 was 0.31. In contrast, macro-pore volume and specific surface area showed an overall negative correlation with D3, but the correlation coefficients were smaller than D1 and D2.
[image: Figure 4]FIGURE 4 | Correlation between specific surface area (A), pore volume (B), and fractal dimension of shales in the Shuijingtuo Formation.
Considering the contribution rates of micro, meso, and macro-pore specific surface areas and volumes, it can be observed that an increase in micro-pore fractal dimension is associated with an increase in pore volume and specific surface area. When pore volume and specific surface area increase, it indicates an increase in the number of micro-pores in shale, along with an increase in the uneven distribution of these micro-pores and their differences in pore size, leading to an increase in the fractal dimension. As meso-pore sizes increase, the specific surface area provided by mesopores gradually decreases while pore volume increases. According to pore fractal theory, larger mesopore sizes correspond to larger fractal dimensions. The substantial difference in mesopore sizes results in a relatively weak overall correlation with D2. For macro-pores, an increase in specific surface area implies a decrease in the proportion of macro-pores in shale, leading to a certain degree of reduction in fractal dimension.
5.1.3 Impact of mineral composition on pore structure heterogeneity
Shale inorganic minerals can be divided into three categories: siliceous, clay, and carbonate. Different diagenetic minerals have significant differences in their resistance to compaction and dissolution (Huang et al., 2020), resulting in differences in pore types, contents, and pore sizes provided by different minerals during long-term burial diagenesis. The differences in mineral content and uneven distribution among different types of minerals in shale are important factors that increase the complexity of shale pores. In this study, we established correlations between the content of these three mineral categories and structural parameters, including pore volume, specific surface area, and fractal dimensions. The results indicate that the content of siliceous minerals exhibits a positive correlation with the micro- and mesopore volumes in shale, with correlation coefficients of 0.4941 and 0.5796, respectively (Figure 5A). However, it shows a negative correlation with the macropore volume, with a lower correlation coefficient. It exhibits a clear positive correlation with the specific surface area of micro-pores but does not show significant correlations with mesopores or macropores (Figure 5B). Considering the sedimentary environment and the source of siliceous minerals, the Wellsboro Formation was formed in an anoxic deep-water continental shelf (Zhang LL. et al., 2023). The warm water conditions were conducive to the proliferation of siliceous microorganisms, and the siliceous shells were preserved in anoxic water after their death. At the same time, biological soft tissue increased the organic matter content. A substantial portion is derived from organic matter and the correlation between siliceous minerals and organic matter content. Biological skeletons and the accumulation of organic matter typically exhibit significant zonation. According to the correlation curves between siliceous mineral content and the three types of pore fractal dimensions, siliceous minerals show a moderate positive correlation with D1 and D2, with correlation coefficients of 0.3258 and 0.3933, respectively, while exhibiting a weaker negative correlation with D3, with a correlation coefficient of 0.1191 (Figure 5C).
[image: Figure 5]FIGURE 5 | Correlation between inorganic minerals and pore structure parameters and fractal dimension. (A–C) Quartz content; (D–F) Clay mineral content; (G–I) Mineral content of carbonate rocks.
As one of the major diagenetic minerals, clay minerals play a crucial role as carriers for pore development in shale. The types and characteristics of pore development are influenced by the way minerals accumulate and their structure. The “layered stacking” of clay minerals and the “contact-embedded” distribution with other brittle minerals easily lead to numerous intergranular pores. Typically, such pores have irregular shapes and relatively large diameters.
In the case of the Shuijingtuo Formation, which formed early, montmorillonite undergoes dehydration and transformation due to compaction and temperature effects during the sediment compaction process. This increases the pore size within clay minerals as illite and illite-smectite interlayers become more abundant. Analyzing the correlation between clay mineral content and shale pore volume and specific surface area, it is observed that the volumes of micro and macropores and specific surface area in shale decrease as the content of clay minerals increases (Figures 5D, E). This phenomenon is primarily associated with clay minerals’ compaction and diagenetic transformation. There is, however, a certain positive correlation with macropore volume, mainly because clay minerals have larger pore diameters. An increase in clay mineral content significantly increases the number of these macropores, increasing macropore volume.
When comparing clay mineral content with different pore size fractal dimensions, a weak negative correlation is found between clay mineral content and D1 and D2, while a weak positive correlation is observed with D3 (Figure 5F). Although the correlation coefficients are relatively small, in conjunction with the source of macropores, it becomes evident that organic matter, siliceous minerals, and carbonate minerals in shale all contribute to a certain amount of macropores. This leads to a less pronounced correlation between clay mineral content and D3. Clay minerals provide a variety of pore types with significant differences in pore size, primarily developing macropores. The varying contributions of clay minerals to the three categories of pore sizes interact with the contributions of other minerals, resulting in the complexity of fractal dimensions in pores of different sizes.
As one of the major diagenetic minerals, the shale in the Shuijingtuo Formation contains two carbonate minerals, calcite, and dolomite, with their content not exceeding 20%. Their distribution in the shale is highly heterogeneous. Being easily soluble minerals, they are prone to dissolution by groundwater under burial conditions, forming dissolution pores. Meanwhile, carbonate minerals located near organic-rich zones are susceptible to dissolution by organic acids produced during the thermal maturation of organic matter, resulting in a limited number of dissolution pores.
Through the analysis of the correlation between the content of carbonate minerals and structural parameters such as micropore, mesopore, and specific surface area in shale, it was found that there was no significant correlation between the content of carbonate minerals and micro-pore or mesopore pore volume or specific surface area. However, a certain positive correlation was observed between the content of carbonate minerals and macro-pore pore volume, with a correlation coefficient of 0.4068 (Figures 5G, H).
Taking into account the correlation between the content of carbonate minerals and the fractal dimensions of pores of different sizes, it was found that there was a weak negative correlation between the content of carbonate minerals and both D1 and D2, while a promoting effect was observed with D3 (Figure 5I). This suggests that carbonate minerals in the shale primarily contribute to macropores’ development. The increase in the content of carbonate minerals, combined with their uneven distribution, effectively enhances the complexity and heterogeneity of macro-pore development.
Combined with the correlation between inorganic minerals, TOC, and different pore fractal dimensions, inorganic minerals and TOC content have different control effects on the pore fractal dimension (Figure 6). Siliceous minerals and organic matter promote the complexity of pores, while clay minerals and carbonate minerals have a weak negative correlation or no obvious correlation with the complexity of pores. This phenomenon is related to the pore types and existing forms provided by different minerals. Organic matter in shale shows a diffuse distribution and many irregular pores are formed by stacking organic matter and hydrocarbon pyrolysis. There are obvious differences in pore size, which greatly increases the complexity of pores. While a large amount of organic matter comes from the burial and accumulation of microorganisms, whose siliceous shells and skeletons form biosilicon, and siliceous minerals increase the supporting capacity between minerals. In compaction, the pores can maintain their original state and weaken the “uniformity” of pore morphology caused by compaction. Therefore, organic matter and siliceous minerals contribute the most to pore complexity. However, carbonate minerals and clay minerals mainly provide large pore mesoporous and macro pores. According to fractal theory, increasing macro pore will reduce pore complexity.
[image: Figure 6]FIGURE 6 | Influencing factors of shale pore complexity.
5.2 Geological significance of fractal dimensions of shale pores
The pore structure of shale determines the occurrence state and flow mode of hydrocarbon molecules within the layer (Tian et al., 2016). The heterogeneity of pores also controls the storage performance of shale and the micro permeability of shale gas. Generally speaking, the more complex the pore structure, the more difficult the gas migration within the layer (Xiong et al., 2017), and the macroscopic manifestation is the decrease in the permeability of the storage mechanism. For different gas contents in different states, the stronger the heterogeneity of pores, the higher the proportion of adsorbed gas content. Therefore, the larger the fractal dimension, the more complex the shale pore structure, the stronger the heterogeneity, and the more unfavorable it is for shale gas development.
Combining the statistical analysis of fractal dimensions for different pore sizes in the Shuijingtuo Formation, it is evident that the fractal dimension for macro-pores is larger, while those for meso and micro-pores are smaller. This suggests that macro-pores exhibit stronger adsorption capabilities. When comparing the contribution rates of pore volume and specific surface area for the three pore categories, micro-meso pores, with smaller diameters, have a higher proportion than macro-pores. Specifically, micro-meso pores account for over 60% on average, with micropores specific surface area making up over 70%. These micro-pores offer more surface adsorption sites, resulting in a greater “adsorption potential” on the pore walls and weaker gas molecule “flowability.”
In contrast, macro-pores have larger diameters. Although their rough and complex pore walls enhance gas molecule adsorption, numerous hydrocarbon molecules diffuse freely within these pores. The presence of these hydrocarbon molecules increases the shale’s permeability. Consequently, a higher macropore content for shale reservoirs leads to greater matrix permeability.
Regarding gas occurrence within the strata, In terms of the gas occurrence state in the shale, the adsorption gas occupies a large space in the shale micropores (Figure 7A). The gas is mostly in the form of adsorbed gas; the content of adsorbed gas is small, and the gas fluidity is weak. The area occupied by adsorbed gas in the mesoporous pores increases (Figure 7B), and the proportion of adsorbed gas content decreases. With the further increase of the pore size, the proportion of adsorbed gas content in the macropores decreases (Figure 7C), the free gas content increases in the middle of the pores, and the gas fluidity increases.
[image: Figure 7]FIGURE 7 | Differences in shale gas occurrence with different shale pore sizes. (A) Shale micropores; (B) Shale mesopores; (C) Shale macropores.
Larger fractal dimensions for micro and mesopores indicate stronger pore structure and heterogeneity. This results in weaker gas adsorption capabilities, leading to a higher proportion of adsorbed gas content in shale, with over 57% being the maximum observed in the Shuijingtuo Formation. On the other hand, macro-pores, with their larger diameters, predominantly host gas molecules in a free state.
6 CONCLUSION

(1) In the Huangling area, the Shuijingtuo Formation exhibits an organic matter content ranging from 0.88% to 4.26%, with Ro values falling between 2.05% and 2.74%, averaging at 2.409%. This indicates a state of high to over-maturity. The shale comprises approximately 54%–73% silica minerals, averaging 60.67%. Calcium minerals account for 7%–19%, averaging 11.17%, while clay minerals have an average content of 24%. These characteristics point to the formation of calcareous shale in an alkaline aquatic environment.
(2) Utilizing low-temperature nitrogen and carbon dioxide adsorption and high-pressure mercury intrusion experiments, micropore, mesopore, and macropore fractal dimensions were computed using the V-S, FHH, and MENGER Sponge models. The micropore (D1) ranged from 2.1138 to 2.3475, averaging 2.2342. The mesopore (D2) ranged from 2.5327 to 2.7162, averaging 2.6171. The macropore (D3) ranged from 2.7361 to 2.9316, averaging 2.82905.
(3) Organic matter is the foundation for shale micromeso pores, while maturity promotes hydrocarbon generation through organic matter pyrolysis. The combined effect of these factors contributes to the development of the shale’s primary micromeso pores, promoting the shale’s specific surface area. This relationship is positively correlated with D1 and D2 but negatively correlated with D3. Silica minerals and organic matter development exhibit a synergistic relationship, positively correlating with D1 and D2. Clay minerals primarily contribute to macro-pores in the shale, showing a positive correlation with shale macro-pore volume and a weak positive correlation with D3. In contrast, carbonate rocks mainly contribute to dissolved macropores, displaying a positive correlation with macropore volume but no significant correlation with pore fractal dimensions.
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In the deep Longmaxi Formation shale gas reservoirs of the southern Sichuan Basin, strong overpressure is universally developed to varying degrees. However, there is currently a lack of in-depth research on the formation mechanisms, evolutionary patterns, and the controlling effects on reservoir pore characteristics of strong overpressure. This limitation significantly restricts the evaluation of deep shale gas reservoirs. This study selected typical overpressured shale gas wells in Yongchuan, Luzhou, and Dazu areas as research subjects. Through comprehensive methods such as log analysis, fluid inclusion analysis, and numerical simulation, the dominant mechanisms of strong overpressure formation were determined, and the pressure evolution from early burial to late strong uplift was characterized. Additionally, the impact of varying degrees of overpressure on reservoir pore characteristics was studied using techniques such as scanning electron microscopy, gas adsorption-mercury intrusion, and helium porosity testing. The research findings indicate that hydrocarbon generation expansion is the primary mechanism for strong overpressure formation. The pressure evolution in the early burial phase is controlled by the processes of kerogen oil generation and residual oil cracking into gas. The reservoir experienced three stages: normal pressure (Ordovician to Early Triassic), overpressure (Early Triassic to Early Jurassic), and strong overpressure (Early Jurassic to Late Cretaceous), with pressure coefficients of approximately 1.08, 1.56, and 2.09, respectively. During the late strong uplift phase, the adjustment of early overpressure occurred due to temperature decrease and gas escape, leading to a decrease in formation pressure from 140.55 MPa to 81.63 MPa, while still maintaining a state of strong overpressure. Different degrees of strong overpressure exert a significant control on the physical properties of shale reservoirs and the composition of organic matter pores. Variations exist in the organic matter pore morphology, structure, and connectivity within the deep Wufeng-Longmaxi shale. Higher overpressure favors the preservation of organic large pores and reservoir porosity. Under conditions of strong overpressure development, deep siliceous shales and organically rich clay shales exhibit favorable reservoir properties. By determining the dominant mechanisms of strong overpressure in the Wufeng-Longmaxi Formation and studying pore characteristics, this research not only deepens the understanding of the geological features of deep shale gas reservoirs but also provides a new perspective for understanding the overpressure mechanisms and reservoir properties of deep shale gas reservoirs. Moreover, it is of significant importance for guiding the exploration and development of deep Longmaxi shale and provides valuable references for further research in related fields.
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1 INTRODUCTION
The formation and evolution of overpressure are crucial indicators for the accumulation and dissipation of shale gas. The pressure coefficient is generally positively correlated with gas content and production rate, making it a key reference indicator for assessing shale gas preservation conditions and evaluating sweet spots. Researchers have widely recognized that the formation and evolution of overpressure are critical controlling factors for the pore development and preservation as well as the enrichment and productivity of gas reservoirs (Guo et al., 2017; Yi et al., 2019; Shan et al., 2021; Wang and Wang, 2021; Jin and Nie, 2022). In the deep (burial depth of 3,500–4,500 m) Wufeng Formation-Longmaxi Formation shale gas reservoirs in southern Sichuan Basin, overpressure (pressure coefficient: 1.3–1.8) or strong overpressure (pressure coefficient: >1.8) is commonly developed (Li, 2023b). However, significant variations exist in shale porosity, gas content, and gas production among different deep areas.
The identification of overpressure causes and their relationships with hydrocarbon accumulation have been a focal point in both conventional and unconventional oil and gas exploration. In recent years, empirical research methods, including velocity-density crossplot method (Bowers, 1995) and porosity comparison method (Tingay et al., 2013), have gradually replaced relatively simple theoretical analyses. And new understandings have been obtained on the identification and analysis of overpressure causes. The prevailing view has denied attributing overpressure to disequilibrium compaction or undercompaction, while the importance and prevalence of hydrocarbon generation for causing overpressure, especially gas generation during fluid expansion and oil-cracking gas, have been increasingly confirmed (Tingay et al., 2013; Zhao et al., 2017). As the geological-geophysical response characteristics are understood, it is revealed that tectonic compression and pressure transmission are the causes of overpressure. It has been discovered that the overpressure in many basins or areas may be the result of multiple causes.
The study of pressure evolution has also moved towards quantitative characterization. The characterization of pressure evolution from shale burial to uplift mainly employs the method of fluid inclusion analysis to reconstruct paleopressure. For example, Tang et al. (2023) carried out inclusion analysis to determine the reduction of the pressure coefficient of the Longmaxi Formation shale in Lintanchang area of southeastern Sichuan Basin from 2.05 in the early uplift period to 1.1 currently. Based on inclusion analysis, Liu et al. (2021) concluded that the pressure coefficient of the Longmaxi Formation shale in the southern Sichuan Basin varied from 2.10 to 2.50 in the hydrogenation generation period to 1.92–2.16 in the uplift period. However, the pressure evolution in the process of sedimentation-subsidence burial is less researched. Various studies have simulated the complete process of pressure evolution in Longmaxi Formation shale using basin modeling software. Li et al. (2016) carried out simulation calculation with consideration of temperature decline and concluded that the pressure of the Longmaxi Formation shale decreased in the process of uplift with pressure coefficient increasing from 1.8 to 2.5. Wu et al. (2022) carried out simulation calculation with consideration of gas escape and concluded that the pressure of the Longmaxi Formation shale decreased in the process of uplift with pressure coefficient fluctuating slightly around 2.2. Due to differences in geological factors, the conclusions regarding the pressure and pressure coefficient evolution curves vary significantly, and scholars have different understandings on the increase and decrease of pressure coefficient in the process of uplift. Furthermore, deep shale gas reservoirs undergo intense compaction during the burial process. Scholars generally agree that the development of overpressure has a protective effect on the pores in deep shale, whereas pressure relief often leads to pore collapse, compared with normal-pressure and low-pressure shale gas reservoirs (Liu et al., 2012; He et al., 2019; Sun et al., 2021). However, a detailed characterization of the impact of overpressure (different overpressure coefficients) on pore development characteristics is still lacking.
To address the gaps mentioned above, this study focused on three overpressured shale gas wells in southern Sichuan with pressure coefficients of 1.86 (Well Z202 in Dazu area), 2.04 (Well H202 in Yongchuan area), and 2.24 (Well L202 in Luzhou area). The study firstly conducted theoretical analyses and applied various geophysical logging methods to identify the dominant mechanisms of overpressure formation. Subsequently, it constructed geological models of typical wells by virtue of the basin modeling software, and restored the paleopressure by systematically analyzing fluid inclusion. Based on this, it employed a mathematical model to quantitatively characterize the entire process of pressure evolution. Based on the geological context, the study explored the reasons for the differential overpressure evolution. Finally, a comparative analysis of porosity and pore structure characteristics of reservoirs with different pressure coefficients was conducted to clarify the impact of overpressure on reservoir pore features.
2 REGIONAL GEOLOGICAL BACKGROUND AND PRESSURE DISTRIBUTION OF SHALE GAS RESERVOIRS
The Sichuan Basin is located on the northwest margin of the Yangtze Platform, representing a superimposed basin controlled by multiple tectonic movements since the Sinian. It has sequentially deposited marine, transitional, and continental strata on the Epiproterozoic basement (Wang et al., 2015; Liu et al., 2022). During the Late Ordovician to Silurian, the deep-water continental shelf environment resulted the deposition of two sets of high-quality shale formations in the Sichuan Basin, i.e., the Wufeng Formation and the Longmaxi Formation, with a thickness ranging from 300 to 600 m (Fan et al., 2020; Wang et al., 2022c). The Wufeng Formation-Longmaxi Formation in the Sichuan Basin is a primary target for marine shale gas exploration and development in China (Li, 2023a). The Wufeng Formation is dominated by black siliceous carbonaceous shale, with the Guanyinqiao Member at the top conformable with the overlying Longmaxi Formation, featuring thin interbeds of shell limestone. The Longmaxi Formation’s organic-rich shale is mainly found in the Long 1 and Long 2 Member. The Long 1 Member is divided into the first sub-member (Long 11) and the second sub-member (Long 12). The lower part is characterized by predominantly carbonaceous shale, transitioning upwards into calcareous silty mudstone. The Long 11 Sub-member can be further subdivided into four beds: Long 111, Long 112, Long 113, and Long 114. In comparison with Long 1 Member, Long 2 Member has coarser grain sizes, primarily consisting of calcareous siltstone and calcareous silty shale (Ma et al., 2020). The Luzhou, Dazu, and Yongchuan areas in southern Sichuan have developed high-quality deep shale reservoirs of the Wufeng Formation-Longmaxi Formation, representing significant development areas with greater reserves. The Luzhou area is situated in a low-steepness tectonic zone, serving as a sedimentary center in southern Sichuan (Fan et al., 2024). The Wufeng Formation thickness ranges from 6 to 11 m. The Longmaxi Formation, thickest in southern Sichuan, has a thickness between 350 and 620 m, increasing gradually from south to north (Deng et al., 2021). The burial depth of the Wufeng-Longmaxi Formation here is relatively shallow in high structural areas, ranging from 2,700 to 2,800 m, and deeper in low structural areas, exceeding 3,800 m. The Dazu area lies at the junction of the moderately sloping and low-steepness tectonic zones in central Sichuan. The Wufeng Formation thickness is between 6.5 and 8.8 m. The Longmaxi Formation ranges from 200 to 530 m, with thickness increasing from north to south and stabilizing with distance from the denudation line. The burial depth of the Wufeng-Longmaxi Formation in the Dazu area mainly falls between 3,500 and 4,500 m (Li et al., 2022). The Yongchuan area is located in the gently folded zone of southeastern Sichuan, characterized by a “two depressions with one uplift between them” structural pattern. The Wufeng Formation-Longmaxi Formation is widely distributed here, with a sedimentary thickness of approximately 360–470 m. The overall variation in strata thickness is small, with burial depth gradually decreasing from northwest to southeast, generally ranging from 3,000 to 4,200 m.
Significant breakthroughs have been achieved in deep exploration, leading to the establishment of one development area (Block Well L203), three trial production areas (Block Well Z202, H202, and Y101), and an increase in deep shale gas production to 3 billion cubic meters. The pressure coefficient, indicating the ratio of actual fluid pressure to hydrostatic pressure at the same depth, is widely used to measure the intensity of formation pressure. Generally, a pressure coefficient less than 0.9 indicates abnormally low pressure, a coefficient between 0.9 and 1.2 suggests normal compaction, a coefficient between 1.2 and 1.8 indicates overpressure, and a coefficient exceeding 1.8 suggests strong overpressure. It is currently believed that under actual geological conditions, there are no strata with a pressure coefficient greater than 2.5, as pressures beyond this threshold may cause rock fracturing, leading to fluid migration along newly created conduits and subsequent reduction of the pressure coefficient to below the threshold (Tang et al., 2022). This research based on oilfield and published relevant data, presented the present-day pressure coefficient contour map of the Longmaxi Formation shale in southern Sichuan Basin (Figure 1). From the map, it is evident that the pressure coefficients in deep shale gas reservoirs in southern Sichuan are generally higher than 1.2. Specifically, the Yongchuan and Dazu areas have pressure coefficients ranging from 1.2 to 2.0, indicating varying degrees of overpressure, while the Luzhou area has an overall pressure coefficient exceeding 2.0, indicating strong overpressure. This study is a continuing study following our previous research of (Yin et al., 2023), but focused more on pressure evolution differences within three studied wells, and also its influence on reservoir pore characteristics.
[image: Figure 1]FIGURE 1 | Planar distribution map of pressure coefficients in the Wufeng-Longmaxi formation shale gas reservoirs in the Southern and Southeastern Sichuan basin [adapted from Tang et al. (2022), with modifications].
3 METHODS
3.1 Fluid inclusions and micro laser raman spectroscopy analysis
Microscope equipped with transmission white light and incident ultraviolet light was used to observe fluid inclusions’ type and morphology in calcite veins. When the gas-liquid two-phase brine inclusions are artificially heated to a specific temperature, the multiphase state of the inclusions reverts to the initial single-phase fluid state, this specific temperature is homogenization temperature of the inclusion (Nie et al., 2020). By establishing a correlation curve between the Raman shift of methane gas and the pressure inside the inclusion, and based on the principle of maintaining constant total volume and composition of the inclusion, an iterative calculation model can be constructed to accurately calculate the capture pressure of the inclusion. The microthermometry measurements of thickly-polished sections were conducted using TH-600 Linkam heating platform, enabling determination of homogeneity temperature (Th) for gas-liquid two-phase brine inclusions with a reproducibility precision within ±0.1. Raman spectroscopic measurements were performed using JY/Horiba LABRAM HR800 raman spectroscopy equipped with a 532 nm green laser and output power ranging from 200 to 500 mW.
3.2 FIB-SEM image analysis
The ultra-high image resolution of focused ion beam-field emission scanning electron microscopy (FIB-SEM) enables effective observation of shale pore types and shapes. Prior to scanning, the shale sample is prepared into 1 cm2 before further SEM analysis. To enhance surface conductivity and obtain superior image quality, a Sputter Coater argon ion grinding instrument is utilized to uniformly plate the sample surface with gold. Finally, the Quanta250FEG is employed for controlled temperature (24 °C) and humidity level (35%) scanning of shale samples.
3.3 Low temperature gas adsorption
Under isothermal conditions, the specific surface area and pore size distribution of porous materials are determined through physical adsorption processes on the sample surface using gases at pressures below their saturation vapor pressure. The characterization methods commonly employed for assessing shale pore structure include nitrogen and carbon dioxide adsorption. Nitrogen adsorption is particularly suitable for characterizing mesopores (pore size range: 2–50 nm) within a testing range of 1–300 nm, while carbon dioxide adsorption primarily focuses on micropores (pore size range: 0.4–2 nm). Previous studies have demonstrated that consistent characterization results can often be obtained in the overlapping pore size range between these two methods, thereby providing a foundation for achieving comprehensive characterization of “nanoscale” pores spanning from micropores to mesopores (Clarkson et al., 2013).
3.4 High pressure mercury injection
Mercury exhibits non-wettability towards typical solids, necessitating the application of additional pressure to facilitate its penetration into shale pores. The extent of pressure directly influences the pore radius accessible by mercury intrusion, with higher pressures enabling entry into smaller pores. By quantifying the amount of mercury infiltrating the pores at varying pressures, we can accurately determine the corresponding pore volume for a given size. In this experiment, we employed a Quantachrome Poremaster-60 mercury porosimeter pore analyzer within a test range spanning from 3.5 to 106 nm. The principle underlying the mercury intrusion method is encapsulated by Washburn’s equation (Zheng et al., 2017),
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where Pc is capillary pressure, MPa; [image: image] is the air-mercury interfacial tension, 480 mN/m; [image: image] is air-mercury contact angle, 140°; r is pore throat radius, μm.
3.5 Helium porosity test
Helium porosity measurements were carried out with Ultrapore-300 using helium expansion. The shale was made into cylindrical samples with a growth degree of 2.5 cm and a diameter of 2.5 cm. Subsequently, the sample was placed in a vacuum drying oven at 105 °C overnight. The volumetric density of the shale samples was measured by a caliper, while bone density calculations were performed based on multiple helium expansions conducted on dry samples. Finally, the porosity of the shale was determined by assessing the disparity between its volumetric density and skeletal density.
4 ANALYSIS OF OVERPRESSURE FORMATION MECHANISM IN THE LONGMAXI FORMATION
The formation mechanisms of overpressure in typical sedimentary basins mainly include disequilibrium compaction, clay mineral transformation, tectonic compression, and hydrocarbon generation expansion. The overpressure origins in different lithologies generally exhibit variations and the causes of overpressure in source rocks often differ from those in non-source rocks. In general, overpressure in shale (source rock) is closely related to hydrocarbon generation and diagenesis, while overpressure in non-source rocks is often associated with disequilibrium compaction, diagenesis, or pressure transmission (Zhao et al., 2017). In recent years, an increasing number of scholars believe that overpressure resulting from disequilibrium compaction occurs in mechanically compacted environments at shallow burial depths with low geothermal gradients (less than 70 °C). In contrast, the formation of the overpressure in deeper burial environments is primarily attributed to hydrocarbon generation expansion, clay mineral diagenesis, and other non-under compaction factors, or a combination of both mechanisms.
Recently, the Asia-Pacific region has become a hotspot for overpressure research, including basins such as Malay and Balama in Southeast Asia, and Bohai Bay, East China Sea, and Sichuan in China. Scholars have deepened their understanding of overpressure causes, and particularly have discovered and confirmed those related to non-under compaction, such as hydrocarbon generation, montmorillonite-illite transformation, and tectonic compression. Overpressure formed by fluid expansion includes hydrocarbon generation, hydrothermal expansion, and oil cracking gas, etc. Different scholars in China propose various overpressure causes for different shale gas reservoirs. For example, in the Yangtze region, mechanisms for pressure increase in gas-bearing shale intervals mainly include structural, hydrocarbon generation, and clay mineral dehydration-induced pressure increments (Li et al., 2016; Tang et al., 2022; Wang et al., 2022c) used log curve combinations to determine that the overpressure in the Wufeng-Longmaxi shale in the Chongqing and Fuling areas of the Sichuan Basin is attributed to hydrocarbon generation expansion. However, (Wu et al., 2022), suggested that the overpressure of the Haynesville and Barnett shales in the United States and the Jiaoshiba shale gas field in Chongqing are mainly caused by structural pressure due to the retention of natural gas caused by rapid short-term uplift. Hydrothermal pressure is the primary cause of early overpressure in shale gas reservoirs, while clay mineral dehydration occurs with increasing burial depth. For moderately to highly mature shale, the overpressure mechanism of oil cracking gas expansion is receiving increasing attention, though there are many challenges in the application of empirical methods. The traditionally belief that abnormal compaction trends in acoustic travel time/velocity deviation represent disequilibrium compaction has been increasingly challenged by scholars. Due to the complexity of overpressure causes and the diversity of factors affecting log results, log curve combination methods are widely applied (Wang Z.L. et al., 2003).
4.1 Comprehensive analysis of overpressure causes using multiple log methods
4.1.1 Log curve combination analysis
Overpressure related to hydrocarbon generation expansion manifests as abnormally high resistivity and acoustic transit time in logging responses, with density remaining constant or slightly decreasing. Clay mineral transformation alters and disrupts shale microstructure, leading to further densification and reduced porosity as well as abnormally high acoustic transit time and density. Tectonic compression essentially enhances the compaction effect of rocks; hence, generated overpressure does not cause significant anomalies in these three logging responses. In addition, some researchers believe that the synchronous occurrence of log curve inversions is crucial for the analysis of overpressure causes. (Bowers, 2002). suggested that if the inversions of sonic velocity, resistivity, and density logs are not synchronous, and the density inversion lags, it indicates strong overpressure. Meanwhile it reflects possible causes such as fluid expansion, montmorillonite-illite transformation, pressure transmission, or tectonic loading. Specifically, for overpressure caused by fluid expansion, the inversion of sonic velocity and resistivity is more significant than that of density.
From the log curves of Well L202 in the Luzhou area, it can be observed (Figure 2B) that the acoustic transit time and resistivity of the siliceous shale of the Wufeng Formation and the Long 11 Sub-member (depth 4,230–4,320 m) show a noticeable increase compared with the overlying argillaceous shale of Long 12 Sub-member and Long 2 Member. But the density data exhibit a certain decrease. Logging responses of Well H202 and Z202 (Figures 2A–C) shows similar changing patterns indicating similar causes. These phenomena reveal the presence of significant overpressure, and the formation of overpressure is related to hydrocarbon generation expansion. This study also conducted research in other major shale gas production areas in China, and found similar examples include the Dazu area, Yongchuan area, and Jiaoshiba area. However, in the Luochang-Jianwu composite anticline of the northern Zhaotong area, the pressure values range between 1.75 and 1.98, and the inversion characteristics of log curve combination are different. The log curve of typical Well YS108 displays a decrease in sonic velocity, an increase in resistivity, and a decrease in density in the main producing beds of Long 111, Long 112, and Long 113 (Figure 3). The Zhaotong demonstration area is located on the southern margin of the Sichuan Basin, where structural reworking is relatively strong, and deformation zones are evident. The Jianwu composite anticline is located in a tectonic transition zone, and it is inferred that the overpressure may be caused by a composite origin of tectonic compression and hydrocarbon generation expansion. In addition to the Sichuan Basin, scholars have also studied the causes of overpressure in other areas in China by using the combination analysis of logging curves. Bozhong Sag shows the inversion of acoustic transit time and resistivity, and the density decreases slightly, which is considered to be the overpressure caused by hydrocarbon generation expansion (Yang et al., 2023). In Junggar Basin, the inversion depth of the density curve lags behind the acoustic time difference and the resistivity curve, which is considered to be the cause of fluid expansion or pressure conduction (Li et al., 2020).
[image: Figure 2]FIGURE 2 | Overpressure distribution and causes identified from logging responses in the deep Longmaxi formation Shale of well H202 (A), L202 (B), and Z202 (C) in the southern Sichuan basin.
[image: Figure 3]FIGURE 3 | Overpressure distribution and causes identified from logging responses in the Longmaxi formation shale of well YS108, Zhaotong area, Southern Sichuan basin [modified from Chen et al. (2016); Rui et al. (2021)].
4.1.2 Sonic velocity vs. density crossplot method
The classic application of the sonic velocity-density crossplot is illustrated in Figure 4A. Generally, overpressure and normal pressure formed by disequilibrium compaction falls on the loading curve. Overpressure formed by other mechanisms, on the other hand, tends to lie outside the loading curve (Conner et al., 2011; Tingay et al., 2013). Specifically, overpressure generated by fluid expansion mechanisms such as gas generation leads to a decrease in sonic velocity with increasing overpressure, while density remains unchanged or changes minimally. From the sonic velocity vs. density crossplot of three typical wells in the study area, it can be observed that data points from the normally pressured Long 2 Member and Long 12 Sub-member show an increase in sonic velocity with increasing density, forming the loading curve. In contrast, data points from the strongly overpressured Long 11 Sub-member deviate from the loading curve and do not follow the trend of the typical crossplot (Figures 4B–D). The overpressure data points in typical crossplot fall on or to the right of the loading curve. However, due to the slight reduction in density influenced by organic matter enrichment, the overpressure data points in the study area shift slightly to the left. Therefore, there could exist some controversy in using the sonic velocity vs. density crossplot to determine the dominant cause of overpressure.
[image: Figure 4]FIGURE 4 | Typical plot for identifying shale overpressure using density vs. Sonic velocity crossplot (Zhao et al., 2017) (A), Crossplots for density vs. Sonic velocity in the deep Longmaxi formation shale of Southern Sichuan Basin (B–D).
In addition to the abovementioned methods, there are other techniques for identifying the causes of overpressure, such as the porosity comparison method and pressure retrograde calculating method. The identification of overpressure causes requires a combination of various empirical methods, especially the comprehensive analysis of multiple factors (e.g., geological environments) affecting overpressure formation and distribution. Traditionally many scholars believed that in relatively young sedimentary environments with high sedimentation rates and low geothermal gradients, the primary formation mechanism of overpressure is disequilibrium compaction. However, it has been found that overpressure, whether in young basins with high sedimentation rate or pre-Cenozoic basins with lower sedimentation rate, is rarely dominated by disequilibrium compaction. On the contrary, overpressure is commonly associated with fluid expansion, diagenesis, tectonic compression, and pressure transmission (Zhao et al., 2017). Specifically, for the shale of the Wufeng Formation to the Longmaxi Formation in the Sichuan Basin, hydrocarbon generation, especially gas generation, is identified as the most important mechanism for overpressure during the shale burial stage.
4.2 The impact of tectonic uplift on overpressure
After undergoing burial processes, the shale of the Wufeng Formation to the Longmaxi Formation experienced a series of changes during the later stages of intense uplift, including a reduction in overlying load, temperature decrease, and cap rock denudation. Consequently, both pressure and pressure coefficients changed correspondingly. In comparison with the relatively consistent understanding of the mechanism for hydrocarbon generation-related overpressure, there is substantial difference between scholars regarding the impact of tectonic uplift movements on pressure. Qiu et al. (2020) argued that after strata uplift, the reduction in overlying pressure leads to the expansion of pore volume and fluid volume. Due to the higher fluid compressibility compared with rock, the expansion of fluid volume is slightly greater than that of pore volume, resulting in an increase in fluid pressure since confined fluids cannot be expelled. Gao et al. (2008); Yuan et al. (2020), on the other hand, proposed that during the uplift and denudation process, the reduction in overlying load leads to rebound in pore volume, while the contraction of pore fluid causes an increase in pore volume, fundamentally leading to the abnormal low pressure. Katahara and Corrigan, (2004) suggested that as the tectonic uplift process continues, the decrease in formation temperature causes both rock pore volume and fluid volume to contract. As the thermal expansion coefficient of fluid is greater than that of rock, the contraction of fluid volume is greater than that of pore volume, resulting in a decrease in formation pressure. Some scholars believe that the reduction in load leads to the expansion of pore and fluid, and the expansion of pore causes a decrease in formation pressure. During the later stages of uplift and unloading, pore rebound and temperature decrease lead to a decrease in formation pressure. However, since the hydrostatic pressure also significantly decreases, the formation pressure coefficient depends on the relative decrease (Ma et al., 2011). Additionally, uplift denudation causes brittle failure and overpressure rupture in rock layers, thus the generated overpressure fractures could result in shale gas loss and pressure release, resulting in a decrease in formation fluid pressure coefficient (Li., 2022). However, different wells may have different pressure coefficients, possibly related to the degree of fracture overpressure closure influenced by the shale over-consolidation ratio (OCR). When overpressure decreases to a certain level, fractures undergo overpressure closure, and OCR affects the way of shale damage and the degree of fracture closure, thereby controlling the extent of shale gas loss damage and the current formation pressure (Yuan et al., 2020). In general, during the uplift process, the formation water content in organic pores is low in the Silurian shale gas reservoir, and the effect of formation water contraction due to temperature decrease on the reservoir space can be ignored. Therefore, the changes in fluid pressure and pressure coefficients during the uplift process depend on the overall effects of pore rebound, temperature decrease, and overlying strata unloading.
5 PRESSURE EVOLUTION PROCESS AND DIFFERENTIAL ANALYSIS
5.1 Research methods for pressure evolution
Basin simulation, numerical simulation, and paleo-pressure reconstruction are the three most commonly used methods for studying the pressure evolution process in geological formations. Basin simulation involves setting key parameters to consider the influence of various geological factors and then simulating the evolution curve of formation pressure through software algorithms. The advantage of this method lies in its ability to quantitatively characterize the pressure characteristics of the entire evolution process. However, its accuracy is influenced by the software algorithm, the key parameter setting, and relevant geological factors. Numerical simulation applies appropriate computational models, combining with the main controlling factors of pressure evolution, to quantitatively calculate the entire process of pressure evolution. The accuracy of the results is influenced by the considered controlling factors and input parameters. Paleo-pressure reconstruction involves calculating ancient pressure and pressure coefficients using various methods based on burial history and thermal history. It provides a relatively quantitative description of the changes in formation pressure and pressure coefficients during geological periods. The advantage is the accuracy of the reconstruction results. But its limitation lies in only being able to clearly describe the pressure characteristics and changes at one or several moments, but unable to quantitatively characterize pressure features at any given moment or describe the entire pressure change process. Various scholars have conducted pressure evolution history reconstructions of the Longmaxi Formation shale in the Sichuan Basin using multiple methods (Li et al., 2016; Yuan et al., 2020; Liu et al., 2021; Wu et al., 2022). However, the shortcomings of the research methods introduce some uncertainty into the evolution results. In recent years, a new method combining basin simulation, numerical simulation, and paleo-pressure recovery has been proposed for studying the pressure evolution of geological formations (Qiu et al., 2020). This method has been successfully applied in the evaluation of pressure evolution in the Longmaxi Formation shale on the southeast margin and basin margin of the Sichuan Basin, the Ordovician strata in North Tarim uplift of the Tarim Basin, and the Permian strata in the Sulige Gas Field of the Ordos Basin (Qiu et al., 2020; Tang et al., 2022). This method first constructs a geological model (burial history-thermal history) using basin simulation software, then uses the corresponding mathematical model to quantitatively calculate the contributions of various factors after determining the dominated controlling factors of pressure evolution, and finally achieves a quantitative characterization of the entire pressure evolution process under the constraints of paleo-pressure recovery values and current pressure measurements. Thus, it can provide relatively accurate results and visually display pressure characteristics at different historical periods. Therefore, this study will apply this new method to recover the pressure evolution history of the deep Longmaxi Formation shale in the southern Sichuan in the entire process of sedimentary subsidence to structural uplift.
5.2 Pressure evolution of the deep layers of the Longmaxi formation shale in Southern Sichuan
5.2.1 Recovery of the burial history-thermal history-maturity history of typical shale reservoir
Using basin simulation software to build a geological model and achieve the quantitative characterization and dynamic analysis of the petroleum geological characteristics of petroliferous basins is of significant theoretical importance for studying the mechanisms of oil and gas generation, accumulation, and migration. In this study, the Petromod software’s one-dimensional basin simulation technology was first employed. This study set various input parameters, such as the geological age, thickness, lithology, measured formation temperature, and vitrinite reflectance of each stratum. Subsequently, a geological model (burial history-thermal history-maturity history, Figure 5) of the deep Longmaxi Formation shale in Well H202 of the Yongchuan area was constructed, laying the foundation for the recovery of the pressure evolution history. The simulation results show that the evolution of the target layer can be divided into two stages. 1) A long-term subsidence stage (444–65 Ma), during which the shale underwent two rapid subsidence events, two slow subsidence events, and three weak uplift events. By 65 Ma, the maximum burial depth of the shale reached 6,700 m. The formation temperature increased from 25°C to 210°C, and the organic matter maturity increased from 0.2% to 2.7%. 2) A late strong uplift stage (650 Ma), during which the shale continued to experience strong uplift, with the current burial depth being approximately 4,100 m. The formation temperature decreased from 210°C to 129°C, while the organic matter maturity remained stable. Finally, the evolution curve of maturity over time obtained through simulation matched well with the measured equivalent vitrinite reflectance, validating the reliability of the geological model.
[image: Figure 5]FIGURE 5 | Burial history, thermal history, maturity evolution history, and geological model calibration results of Well H202 in Yongchuan area.
5.2.2 Numerical simulation of pressure enhancement by hydrocarbon generation
The mechanisms behind the formation of overpressure in sedimentary basins are diverse. Previous researchers, based on theoretical analyses of the geological background for overpressure formation and qualitative assessments of well log anomalies, have clarified that hydrocarbon generation expansion mechanisms (oil generation from kerogen, retained oil cracking into gas) are the dominant mechanisms for the formation of overpressure in the Longmaxi Formation shale in southern and southeastern Sichuan while the contributions from mechanisms such as disequilibrium compaction, clay mineral diagenesis, and tectonic compression are relatively insignificant (Gao et al., 2019; Tang et al., 2022). The above understanding indicates that during the long-term subsidence stage, the primary controlling factor for pressure evolution in the Longmaxi Formation shale is hydrocarbon generation. Therefore, this study utilizes a mathematical model of pressure enhancement by hydrocarbon generation (Guo et al., 2011) to quantitatively calculate the pressure and pressure coefficients of the Longmaxi Formation shale at different times.
Previous studies, through thermal simulation experiments and the proportions calculation of retained oil cracking gas using a mixture of methane and ethane end-members in the shale gas production areas of the Sichuan Basin, have shown that the proportion of retained oil cracking gas in natural gas ranges between 60% and 80%, while the proportion of kerogen cracking gas is relatively low (Zhang et al., 2018; Guo et al., 2020). For the Longmaxi Formation shale, the pressure enhancement model by hydrocarbon generation mainly considers two processes: kerogen thermal cracking to generate oil (Ro: 0.5%–1.3%) and crude oil cracking to generate gas (Ro: >1.3%). The detailed numerical simulation model assumption and calculation equations could be found in Yin et al. (2003). Table 1 shows the calculation result of pressure and pressure coefficients for the Longmaxi Formation shale gas reservoir in Well H202 from Yongchuan area. The final reservoir pressure reached 140.55 MPa with pressure coefficient being 2.09.
TABLE 1 | Calculation results of pressure and pressure coefficient for the Longmaxi Formation shale gas reservoir in Well H202, Yongchuan area.
[image: Table 1]5.2.3 Recovery of typical shale hydrocarbon generation pressure
Taking well H202 in the Yongchuan area as an example, the depth, temperature, conversion rate, and cracking rate corresponding to the key time points in the geological model (such as the start of oil generation, peak oil generation, and crude oil cracking into gas) are introduced into the pressure enhancement model by hydrocarbon generation. Thus the pressure evolution curve of the shale during the subsidence stage is drawn (Table 1; Figures 7A, D). The pressure evolution of the Longmaxi Formation shale in the Yongchuan area can be divided into three stages based on the reservoir pressure state: 1) Normal pressure stage (Silurian to Early Triassic, 443–242 Ma): The shale experienced rapid and large-scale subsidence in the Silurian, and from the Ordovician to the Permian, it continued to experience slight uplift. Until the Early Triassic, it remained in a shallow burial state, and the organic matter was still in the immature to low-mature stage, with relatively limited hydrocarbon generation. Therefore, during this period, the pore fluid pressure in the shale was roughly equal to the hydrostatic pressure, indicating normal pressure conditions. The pore fluid pressure in the shale reached approximately 23.14 MPa by the Early Triassic, corresponding to a pressure coefficient of about 1.08; 2) Overpressure stage (Early Triassic to Early Jurassic, 242–195 Ma): The shale underwent slight uplift in the Middle to Late Triassic, followed by continued subsidence, increased formation temperature, and an increase in thermal maturity from 0.7% to about 1.3%. During this process, hydrocarbons continuously generated by the thermal cracking of kerogen accumulated in the shale, gradually forming overpressure (Wei et al., 2022). By the Early Jurassic, the cumulative pressure increase in the shale due to oil generation was approximately 17.66 MPa, and the pore fluid pressure reached about 49.05 MPa, corresponding to a pressure coefficient of about 1.56; 3) Super-strong overpressure stage (Early Jurassic to Late Cretaceous, 195–65 Ma): The shale experienced substantial subsidence during this period, with organic matter maturity increasing from 1.30% to 2.70%. The crude oil retained in the shale cracked to generate a large amount of natural gas, significantly increasing fluid pressure and forming strong overpressure. At the maximum burial depth, the cumulative pressure increase in the shale due to oil generation was approximately 55.73 MPa, and the pore fluid pressure reached about 140.55 MPa, corresponding to a pressure coefficient of about 2.09.
5.3 Pressure evolution during the uplift and denudation stage of the deep Longmaxi formation shale
5.3.1 Paleopressure recovery of vein fluid inclusions
Fibrous calcite veins developed in shale fractures are considered products of overpressure fluid activity (Meng et al., 2017; Wu et al., 2021). Fluid inclusion types, compositions, temperatures, and salinities within these veins are analyzed using techniques such as lithofacies observation, laser Raman spectroscopy, and micro-thermometry, which provides insights into fluid activity periods, allowing for the reconstruction of paleo-geothermal and paleo-pressure conditions. Taking the deep Yongchuan area in southern Sichuan as an example, the Longmaxi Formation shale exhibits a variety of fracture forms, dominantly characterized by extensional-shear fractures. Fibrous calcite veins are widely developed within the layers, often appearing in high-angle or nearly vertical orientations (Figure 6A). Lithofacies observations of the inclusions reveal that the fibrous calcite veins mainly contain single-phase methane inclusions and gas-liquid two-phase brine inclusions (Figure 6B). Among them, discretely dispersed single-phase methane inclusions exhibit characteristics of low transparency, with bright centers surrounded by a darker rim, primarily in the form of quadrilaterals and sub-rounded shapes. Gas-liquid two-phase brine inclusions are observed as colorless, transparent entities with small gas bubbles, predominantly in sub-rounded, irregular elliptical, and elongated forms, commonly coexisting with methane inclusions.
[image: Figure 6]FIGURE 6 | Characteristics of fibrous calcite veins in the Longmaxi formation shale of well H202 in the Yongchuan area (A), Petrographic features of methane and brine inclusions within the veins (B), Laser Raman spectrum of methane inclusions (C), Homogenization temperatures of gas-liquid two-phase brine inclusions, N represents the number of inclusions analyzed (D), Analysis results of vein and inclusions of well L202 in the Luzhou area (E–H) and well Z202 in the Dazu area (I–L).
Laser Raman spectroscopy analysis of single-phase methane inclusions shows strong characteristic peaks only for the host mineral calcite (at wavenumbers approximately 156 cm-1, 283 cm-1, 713 cm-1, and 1,086 cm-1) and methane fluid (at wavenumber approximately 2,911.28 cm-1), without other prominent Raman characteristic peaks observed (Figure 6C). This indicates that methane inclusions developed in calcite veins exhibit high methane purity. The wavenumber (Vd) of the characteristic peaks of methane fluid is a key parameter for calculating the density of individual methane inclusions. By introducing the measured peak wavenumbers of methane inclusions into an empirical formula based on a large amount of experimental data (Zhang et al., 2016), the density value of methane inclusions is calculated to be 0.261 g/cm3, which exceeds 0.130 g/cm3, so it is classified as a supercritical high-density methane inclusion. It provides favorable conditions for the accurate calculation of capture pressures.
From 150°C to 180°C, and 180°C–204°C. Those main maximum temperature data in L202 shows a unimodal distribution from 160°C to 180°C.
Micro-thermometry results of gas-liquid two-phase brine inclusions in well H202 and Z202 indicate a double peaks distribution of homogenization temperature (Figures 6D, L), ranging the geological model, the latest formation time of the veins is estimated to be approximately 15 Ma. Finally, the calculated density of methane inclusions and the measured minimum homogenization temperature of brine inclusions are input into the state equation of the supercritical methane system established by Duan et al. (1992). This yields the paleo-pressure of the Longmaxi Formation shale, and in conjunction with the geological model, the paleo-pressure coefficient is calculated. In the Yongchuan area, the Longmaxi Formation shale at 15 Ma, with a burial depth of 5,450 m in Well H202 exhibits a formation temperature of 165°C and a formation pressure of 95.21 MPa, corresponding to a pressure coefficient of 1.78. The differences between H202, Z202 with L202 indicate a greater uplifting process occurred in Yongchuan area compared to Dazu and Luzhou, which coincide with evolutionary models of pressure and pressure coefficient in those wells (Figure 8).
The extremely high pressures in fluid inclusions pose significant challenges for traditional microthermometry and pressure calculations. Wang et al. (2022a) used hydrothermal diamond-anvil cell (HDAC) to study fluid inclusions in fracture calcite and quartz veins from the Silurian Longmaxi Formation black shale in the eastern Sichuan Basin, ensuring the isochoricity of the fluid system and obtaining effective homogeneous temperatures; Raman spectroscopy quantitative analysis was applied to determine the composition of the inclusions, and the trapping pressure of single-phase gas phase inclusions coexist with brine inclusions was determined based on the state equation of the CH4-CO2 system, so as to overcome the problem of homogeneous pressure in gas-liquid two-phase inclusions exceeding the pressure range exceeding lithostatic pressure according to burial history curves. This provides direct geological evidence for generating extremely high-pressure fluids during hydrocarbon of the existing NaCl-H2O-CH4 system state equation. The results showed that the pressure of methane-rich ancient fluids can reach 2,310 bar, significantly generation processes. Figure 7 compared the result of temperature measurement in traditional heating stage and HDPC. When the inclusions are heated and quenched in the HDAC with a suitable external pressure, it can be found that the inclusions return to their pre-heating form.
[image: Figure 7]FIGURE 7 | Comparison of temperature measurement results of inclusions (FI) in traditional heating stage (A,B) and HDPC (C–G) [adopted from Wang et al. 2022b].
5.3.2 Pressure evolution during the strong uplift of shale
Shales remained strong overpressured at present suggesting closed fluid systems and little gas loss. During the uplift and denudation stage, the hydrocarbon generation process of shale tends to stagnate. The main controlling factors of the pressure evolution change. Effects such as gas escape, temperature reduction, and pore rebound gradually alter fluid pressures during the uplift process (Xu et al., 2010; Wu et al., 2022). Tang et al. (2022) argued that the porosity and permeability of shale undergo rapid decline during burial, and cannot be restored to their initial state during uplift, resulting in a hysteresis rebound phenomenon. Consequently, it is imperative to consider this factor in calculations. Therefore, the subsequent equation was employed for computation, 
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Where, [image: image] represents pressure (MPa), [image: image] represents rock’s Poisson ratio (0.25); [image: image] and [image: image] represent the coefficient of compressibility of rock and water; [image: image] represents the average density of the denudated formation (2.65×103 kg/m3); g represents the acceleration of gravity (9.8 m/s2); [image: image] indicates the denudation thickness of the formation(m).
However, Li et al. (2016) and Gao et al. (2019) proposed that Longmaxi Formation shale predominantly develops micro- and nano-scale pores, and the rebound degree does not significantly change with increasing denudation thickness. Hence its impact on pressure evolution is negligible.
In the uplift stage of Longmaxi Formation shale, a temperature decrease of approximately 80 °C inevitably led to changes in formation pressure. We employed two methods for pressure evolution during tectonic uplift. The first commonly used Soave-Redlich-Kwong (SRK) state equation is employed to quantitatively calculate the influence of temperature changes on fluid pressure in the gas reservoir during the uplift process. The calculation formula is as follows:
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Where, P represents pressure (MPa); T is temperature (K); V is molar volume of the gas (cm3/mol); R is the gas constant (8.314 J/mol/K); a(T) denotes inter-molecular attraction; b is the volume of gas molecules; ω is the acentric factor of the gas; Tc and Pc are the critical temperature and pressure of the gas (190 K, 4.599 MPa); Tr is the relative temperature of the gas, i.e., the ratio of the actual absolute temperature to its critical temperature.
The second method is the equation of state (EOS) for supercritical CH4 system by Duan et al. (1992). The main factors affecting pressure changes in shales are temperatures and gas escape, which has a linear relationship with gas density. The gas volume or gas density can be evaluated by the equation of state for supercritical CH4 system (Duan et al., 1992).
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Empirical parameters [image: image], [image: image] in EOS for CH4 are compiled by Duan et al. (1992). [image: image] is the critical temperature above which a gas cannot be liquefied by an increase of pressure. [image: image] is the pressure at given temperature to liquefy a gas. [image: image] and [image: image] can be calculated at given temperature and pressure condition in a specific basin.
For Well H202 in the Yongchuan area, the temperature data during the uplift stage is substituted into the above equation to calculate the pressure drop due to temperature decrease, which is equal to 27.99 MPa. The pressure drop caused by gas escape can be calculated by balancing the currently measured pressure values with the theoretical pressure values at the maximum burial depth. According to the first sets of calculation. The initial fluid pressure of the shale in Well H202 during the early uplift stage is 140.55 MPa, and the currently measured formation pressure is 81.63 MPa, resulting in a total pressure drop of 58.93 MPa. The pressure drop due to temperature decrease is 27.99 MPa, and the pressure drop due to gas escape is 30.94 MPa. Following method 2, the gas density in studied over-pressured shales is ∼0.206 g/cm3, and the gas density was ∼0.255 g/cm3 at maximum burial depths. Comparing the initial pressure before tectonic uplift and the present-day pressure coefficient, the loss of shale gas is ∼15.5% of the initial total gas content. If pore rebound is taken into account, the pressure drop is calculated to be 27 MPa. Combining those above calculated values, restored paleo-pressure values, and currently measured pressures, the pressure evolution curve during the uplift stage of the shale in Well H202 is plotted (Figures 8A, D). It can be observed that fluid pressure shows a decreasing trend during the uplift stage, but the evolution of the pressure coefficient has a turning point, exhibiting a trend of initially decreasing and then increasing. This phenomenon arises because the early fluid pressure drop is greater than the overlying strata pressure drop, while the late-stage fluid pressure drop is less than the overlying strata pressure drop. The homogenization temperature test results of inclusions provide the essential reasons for this phenomenon. The homogenization temperature of inclusions in Well H202 ranges from 165°C to 204°C, corresponding to capture time from 65 to 15 Ma. This indicates that during this period, fractures opened to allow extensive gas escape, thus fluid pressure drop was significant. No inclusions below 165°C were found, suggesting that from 15 to 0 Ma, fractures closed to limit gas escape, and the fluid pressure drop was smaller. Therefore, based on the differences in controlling factors, the pressure evolution during the uplift process of the Longmaxi Formation shale in Well 202 can be divided into two stages: 1) Early Paleogene to Middle Neogene (65–15 Ma), the shale fluid pressure dropped from 140.55 MPa to 95.21 MPa. The pressure drop due to temperature decrease is 15.74 MPa, and the pressure drop due to gas escape is 29.60 MPa. During this period, strata denudation caused a decrease in overlying strata pressure by 13.63 MPa, which is less than the fluid pressure drop, resulting in a decrease in the pressure coefficient from 2.09 to 1.78; 2) Middle Neogene to Present (15–0 Ma), the shale fluid pressure dropped from 95.21 MPa to 81.63 MPa. The pressure drop due to temperature decrease is 12.25 MPa, and the pressure drop due to gas escape is 1.33 MPa. During this period, strata denudation causes a decrease in overlying strata pressure by 13.61 MPa, slightly higher than the fluid pressure drop, resulting in an increase in the pressure coefficient from 1.78 to 2.04. Throughout the entire uplift process, fluid pressure has not reached the fracture limit of the rock, and gas pressure release mainly occurs through diffusion or structural fracture. Uplifting caused gas escape in Luzhou area is not as heavy as in Dazu and Yongchuan (Figures 8B–F).
[image: Figure 8]FIGURE 8 | Evolutionary models of pressure and pressure coefficient in the deep Longmaxi formation shale gas reservoirs in the Yongchuan Area (A,D), Luzhou area (B,E), and Dazu area (C,F).
5.4 Analysis of differential pressure evolution of deep Longmaxi formation shale
Pressure evolution histories of the deep Longmaxi Formation shale were individually established for Well L202 in Luzhou area, and Well Z202 in Dazu area (Figures 8B,C,E,F). A comparative analysis reveals similarities in pressure evolution during the sedimentation–subsidence stage. Both shales exhibit intense overpressure due to hydrocarbon generation, reaching a formation pressure of approximately 140 MPa and a pressure coefficient of about 2.10 at the maximum burial depth of approximately 6,700 m. However, differences emerged during the uplift–denudation process. The Luzhou area experienced the smallest decrease in formation pressure (pressure drop due to temperature decrease and gas escape are 24.50 MPa and 21.63 MPa, respectively). Consequently, the current formation pressure and pressure coefficient are the highest, equal to 94.86 MPa and 2.24, respectively. Conversely, the Dazu area witnessed the largest decrease in formation pressure (pressure drop due to temperature decrease and gas escape are 29.33 MPa and 38.88 MPa, respectively). Thus, the current formation pressure and pressure coefficient are the lowest, equal to 70.72 MPa and 1.86, respectively. This discrepancy reflects variations in gas reservoir preservation conditions. The Luzhou area, situated within the internal part of the gently inclined tectonic zone in southern Sichuan, is featured by limited large faults and primarily small faults. The extent of shale gas escape and the pressure drop are relatively low, resulting in current gas reservoir pressure coefficients generally ranging from 2.0 to 2.4. Conversely, the Dazu area, located at the boundary of the southern and central Sichuan tectonic zones, hosts several large faults trending northeast to southwest. This may contribute to relatively higher shale gas escape and pressure drop, resulting in overall pressure coefficients ranging from 1.8 to 2.0.
6 IMPACT OF VARYING DEGREES OF OVERPRESSURE ON PORE CHARACTERISTICS OF DEEP SHALE GAS RESERVOIRS
6.1 Scanning electron microscopy (SEM) features of deep shale pores
Observations using high-resolution scanning electron microscopy revealed diverse spatial types of organic-rich shale reservoirs under overpressure conditions in the Long 11 Sub-member. Four types of pores are commonly observed, including organic matter pores, intragranular dissolution pores in brittle minerals, intergranular (interlayer) pores in clay minerals, and microfractures, with the first two being predominant (Figures 9A–I). Organic matter pores exhibit great advantages in bearing adsorbed and free methane. Consequently, the development of organic matter pores plays a crucial role in the enrichment of shale gas in the Longmaxi Formation. The organic matter pores in the samples are primarily irregular subcircular or ellipsoidal, appearing honeycomb-shaped or bead-like within the organic matter, with pore diameters ranging from 50 to 450 nm (Figures 9A, B). Their formation is associated with the extensive hydrocarbon generation and expulsion during the thermal maturation of organic matter. Additionally, a few organic matter pores are in the form of fissures distributed at the interface between organic matter and inorganic minerals, with a width of up to approximately 200 nm (Figure 9C). The origin is attributed to specific organic maceral and its shrinkage effects during thermal evolution (Wang et al., 2023a). Intragranular dissolution pores in brittle minerals generally exhibit a polygonal shape, with pore diameters ranging from 300 to 1,200 nm and poor connectivity (Figures 9D–F). Intergranular (interlayer) pores in clay minerals typically appear as fissures with directional distribution, with pore diameters ranging from 300 to 700 nm and good local connectivity (Figure 9G). Scholars have classified microfractures into three types based on their origins: structural fractures, diagenetic shrinkage fractures, and bedding slip fractures (Zeng et al., 2016). In the study area, diagenetic shrinkage fractures are well-developed (Figures 9H, I), often extending along the interface of minerals or organic matter, with lengths ranging from 8 to 20 μm. They are featured by limited opening and mostly unfilled. These fractures serve as one of the main spaces for the occurrence and migration of shale gas. In addition, a small number of primary intergranular pores in brittle minerals were observed, appearing as fissure-like, wedge-shaped, or cylindrical structures (Figure 9F).
[image: Figure 9]FIGURE 9 | Scanning electron microscope images of pore types in organic-rich Shale of the deep long 11 sub-member, including organic matter pores (A–C), intragranular dissolution pores (E–G), and diagenetic shrinkage fractures (H–I).
6.2 Pore structure characteristics
The pore structure characteristics of shale reservoirs, including morphology, pore size distribution, pore volume, and specific surface area, are not only crucial parameters for evaluating reservoir performance but also significantly impact the distribution of shale oil and gas content in different occurrence states (Wei et al., 2021). Scholars have combined gas adsorption and high-pressure mercury injection experiments to characterize the pore structure of the deep Longmaxi Formation shale in southern Sichuan, and analyzed the influence of factors such as burial depth, total organic carbon (TOC) content, inorganic mineral composition, and water content on pore structure characteristics (Pan et al., 2015; Yang et al., 2016; Zhao et al., 2018). The research results indicate that the total pore volume of the shale ranges from 17.26 to 33.65 mm3/g, with an average of 28.74 mm3/g. The predominant pores are mesopores (2–50 nm) and micropores (<2 nm), with macropores (>50 nm) contributing a smaller proportion, averaging 23%, 73%, and 4%, respectively. In addition, the volume of pores with diameters less than 10 nm accounts for an average of 59%. In comparison with shallow shale at depths less than 3,000 m, deep shale at depths exceeding 3,500 m exhibits a significant increase in total pore volume (rising from 22.85 mm3/g to 29.86 mm3/g). The volume proportion of micropores within the total pore volume also significantly increases (from 15.34% to 21.85%), while the proportions of mesopores and macropores decrease (from 72.54% to 66.71% and from 12.12% to 11.44%, respectively). The TOC content correlates positively with the volumes of micropores and mesopores, with correlation coefficients reaching 0.81 and 0.42, while its correlation with macropore volume is only 0.21. The reservoir’s water absorption rate increases from 1.84% to 2.84%, while the reduction rate in total pore volume rises from 10.7% to 21.8%. The decrease in specific surface area increases from 15.5% to 29.7% (Shi et al., 2023). Additionally, some scholars have employed scanning electron microscopy and image processing to analyze the structural characteristics of organic matter pores. They have explored the controlling effects of organic maceral, formation pressure (overpressure and normal pressure), and mineral composition. Studies show pores developed in bitumen generally have diameters larger than 25 nm, while those in bacterial aggregates and algal fragments have diameters ranging from 10 to 30 nm (Xie et al., 2021). Organic matter pores, protected under overpressure conditions, exhibit characteristics such as nearly circular shapes and diameters ranging from hundreds of nanometers to micrometers. In contrast, under normal pressure conditions, these pores undergo modification and exhibit irregular shapes with diameters ranging from tens to hundreds of nanometers (Liu et al., 2020). An increase in pyrite content promotes the development of organic matter pores, with the diameters of organic matter pores in the periphery ranging from 20 to 70 nm. They often appear as approximately elliptical and irregular shapes with some interconnected with each other.
To explore the impact of varying degrees of overpressure on pore structure characteristics of shale reservoirs, this study employed low-temperature carbon dioxide adsorption, nitrogen adsorption, and high-pressure mercury injection experiments to quantitatively characterize micropores, mesopores, and macropores in organic-rich shale samples from the Long 11 Sub-member, in Luzhou, Yongchuan, and Dazu areas. The results show that their total pore volume ranges from 23.80 to 43.70 mm3/g, with an average of 32.45 mm3/g, mainly contributed by mesopores. Contributions from micropores and macropores are comparatively lower (Figure 10). The average total pore volume of micropores is 1.98 mm3/g, accounting for a proportion of 1.67%–9.88%, with an average of 6.24%. The average value of mesopores is 29.50 mm3/g, accounting for a proportion of 84.03%–93.82%, with an average of 90.57%. The average value of macropores is 0.97 mm3/g, accounting for a proportion of 1.60%–6.72%, with an average of 3.18%. The total specific surface area ranges from 23.05 to 47.05 m2/g, with an average of 33.61 m2/g, mainly contributed by mesopores and micropores, while macropores contribute less. The average total surface area of micropores is 6.79 mm3/g, accounting for a proportion of 14.65%–28.27%, with an average of 20.15%. The average value of mesopores is 26.80 mm3/g, accounting for a proportion of 71.70%–85.32%, with an average of 79.80%. The average value of macropores is 0.01 mm3/g, accounting for a proportion of 0.02%–0.13%, with an average of 0.04% (Figure 10). However, with increasing pressure coefficients (Dazu < Yongchuan < Luzhou), there is no consistent pattern in the variation of total pore volume, total specific surface area, and their proportions in micropores, mesopores, and macropores. This suggests that the influence of increased overpressure (1.86–2.24) on shale pore volume and specific surface area is relatively limited.
[image: Figure 10]FIGURE 10 | Pore structure characteristics of organic-rich shale in the deep long 11 sub-member (Z-1 to Z-3: samples from well Z202 in Dazu area, pressure coefficient 1.86; H-1 to H-7: samples from well H202 in Yongchuan area, pressure coefficient 2.04; L-1 to L-6: samples from well L202 in Luzhou Area, pressure coefficient 2.24).
On the basis of gas adsorption characteristics, this study utilized Ar-ion polishing SEM technique to systematically observe and continuously capture images of organic pores in samples from the Long 11 Sub-member in the study area (Figure 11). The pore size distribution and morphological features of organic pores were statistically analyzed by employing image processing software (Avizo 2019) for statistical analysis of the. SEM images provide better resolution and statistical significance for pores above 10 nm. The study documented a total of 8,767 organic pores, revealing a pore size range of 10–1,200 nm. The pore size distribution exhibits significant variations in different areas, with 10–50 nm pores accounting for 30.11%–65.79% of the total, 50–100 nm pores accounting for 23.71%–49.40%, and >100 nm pores accounting for 10.50%–45.92% (Figure 12A). The morphological features of the pores can be defined using the shape factor, and calculated through Eq. 1:
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Where, S is pore cross-sectional area. C is pore cross-sectional perimeter Within the range of 0–1.0, the values closer to 1.0 indicate a more circular pore shape, and the values closer to 0 suggest increasingly irregular pore shapes. The statistical results indicate that organic pores with a shape factor greater than 0.7 constitute over 65% of the total, while those with a shape factor lower than 0.4 account for less than 9% (Figure 12B). This implies that the organic pores in the target layer of the study area are predominantly circular or subcircular, with fewer irregular and extremely irregular flattened angular pores.
[image: Figure 11]FIGURE 11 | Morphological characteristics of organic pores in organic-rich shale of the deep long 11 sub-member in Southern Sichuan (A–D) Dazu area; (E–H) Yongchuan area; (I–L) Luzhou area.
[image: Figure 12]FIGURE 12 | Comparative analysis of organic pore size range (A) and shape factor (B) in the deep long 11 sub-member, Southern Sichuan Area. ‘N’ represents the total number of statistically analyzed organic pores.
The study further conducted a comparative analysis on the distribution characteristics of the organic pore sizes in samples from different overpressured zones. The results indicate that with an increase in the pressure coefficient, there is an overall trend of enlargement in the organic pores of shale (Figure 12A). In the Dazu area, which has the lowest shale pressure coefficient (1.86), the pore size distribution is concentrated in the 10–25 nm, 25–50 nm, and 50–75 nm intervals, with proportions reaching 19.32%, 46.47%, and 16.94%, respectively. In the Yongchuan area, with an intermediate shale pressure coefficient (2.04), the pores slightly enlarge, concentrating in the 25–50 nm, 50–75 nm, and 75–100 nm intervals, with proportions of 37.11%, 34.99%, and 14.41%, respectively. In the Luzhou area, with the highest shale pressure coefficient (2.24), there is a significant enlargement of pores. The proportions of pores in the 10–50 nm and 50–100 nm intervals decrease to 30.11% and 23.97%, respectively, while the proportion of pores exceeding 100 nm significantly increases to 45.92%. These features suggest that in deep shale formations with widespread strong overpressure, higher degrees of overpressure make greater contribute to the development of organic pores larger than 100 nm. Conversely, decreasing overpressure results in the compression of organic pores, leading to an overall reduction in pore size to less than 100 nm, particularly in the 10–50 nm range. Many scholars agree that overpressure has a protective effect on the preservation of shale organic pores (Liu, 2015; Wang et al., 2019; Wang et al., 2023b), but there are few studies on the effect of overpressure on organic macropores in Longmaxi Formation.
6.3 Porosity characteristics
In the research related to the middle and shallow Longmaxi Formation shale reservoirs in the southern and southeastern Sichuan Basin, the helium porosity is commonly observed to range between 2% and 8%. The variations in porosity are jointly controlled by the formation pressure coefficient and the lithofacies (Nguyen et al., 2013; Li et al., 2017; Nabawy et al., 2022). On one hand, as the pressure conditions transit from normal pressure to overpressure, the compaction effect from overlying strata gradually diminishes, maintaining the porosity of shale reservoir at relatively high levels. On the other hand, the compressive strength of siliceous shale, clayey shale, and silty shale decreases in sequence. Under the same normal pressure conditions, siliceous shale exhibits lower compaction, thereby retaining higher porosity and better reservoir capacity. In contrast, clayey shale and silty shale undergo significant compaction and alteration, leading to a substantial reduction in porosity and reservoir capacity, and they ultimately transform into cap rocks. When normal pressure shifts to overpressure, the compaction intensity of clayey shale significantly decreases, resulting in a notable increase in porosity, sometimes even surpassing that of siliceous shale. Consequently, clayey shale may also exhibit favorable reservoir capacity under overpressure conditions.
The analysis of helium porosity in the deep Long 11 Sub-member shale of the southern Sichuan region, encompassing 188 core samples from three areas, reveals a distribution range similar to that of the middle and shallow layers, ranging from 1% to 8%. The variation in porosity also exhibits a strong correlation with the formation pressure coefficient and the lithofacies. With increasing pressure coefficient, the distribution range and average of the shale porosity gradually increase (see Figure 13A). In the Dazu area, where the pressure coefficient is the lowest (1.86), the porosity ranges from 1.17% to 5.57%, with an average porosity of only 3.18%. In the Yongchuan area, with a moderate pressure coefficient (2.04), the porosity varies from 2.58% to 7.78%, and the average porosity is 4.28%. The Luzhou area, with the highest pressure coefficient (2.24), exhibits porosity distribution ranging from 3.21% to 7.73%, and an impressive average porosity of 5.03%. Evaluation standards for middle and shallow Longmaxi Formation shale reservoirs often categorize those with porosity exceeding 5.0 as Class I reservoirs (Zhao et al., 2016). When this criterion is applied to assess the deep shale porosity, only 4.35% of the Dazu area samples meet Class I reservoir standards, while the Yongchuan area reaches 23.21%, and the Luzhou area attains the highest, at 45.35%. These results show that, in deep shale formations characterized by prevalent strong overpressure, enhanced overpressure helps counteract the compaction effect, improving porosity and enhancing reservoir quality. Additionally, both siliceous shale and clayey shale are developed in the Long 11 Sub-member in Well H202 of the Yongchuan area. Analysis indicates that siliceous shale has a porosity distribution ranging from 2.58% to 5.42%, with an average value of 3.86%, and only 6.06% exceeding 5.0. In contrast, clayey shale exhibits relatively superior porosity characteristics, with a distribution between 2.76% and 7.78%, an average value of 4.90%, and an impressive 47.83% exceeding 5.0 (see Figure 13B). This observation indicates that the development of overpressure significantly improves the porosity and quality of clayey shale.
[image: Figure 13]FIGURE 13 | Comparison of pore volume in the long 11 sub-member shale reservoir under different pressure coefficients (A), and comparison of pore volume in the Clayey and Siliceous shales in the Yongchuan area under overpressure conditions (B).
7 CONCLUSION
A detailed study on the formation mechanisms, evolutionary patterns, and the controlling effects on reservoir pore characteristics of strong overpressure have been made and the following conclusions can be reached.
The well log curve combination method and the sonic velocity-density crossplot method, sediment burial and hydrocarbon generation history, fluid inclusion paleo-pressure recovery together confirm that hydrocarbon generation expansion is the dominant mechanism for the formation of strong overpressure in the deep Longmaxi Formation shale gas reservoir. Overpressured intervals exhibit the log characteristics of significantly increase of acoustic travel time and high resistivity, and significantly decrease of density.
In the long-term subsidence process, the deep Longmaxi Formation shale gas reservoir has been influenced by the effects of kerogen oil generation and retained oil cracking into gas. It experienced three stages: normal pressure (Silurian to Early Triassic), overpressure (Early Triassic to Early Jurassic), and strong overpressure (Early Jurassic to Late Cretaceous), with corresponding pressure coefficients of 1.08–1.09, 1.51–1.56, and 2.09–2.12, respectively. During the late strong uplift process, the initially formed overpressure underwent some adjustment due to temperature reduction and gas escape. Fluid pressure gradually decreased from 138.93–140.99 MPa to 70.72–94.86 MPa. The pressure coefficient showed a change trend of decreasing first and then increasing, and currently strong overpressure is still maintained.
Different degrees of strong overpressure have a significant control on the porosity and pore structure of the shale gas reservoir. Higher pressure coefficients contribute to maintaining high porosity and organic macropores. Deep Wufeng-Longmaxi Formation shale exhibits differences in morphological characteristics, structure and connectivity of organic matter pores. This study provides valuable insights for the further understanding and evaluation of deep shale gas reservoirs.
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Due to global geological events and differences in regional sedimentary environments, marine shale reservoirs of Wufeng-Longmaxi Formation in Eastern and Southern Sichuan Basin exhibit significant heterogeneity in organic matter content and mineral composition. In order to reveal the influence of paleoenvironment evolution on reservoir heterogeneity, key geochemical indicators of elements were used to reconstruct the sedimentary environment of marine shale in Eastern and Southern Sichuan Basin. The influence mechanism of paleoenvironment on organic matter content and mineral components was also explored. The results indicate that the Wufeng-Longmaxi Formation in the Southern and Eastern Sichuan Basin can be divided into two third-order sequences (Sq 1 and Sq 2). Each third-order sequence is divided into a transgressive system tract (TST) and a highstand system tract (HST). The average TOC content in the Eastern Sichuan Basin is the highest during the TST1 period with reaching 4.2%, while reached its maximum at 3.9% during the TST2 period in the Southern Sichuan Basin. Due to the influence of high paleo-productivity, the organic matter accumulation and quartz content in the eastern Sichuan region were higher than those in the southern Sichuan region from the TST1 to the middle TST2 period. However, the organic matter accumulation and quartz content in the late TST2 period were lower than those in the southern Sichuan region due to the dilution of terrestrial debris. During the HST2 period, due to the influence of higher paleo-productivity, clay adsorption and preservation condition, the TOC content in the eastern Sichuan region slightly increased in the early stage. At the same time, the marine shale in the southern Sichuan region has a high content of quartz minerals and a low content of clay minerals due to strong weathering intensity and input of coarse-grained debris (silt-size quartz).
Keywords: sedimentary environment, paleoenvironmental condition, ordovician-silurian, organic matter, black shale, Sichuan Basin
INTRODUCTION
The Ordovician-Silurian black shale in the Sichuan Basin is a key contributor to China’s breakthrough in shale gas production (Chen et al., 2017a; Jiang et al., 2022). At present, a gas field with an annual production capacity of 20 billion cubic meters has been built in the Ordovician-Silurian black shale with a burial depth of less than 3500 m in the Changning, Weiyuan, and Zhaotong areas in the Southern Sichuan Basin (Chen et al., 2017b; Cai et al., 2023; Fan et al., 2024). However, the Ordovician-Silurian black shale with a burial depth of less than 3500 m only accounts for 16% of the shale gas geological resources (Fu et al., 2019; Dong D. et al., 2022; Li, 2023a), and deep (burial depth>3500 m) marine shale gas is clearly the main driver of future production growth (Fu et al., 2021a; Fu et al., 2021b; Li, 2023b). Due to the influence of regional tectonic environment, there are significant differences in the sedimentary thickness and paleoenvironment of the Ordovician-Silurian shale in the Eastern and Southern Sichuan Basin (Guo et al., 2019; Jin et al., 2020; Huang et al., 2023). The degree of organic matter enrichment and mineral composition in the shale will also vary. Therefore, restoring the paleo-sedimentary evolution process of shale and clarifying its impact on the distribution of organic-rich intervals and mineral components is of great significance for promoting efficient shale gas exploration in the Eastern and Southern Sichuan Basin (Jiang et al., 2018; Wei et al., 2021).
The Ordovician-Silurian black shale was formed during a turbulent geological history transition period (Katian to Aeronian), influenced by global and regional geological events such as volcanic eruptions, orogeny, glaciation, biotic extinction, and global sea-level changes (Wu et al., 2018; Dong T. et al., 2022; Li et al., 2022). In order to analyze the evolutionary characteristics of the black shale sedimentary environment, logging curve cycles and distribution of biogenic graptolite zones were used to establish a sequence stratigraphic framework (Wang et al., 2019), which is helpful for the comparative study of subsequent paleoenvironmental evolution. The sedimentary paleoenvironment mainly affects the enrichment of organic matter by controlling the accumulation process of organic matter (primary productivity, redox conditions, terrestrial input, sedimentation rate), and has produced three commonly used models: the “preservation model”, the “productivity model”, and the most common “multi-factor control model” (Armstrong et al., 2009; Berry, 2010; Zhao et al., 2019). In addition, the indirect impact of global or regional geological events on shale sedimentation and organic matter enrichment should not be ignored (Song et al., 2023; Xie et al., 2023). The control effect of sedimentary paleoenvironment on shale mineral composition can be summarized in three aspects: firstly, it affects the development of biogenic siliceous quartz or biogenic calcareous carbonate (Cai et al., 2022; Chen et al., 2023); secondly, it directly affects the type and content of mineral components in sedimentary areas through input from source and terrestrial sources (Wu et al., 2022); The third is the enrichment of minerals such as authigenic carbonates and pyrite (Liu et al., 2019; Chen et al., 2023).
Compared with the abundant achievements of previous studies, sedimentary and elemental geochemistry methods have been applied in this study, and multiple paleo-environmental factors such as paleo-redox, paleo-productivity, terrestrial debris input, and paleo-climate have been discussed. Under the isochronous stratigraphic framework, the evolutionary characteristics of paleoenvironment in the Eastern and Southern Sichuan Basin have been identified, and the shale sedimentation process has been restored. Meanwhile, the impact of sedimentation on the distribution and mineral composition of organic-rich shale has been discussed. The research results provide a reference basis for predicting and optimizing the “sweet spot area” of shale gas in the Sichuan Basin.
GEOLOGICAL SETTING
The Ordovician-Silurian black shale was formed during the extinction of the South China Basin and the formation of the South China Orogenic Belt. After the Middle Ordovician, the Huaxia block collided with the Yangtze block. As the main part of the Upper Yangtze Plate, the Sichuan Basin and its periphery have entered the stage of foreland basin evolution (Zhang et al., 2020; Wang et al., 2022). During the Late Ordovician to Early Silurian, with the strengthening of compression from southeast to northwest, the paleo-uplift in the Central Sichuan Basin and the paleo-uplift in the Central Guizhou-Xuefeng outside the basin alternately uplifted (Jiang et al., 2019; Jiang et al., 2020), resulting in the distribution of the foreland depression belt in the “three uplifts sandwiched with one depression” (Zhang et al., 2022), and the sedimentary facies and provenance regions were controlled by the peripheral uplifts. Between the paleo-uplifts, there are semi-closed stagnant basins, forming two depression centers in Southern and Eastern Sichuan (Figure 1). The northern part of southern Sichuan is located at the southern edge of the Leshan-Longnvsi paleo-uplift, while the southern part is blocked by the Central Guizhou paleo-uplift and the Xuefeng paleo-land, forming a semi-enclosed basin with strong water limitations. Due to its proximity to the Central Guizhou paleo-uplift, terrigenous debris material may mainly come from the foreland uplift zone, including the Central Guizhou paleo-uplift, as well as the Xuefeng paleo-uplift, with limited supply from the Central Sichuan paleo-uplift. The western part of the Eastern Sichuan Basin is closer to the paleo-uplift in Central Sichuan, and the northern edge is closer to the Qinling Ocean, which is connected to external water bodies. The limitations of its water bodies are weak, and its provenance may mainly come from the paleo-uplift in Central Sichuan Basin.
[image: Figure 1]FIGURE 1 | Geological background and location of studied wells during the sedimentary period of the Wufeng Formation-Longmaxi Formation in the Sichuan Basin and its surrounding areas.
The black shale of the Ordovician Wufeng Formation-Silurian Longmaxi Formation is widely developed in southern China, and belongs to the Katian Stage-Aeronian Stage in terms of geological age (Brenchley et al., 2003). Except for the top 1–2 m of the Ordovician Wufeng Formation, which is composed of shell limestone or carbonate-bearing mudstone rich in Hirnantian fauna fossils, all other intervals are shale rich in graptolite fossils.
The shale intervals studied in this article are Katian Stage, Hirnantian Stage, and Rhuddanian Stage, which correspond to the WF1-WF3, WF4-LM1, and LM2-LM5 of the graptolite biozone, respectively (Chen X. et al., 2017; Huang et al., 2023). By combining lithology, logging response, and graptolite biozone, and referring to previous classification schemes (Figure 2), the shale interval can be divided into two third-order sequences (Sq 1 and Sq 2) and four individual tracts (TST1, HST1, TST2, and HST2). The Wufeng Formation and GYQ Member form the first third-order sequence (Sq 1), with black siliceous shale and argillaceous-rich siliceous shale (TST1) from the Wufeng Formation at the bottom and argillaceous limestone (HST1) from the GYQ Member above. The lower part of the Longmaxi Formation is the second third-order sequence (Sq 2), with the bottom boundary in contact with the overlying siliceous shale through transgression. The black siliceous shale in the lower part of the Longmaxi Formation is divided into TST2, and the second maximum flood surface (MFS) has been identified, representing the transition from deep water to shallow water and the beginning of HST2.
[image: Figure 2]FIGURE 2 | Sequence division of shale interval in Well FT-16. TST, Transgressive system tract; HST, Highstand system tract; SB, Sequence boundary, MFS, Maximum flooding surface).
SAMPLES AND METHODS
Sample collection and measurement
34 shale samples from the Well FT-1 in the Eastern Sichuan Basin. When selecting samples, non matrix parts such as calcite veins were avoided. All samples were measured for TOC value, mineral composition, and bulk element content. Previous studies have obtained detailed elemental geochemical data for marine shale intervals in the southern Sichuan region (Huang et al., 2023), laying the foundation for comparing paleoclimate, terrestrial debris input, paleoproductivity, and bottom water redox conditions with the Eastern Sichuan Basin. In addition, to clarify the provenance and tectonic background of the Southern Sichuan Basin, this study cited 59 sets of data obtained from the Changning and Xingwen Outcrop of the Southern Sichuan Basin (Li, 2017). The XRD experiment was completed at the China Petroleum Exploration and Development Research Institute and measured using a Japanese Nikkei X-ray diffractometer. The determination of element content was completed within Kehui Testing (Tianjin) Technology Co., Ltd. Trace and rare earth elements were determined using ICP-MS (Jena PQ MS) high-resolution plasma spectrometer, and the main elements were determined using XRF-1800 wavelength dispersive X-ray fluorescence spectrometer. The TOC test was conducted using the CS744-MHPC carbon and sulfur analyzer at the unconventional experimental center of CNOOC Energy Development.
Indicator calculation and calibration
The enrichment factor (XEF) can eliminate the influence of terrestrial debris and distinguish the degree of element enrichment in sediments. The calculation formula is: XEF=(X/Al)sample/(X/Al)standard.
X and Al represent the element content and Al content in the sediments, respectively, and “standard” refers to the standardized background values. PAAS (Taylor and McLennan, 1985) and UCC (McLennan, 2001) are frequently used for normalization in previous studies, and we select the PAAS in this study. Al is not easily affected by weathering or post-depositional alteration, so the ratio of element content to Al is used to remove the influence of terrestrial debris.
The calculation method for trace element content in sediments of non detrital origin (biogenic or authigene enrichment) is as follows: Eorg/Ebio = Esample-Alsample×(E/Al)detr
Ebio represents the organic or biological portion of an element that exceeds a specific terrestrial input standard. The portion exceeding the average shale is calculated by subtracting the estimated fragment source from the total element content in the sample. Esample and Alsample represent the abundance of a certain element and Al element in the shale sample, respectively, and (E/Al) detr is the ratio of the average abundance of E and Al under specific standards (McLennan, 2001). In practical research, PAAS is often used to estimate terrestrial inputs, with commonly used (Si/Al) detrs and (Ba/Al) detrs of 3.11 and 0.0075, respectively (Taylor, 1964; Wedepohl, 1971; Dymond et al., 1992). The Chemical Weathering Index (CIA) is commonly used to determine the degree of paleoweathering. In order to exclude the influence of oxides from non terrestrial debris sources, it is necessary to calibrate the CaO content to obtain the CaO content (CaO*) in silicates.
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In the formula, if CaO(adjust)>Na2O, then CaO* = Na2O; If CaO(adjust)<Na2O, then CaO* = CaO(adjust). The above units are all in mol
RESULTS
Shale lithofacies and mineral compositions
Using the ternary diagram of mineral composition, shale lithofacies types were classified (Figure 3A). The results indicate that in the Southern Sichuan Basin, the main types are argillaceous-rich siliceous shale, mixed siliceous shale, and siliceous-argillaceous mixed shale. The Eastern Sichuan Basin is mainly composed of siliceous shale, argillaceous-rich siliceous shale, and mixed siliceous shale. The mineral components of different system tracts in the Eastern and Southern Sichuan Basin are shown in Table 1. The carbonate mineral content of marine shale in Southern Sichuan is generally higher than that in Eastern Sichuan, while the feldspar content is generally lower than that in Eastern Sichuan. The content of clay minerals and pyrite in marine shale in the Southern Sichuan Basin is higher in TST1, and lower in other periods than in the Eastern Sichuan Basin. However, the content of quartz is only higher in HST2 period, and lower in other periods than in the Eastern Sichuan Basin.
[image: Figure 3]FIGURE 3 | Mineral composition in different system tracts (A) and box-plots of TOC range (B) in Eastern and Southern Sichuan Basin. Total organic carbon (TOC) content range.
TABLE 1 | Mineral composition characteristics and TOC content of shales in different area and system tracts (Well N16, W1, W4-H in southern Sichuan from Huang et al., 2023).
[image: Table 1]From the characteristics of changes in different system tracts, from TST1 to HST2, the clay content in the Eastern Sichuan Basin continued to increase while the quartz content continued to decrease. However, the quartz content in the Southern Sichuan Basin shows a trend of first increasing and then decreasing, while the change in clay content is opposite. In addition, the TST1 and TST2 sedimentary samples in the Eastern Sichuan are more dispersed, indicating that the mineral composition during this period is complex and varied. It is possible that the study area is close to the provenance region, and the water is relatively shallow, making it more susceptible to the influence of sea-level changes and terrestrial inputs.
The TOC content of marine shale in the eastern Sichuan region is generally higher than that in the southern Sichuan region (Figure 3B), with the highest average TOC value during the TST1 period, reaching 4.2%. The average TOC value of marine shale in the southern Sichuan region reached its maximum during the TST2 period, at 3.9%. From TST1 to HST2 period, the average TOC in Southern Sichuan showed a trend of first increasing and then decreasing, while the average TOC in Eastern Sichuan continued to decrease. The maximum variation in TOC during the TST1 period in Eastern and Southern Sichuan may be related to rapid changes in the paleoenvironment or frequent geological events during this period.
Paleo-environmental conditions and differences
Paleo-redox condition
The redox level is a key factor in the preservation of organic matter. Redox-sensitive elements Mo, U, V, Cr, Ni, and Co are commonly used for the reconstruction of bottom water redox environments (Tribovillard et al., 2006). These elements are prone to precipitate in sediment under reducing conditions, while they are prone to dissolve in water under oxidizing conditions (Tribovillard et al., 2012). In order to weaken the dilution effect of terrestrial debris, the ratio of element content to Al content was used as an indicator in this study. Figure 4 shows that the reducibility of bottom water in both Eastern and Southern Sichuan increases rapidly during the TST1 period, and reaches its maximum in the early TST2 period before slowly decreasing.
[image: Figure 4]FIGURE 4 | Comparison of common paleo-redox indicators in different system tracts in Eastern and Southern Sichuan Basin.
In order to quantify redox levels in different system tracts and areas, the cross-plots of Th/U-Ni/Co, V/Cr-V/(V + Ni), and MoEF-UEF were applied (Figures 5A–C). In the Southern Sichuan Basin, the data points of TST1 reflect a gradual transition from suboxic to anoxic, sample distribution area and data points exhibit stronger reduction of anoxic bottom water in the early TST2 with some intervals even reaching the euxinic condition, while gradually decrease to weak anoxic or suboxic conditions during the late TST2 and HST2 period. The TST1 period in the Eastern Sichuan Basin is mainly in a anoxic environment, and the bottom water reduction in the TST2 period is also reach its maximum, manifested by some data points being close to the euxinic zone. In addition, a small number of data points in the late TST2 period near the suboxic zone may be related to a decrease in the degree of late reduction. The reducing conditions in HST2 continued slowly decreasing after a slight increase, and it remained mainly in a weak anoxic environment in the early period.
[image: Figure 5]FIGURE 5 | Correlation diagrams of geochemical elements. (A–D) Paleo-redox conditions discrimination diagrams. (E–H) Silicon source discrimination diagrams. (I))A-CN-K diagrams, reflecting weathering intensity and provenance.
Mo/TOC can be used to determine the degree of limitation of water bodies (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009). The data points of TST1 in the Southern Sichuan Basin are relatively scattered (Figure 5D), suggesting an unstable degree of water limitation. Considering the continuous uplift of the surrounding paleo-uplift and the anoxic bottom water environment, the Mo/TOC ratio is mostly less than 4.5, suggesting that the water is strongly restricted in the middle and later periods of TST1. The Mo/TOC enclosed area in the TST2 period is widely distributed, but mainly in a moderately enclosed environment. Its changing characteristics also indicate that as the degree of transgression increases, the degree of restriction gradually strengthens. During the HST2 period, the reducibility of water decreased, but the degree of restriction was significantly reduced in the early suboxic-anoxic environment. The TST1 data points in the Eastern Sichuan are relatively scattered, with Mo/TOC values mostly greater than 4.5, indicating moderate restriction. The limitations of TST2 period have changed significantly, with some data points having Mo/TOC ratios less than 4.5, indicating a significant increase in restriction during certain intervals, but still in a moderately restricted environment. The degree of restriction in HST2 period decreases with the decrease of sea-level.
Paleo-productivity condition
The content of Ba, Cu, Ni, and Zn is closely related to the life activities of marine organisms, Babio and (Cu + Ni + Zn)/Al can serve as reliable indicators for evaluating productivity. The Babio in Figure 6 reflects that the paleo-productivity of the Eastern Sichuan showed an overall increasing trend during the TST1-HST2 period, while showed an increasing trend during the TST1-TST2 period and a decreasing trend in HST2 in Southern Sichuan. The (Cu + Ni + Zn)/Al indicates that the paleo-productivity of these two regions all showed a unimodal distribution, increasing during the TST1 period and reaching its peak in the early TST2 period before slowly decreasing.
[image: Figure 6]FIGURE 6 | Comparison of common paleo-productivity indicators in different system tracts in Eastern and Southern Sichuan Basin.
The Siexcess in the black shale of the Wufeng-Longmaxi Formation is related to biogenic origin, so this study also used Siexcess to evaluate paleo-productivity (Cai et al., 2022). There is a negative correlation between Siexcess and Al (Figure 5E), ruling out the possibility of terrestrial input and clay mineral transformation to form Siexcess. The positive correlation between K2O-Rb (Figure 5F) indicates that the source of Siexcess is not related to magmatic activity or provenances (Floyd and Leveridge, 1987; Huang et al., 2023). The Al-Fe-Mn data (Figure 5G) points all fall into the non hydrothermal zone, indicating that the formation of Siexcess is independent of hydrothermal activity (Xie et al., 2021). The positive correlation between Siexcess and TOC (Figure 5H) confirms its correlation with biological sources. The Siexcess in the Eastern Sichuan generally maintains a trend of first increasing and then decreasing from TST1 to HST2, with the highest paleo-productivity values distributed in the early period of TST2. The peak of the total amount of Siexcess in Southern Sichuan also appeared in the early period of TST2 and gradually decreased thereafter.
Due to the fact that Babio is not suitable for oxygen-deficient environment, while the mass fraction of Cu, Zn and Ni is closely related to the sedimentation amount of organic matter, and suitable for reducing environment. As a result, there is no consistency in these indicators, and the reasons for this can be fully explained. As for Babio, sulfate reduction reactions are common on the surface and/or bottom of sediments in anoxic and euxinic environments during TST1 and HST2, barium sulfate is a latent source of sulfate, and partial dissolve when sulfate supply is insufficient, resulting in a lower content of barium and estimated productivity. On account of the eastern and southern Sichuan are mainly in a relatively reducing environment, (Cu + Ni + Zn)/Al is basically consistent with the change trend of Siexcess, and that also verified the accuracy of the our results. In conclusion, the paleo-productivity during the depositional process of TST1 and TST2 in Eastern and Southern Sichuan is stronger than that of HST2. In addition, the Siexcess and (Cu + Ni + Zn)/Al in Eastern Sichuan is generally higher than that in Southern Sichuan, reflecting the strong paleo-productivity of the former.
Terrestrial input condition
Al and Zr elements are not easily migrated during transportation and can be used as effective indicators to characterize the intensity of terrestrial inputs. Al is mainly came from fine-grained aluminosilicate clay minerals, while Zr existed in clay minerals and coarse-grained minerals (quartz, zircon, etc.). Therefore, Zr/Al ratio is considered an effective indicator for quantifying the content of coarse-grained debris in terrestrial inputs. Figure 7 indicates that the changes of Zr and Al curves in the Eastern and Southern Sichuan is basically consistent, showing a gradually decreasing trend during the TST1 and HST1 periods, as well as a fluctuating trend during the TST2 period and a gradually increasing trend during the HST2 period. The variation of Al contents suggest that the total terrestrial input amount of fine-grained clay minerals are similar in this two areas. However, the overall Zr content in the Eastern Sichuan Basin is lower than that in the Southern Sichuan Basin, especially during the TST1 period with rapid drop. This indicates that the difference in terrestrial input during the TST1-HST2 sedimentary period between the Eastern and the Southern Sichuan is relatively small, but the input of coarse-grained debris is lower during the TST1-HST2 period in the eastern Sichuan.
[image: Figure 7]FIGURE 7 | Comparison of common terrigenous clastic input and paleo weathering indicators in different system tracts in Eastern and Southern Sichuan Basin.
Zr/Al in the Eastern Sichuan showed a slow decreasing trend during TST1-TST2, suggesting a significant slowdown in the input rate of coarse-grained debris, while a slow increase during HST2 indicates a faster input of coarse-grained debris. However, the input of coarse-grained debris in the Southern Sichuan Basin remained relatively stable during the TST1-TST2 period, while it also increased during the HST2 period. In addition, the Zr/Al values in the Southern Sichuan were higher than those in the Eastern Sichuan at all periods. This indicates that the input rate of coarse-grained debris in the sediment composition of the Eastern Sichuan Basin is generally lower than that of the Southern Sichuan, especially during the HST2 deposition period. During this period, the development of more mixed shale in the Southern Sichuan can be confirmed. In the late period of TST2, the Al content gradually increased, but the Zr/Al and Zr contents showed a slow decreasing trend in fluctuation. It is speculated that the rapid increase of fine-grained clay minerals diluted coarse-grained minerals, resulting in an opposite trend of Al, Zr, and Zr/Al.
Paleoclimate and weathering intensity
The Chemical Index of Alteration (CIA) is often used to indicate the climate and physical and chemical weathering intensity of provenance region. CIA values of 50–65, 65–80, and 80–100 indicate weak, moderate, and strong weathering degrees, respectively, and correspond to cold-dry, warm-humid, and hot-humid conditions, respectively. In the actual application process, in order to exclude the influence of CaO content that is bound to non-silicates, the corrected CIA (CIA *) was calculated in this study (Figure 5I; Figure 7). The lowest values of CIA * in both the Eastern and Southern Sichuan appear at HST1, indicating a global temperature drop during the Hirantanian glaciation. The CIA * value in the Southern Sichuan ranges from 60 to 75. During the TST1-HST2 period, the CIA * gradually decreases and undergoes an evolutionary process from a hot warm climate to a cold dry climate. The cooling event caused by the Hirnantian glaciation is still accompanied by the early deposition of TST2. The CIA * value in the Eastern Sichuan ranges from 55 to 70 during the TST1 to early TST2 period and a CIA * value below 65, indicating a cold-dry environment. In the late period of TST2, the CIA * was greater than 65, and the climate gradually became mild. However, in the early period of HST2, it experienced a short-term cold-dry climate, and in the late period, it eventually transformed into a warm-humid climate. Compared with the input indicators of terrestrial debris, it is found that the low degree of chemical weathering in the cold climate during the TST tract is an important reason for the low input of terrestrial debris.
Provenance condition and tectonic setting
The differences in provenances not only affect the mineral compositions, but also control the types of terrestrial nutrient inputs. The Al2O3/TiO2 ratio of fine-grained sediments can effectively identify the type of source rocks. Due to the low solubility of Al and Ti oxides at low temperatures, their proportion in sedimentary rocks is very close to that of the source rock. The distribution of Al2O3/TiO2 ratio in<8, 8–21, and>21 indicates basic, neutral, and acidic igneous rocks, respectively. The provenance in the southern Sichuan region is mainly a mixture of neutral and acidic igneous rocks (Figure 8A). The provenance in the Eastern Sichuan is a mixture of neutral and acidic igneous rocks in TST1, while in TST2 and HST2 are neutral igneous rocks. The weathering trend of the A-CN-K diagram (Figure 5I) further confirm that the provenance in Southern Sichuan during TST1-TST2 tends to be neutral igneous rocks, and HST2 tends to be acidic igneous rocks. While in the Eastern Sichuan during the TST1-HST2 tends to have neutral granodiorite sources.
[image: Figure 8]FIGURE 8 | Correlation diagrams of geochemical elements. (A, B) Provenance discrimination diagrams; (C–E) Tectonic setting discrimination diagrams. According to Roser and Korsch (1986); OIA. Oceanic Island Arc; CIA. Continental island arc; ACM. Active continental margin; PM. Passive continental margin.
Due to the higher content of compatible element Sc and lower content of incompatible elements Zr and Th in basic rocks compared to acidic rocks, and the relatively constant abundance of Sc, Zr, and Th during weathering, the Zr/Sc-Th/Sc ratio can be used for source rock type analysis. Figure 8B shows that the distribution plots in the Southern Sichuan is more towards the upper right than that in the Eastern Sichuan, also suggesting that there are more acidic igneous components in provenance. In addition, in the provenance composition of the Eastern Sichuan, TST1 period is more acidic and HST2 period is more neutral.
Roser and Korsch (1986) proposed that the K2O/Na2O-SiO2 cross-plot can be effectively used to distinguish the tectonic environment of fine-grained sedimentary rocks. The results indicate that the Eastern Sichuan is in an active continental margin environment during the early Wufeng period. The data points of the Longmaxi period in the Southern Sichuan are close to the active continental margin, but the data points of the Wufeng period are closer to the passive continental margin environment (Figure 8C). Stable rare earth and trace element combinations (such as La, Th, Sc, Zr, etc.) can also be used to analyze and determine tectonic backgrounds. The Th-Sc-Zr/10 and Th-Co-Zr/10 diagrams established by Bhatia and Crook (1986) were applied for background analysis (Figures 8D, E). The analysis reveals that the majority of data points fall within or proximate to the active continental margin zone, while a minimal proportion is dispersed in the continental island arc zone. Compared to Eastern Sichuan, the Southern Sichuan exhibits a stronger correlation to the active continental margin region. The sedimentary tectonic context in both regions remains steady from Late Ordovician to Early Silurian, characterized predominantly by an active continental margin setting.
Impact of paleo-environmental condition on OM accumulation and mineral composition
The formation of black shale from the Ordovician Wufeng Formation to the Silurian Longmaxi Formation in the Sichuan Basin is the result of geological events and various paleo-environmental conditions. Under this influence, there are significant differences in TOC and mineral composition between different system tracts in the Eastern and Southern Sichuan (Figure 9).
[image: Figure 9]FIGURE 9 | The Paleoenvironment, TOC and minerals composition evolution process in the Southern and Eastern area of Sichuan basin during the Late Ordovician-Early Silurian.
TST 1 period
Under the influence of the Caledonian Movement, the Xuefeng paleo-uplift and the Central Sichuan underwater uplift rapidly uplifted. In the Kaitian stage, relative sea-level rise led to a transformation of the sedimentary environment from an early open platform to a restricted basin, initiating the deposition of black shale in the Wufeng Formation.
In the early TST 1 period, intense tectonic uplift enhanced the intensity of detrital input. The separation effect of paleo-uplift and relative sea-level rise leads to an increasing reduction and restriction of bottom water, but also accompanied by intermittent relative oxic conditions. Active tectonic activity also promotes volcanic eruptions, and the volcanic ash formed by it is transported and deposited in the ocean, providing rich nutrients for surface seawater. Under this setting, plankton such as graptolites have proliferated on a large scale, and the productivity level of the water surface is constantly improving. These plankton can be preserved as organic matter under anoxic conditions after death. In the late TST 1 period, tectonic activity tended to stabilize, but the early large-scale volcanic activity had led to a gradual cooling of the global climate and changes in graptolite biodiversity, triggering the Late Ordovician extinction. In cold climates, the weathering intensity is weak, and the amount of terrestrial input is significantly reduced. A large number of aquatic organisms die, providing organic matter supply and enhancing the reducibility of bottom water through degradation of organic matter. During this period, organic-rich siliceous shale is mainly formed.
During TST 1 period, the trend of TOC variation in the Eastern Sichuan and Southern Sichuan is consistent, but the average value of the former is significantly higher than that of the latter. It is speculated that this phenomenon is related to the high paleo-productivity in the Eastern Sichuan. The high excess Si and a large amount of siliceous organisms confirm the enrichment of organic matter, manifested by a higher quartz content in Eastern Sichuan than in Southern Sichuan (Table 1). The detrital input in the Eastern and Southern Sichuan is basically the same, and both provenances tend to be acidic magmatic rocks. The high content of feldspar in the Eastern Sichuan is related to the relatively cold-arid climate background, where feldspar is weakly affected by weathering during transportation. Due to being closer to the Central Guizhou-Xuefeng paleo-uplift, there is more input of coarse-grained carbonate debris in the Southern Sichuan Basin, which is characterized by high carbonate mineral content, especially in the late TST 1 period. This has also been confirmed by the Zr/Al ratio.
HST 1 period
In the mid to late Hirnantian stage, the formation of glaciers on the Gondwana continent led to a significant decrease in global sea-level (Bertrand et al., 1996), resulting in sharp shallowness of water mass and unfavorable organic matter preservation under the oxic bottom water condition. A thin layer of carbonate-rich argillaceous limestone was deposited in a shallow water environment.
TST 2 period
The Hirnantian glaciation has ended, and global temperatures are rapidly rising. Glacial melting has caused widespread transgression. Volcanic activity and tectonic movements tend to stabilize. In the early TST 2 period, the separation of paleo-uplift and sea-level rise kept the bottom water in a restricted and anoxic condition. Climate warming has led to an increase in weathering intensity and enhanced detrital influx. The glacial melting results in a large amount of cold fresh water flowing into the ocean, which not only brings nutrients but also causes stratification of fresh and saline water, exacerbating anoxic conditions. Planktonic organisms, including radiolarians and graptolites, have once again flourished on a large scale, increasing productivity levels. The continuously sinking biological remains continue to consume dissolved oxygen in the bottom water, maintaining anoxic environments, even euxinic environments. During early TST 2 period, less detrital influx helps to weaken the dilution effect and form organic-rich siliceous shale. During middle TST 2 period, the sea-level continues to rise, increasing the circulation between the restricted basin and the ocean, and reducing the restriction degree of bottom water. However, under moderate to strong paleo-productivity, the consumption of oxygen by the remains of organisms still ensures that the bottom water is in an suboxic-anoxic environment. In the late TST 2 period, the fluctuating sea-level drop results in limited surface water productivity. The increase in dissolved oxygen in bottom water is not conducive to organic matter preservation. The humid climate leads to an increase in the intensity of paleo-weathering, while the increase in terrestrial input disrupts the enrichment of organic matter. Compared to the middle TST 2 period, the organic carbon content is significantly reduced, and the shale lithology is argillaceous-rich siliceous shale or mixed siliceous shale.
During early-middle TST 2 period, the high productivity level in the Eastern Sichuan leads to a higher average TOC content than in the Southern Sichuan. In the late TST 2 period, the paleo-productivity in the Eastern Sichuan is still at a high level, but the rapidly increasing weathering intensity has led to a significantly higher detrital influx than in the Southern Sichuan. The dilution effect of terrestrial debris reduces the accumulation of organic matter in the Eastern Sichuan. The mineral composition indicates that the quartz content in the Eastern Sichuan was higher in the early TST 2 period (Figure 9), which is related to the deposition of a large amount of biogenic quartz, while the late TST 2 period was lower than that in the Southern Sichuan (Table 1). The clay content in the Eastern Sichuan is higher than that in the Southern Sichuan, while the carbonate content is lower than that in the Southern Sichuan. This is related to the large amount of terrestrial debris input and the high proportion of clay minerals. From the perspective of provenance differences, the Eastern Sichuan Basin is mainly composed of neutral igneous rocks, while the Southern Sichuan Basin is mainly composed of acidic igneous rocks. The former has a higher proportion of plagioclase feldspar in sediment supply, while the latter has a higher proportion of potassium feldspar. However, potassium feldspar is prone to kaolinization during transportation, so the mineral composition in eastern Sichuan has a significantly higher content of feldspar, mainly plagioclase feldspar.
HST 2 period
The climate in the late Rhuddanian stage continued to warm, with a slow decrease in sea-level, but there was short-term transgression. The tectonic uplift intensifies the weathering process in the provenance region, and the amount of terrestrial input continues to increase. The productivity level has undergone significant changes (significantly higher in Eastern Sichuan than in Southern Sichuan), but the bottom water conditions are not conducive to the preservation of organic matter. Diluted by terrestrial debris, organic matter is dispersed in sediments. More and more terrestrial quartz and clay minerals have replaced biogenic quartz as the main component of minerals, and the shale lithofacies are gradually transitioning to argillaceous-siliceous mixed shale.
The low productivity, low preservation conditions, and high terrestrial input in the Southern Sichuan Basin are reflected in a rapid decrease in TOC. The TOC in the Eastern Sichuan increased in the early stages and gradually decreased in the later stages, which is speculated to be related to higher paleoproductivity and a high proportion of clay in terrestrial debris. The high productivity in the Eastern Sichuan not only brings organic matter input, but also consumes the oxygen content of the bottom water during deposition, which to some extent increases the reducibility of the bottom water. In addition, high clay content is conducive to the adsorption and rapid settling of organic matter, reducing consumption during the sinking process, and facilitating the aggregation and preservation of organic matter.
The difference in the detrital influx between the Eastern and Southern Sichuan is small, but the quartz mineral content in Southern Sichuan is higher than that in Eastern Sichuan (Table 1), while the clay content is lower than that in Eastern Sichuan. This is related to the slightly stronger weathering intensity and coarse-grained debris input (silt-size quartz) in Southern Sichuan. The provenance sources in the Eastern Sichuan tend to be neutral magmatic rocks, while those in the Southern Sichuan tend to be acidic magmatic rocks. Moreover, the climate in the Eastern Sichuan Basin is cold-dry, with low weathering intensity. Therefore, the mineral composition of plagioclase in the Eastern Sichuan Basin is relatively high, while the content of quartz and potassium feldspar in the Southern Sichuan is higher (Table 1). The content of carbonate rocks in Southern Sichuan is higher than that in Eastern Sichuan, especially in calcite, which is related to the high input of coarse-grained carbonate debris. The average value of pyrite in the Eastern Sichuan is 37.5% higher than that in the Southern Sichuan, which indirectly confirms that the oxygen content in the bottom water of the Eastern Sichuan is lower, which is conducive to the formation of pyrite.
CONCLUSION

1) The lower part of the Longmaxi Formation-Wufeng Formation in the Southern and Eastern Sichuan Basin can be divided into two third-order sequences (Sq 1 and Sq 2). Sq 1 is composed of the Wufeng Formation and GYQ Member, while Sq 2 is composed of the lower part of the Longmaxi Formation. Each third-order sequence consists of a set of transgressive system tracts (TSTs) and a set of high-level system tracts (HSTs).
2) The TOC content in Eastern Sichuan is higher than that in Southern Sichuan. During the TST1 period, the average TOC content in Eastern Sichuan was the highest, reaching 4.2%. The average TOC content in Southern Sichuan reached its maximum at 3.9% during the TST2 period. From TST1 to HST2, the clay content in eastern Sichuan continued to increase while the quartz content continued to decrease. However, the quartz content in southern Sichuan shows a trend of first increasing and then decreasing, while the change in clay content is opposite.
3) During the TST1 period, the TOC range in Eastern Sichuan is significantly higher than that in Southern Sichuan, which is related to its high paleoproductivity. In the early to middle TST2 period, the high paleoproductivity in Eastern Sichuan resulted in a higher TOC content than in Southern Sichuan. In the late TST2 period, the accumulation of organic matter in Eastern Sichuan was lower than that in Southern Sichuan due to the dilution effect of terrestrial debris. During the HST2 period, the TOC in Southern Sichuan showed a rapid decrease trend. The TOC in Eastern Sichuan slightly increased in the early HST2 period, which is related to higher paleoproductivity and the adsorption and preservation of clay.
4) During the TST1 period, the quartz content in Eastern Sichuan was higher than that in Southern Sichuan, which is related to the abundant accumulation of biogenic silica. During the TST2 period, due to the high input of terrestrial debris and the high proportion of clay minerals, the quartz content in Eastern Sichuan was higher than that in Southern Sichuan in the early period, but the opposite was true in the late period. The mineral content of clay in Eastern Sichuan has always been higher than that in Southern Sichuan. During the HST2 period, compared with Eastern Sichuan, the stronger weathering intensity and coarse-grained debris input (mainly composed of silt-size quartz) in Southern Sichuan resulted in higher quartz mineral content and lower clay mineral content.
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The Permian Capitanian-Changhsingian black shale formed in intra-platform basins are the major source rocks in Southwest China. However, the depositional conditions and organic matter accumulation of these black shales are not well understood. In this study, geochemical characteristics comprise TOC, major, trace and REEs from sixty-two samples from the studied outcrop in Northern Nanpanjiang Basin, Southwest China are systematically investigated to determine silicon source, paleo-ocean productivity, and paleo-redox conditions to reveal their influence on organic matter enrichment under 3rd-order sequence. The Capitanian-Changhsingian black shale in the study area is the result of the combined effects of active extensional activity, high paleo-productivity maintained by volcanic activity, and dysoxic and anoxic conditions represented by biological extinction events. There are differences in the factors controlling organic matter accumulation in black shale at different stages. The controlling factors for the organic enrichment during Capitanian (SQ2) are the rapidly deepening water mass of extensional rifts and the high productivity induced by volcanic ash in the igneous provinces, as well as the global anoxic event represented by “negative carbon isotope shift.” The controlling factors during Changhsingian are the deepening of water mass under the reactivation of extensional rifts, resulting in a dysoxic environment, and the high productivity maintained by volcanic activity in South China. The Wuchiapingian black shale was formed under dysoxic conditions under the stagnation of extensional activity, and intermittent volcanic activity in South China maintained the high paleo-productivity level of the Wuchiapingian stage.


Keywords: Permian Capitanian, organic matter, enrichment model, black shale, intra-platform basin, Nanpanjiang basin




INTRODUCTION


With the development of advanced geochemical indices of elements (Algeo and Maynard, 2004; Zhao et al., 2016; Wei et al., 2022), the paleoenvironmental conditions and organic matter enrichment mechanism of black organic-rich shale have become a research hotspot in recent years (Qiu and Zou, 2020; Gu et al., 2022; Liu et al., 2022). Shale deposited under different formation environments show significant differences in mineral composition, organic matter types, and sweet spot distribution (Li, 2023; Fan et al., 2024; Liu et al., 2024), which in turn affect the various performance characteristics of shale reservoirs (Loucks et al., 2009; Ross and Marc Bustin, 2009; Labani et al., 2013). Affected by the successful exploration of shale oil and gas in North America (Jiang et al., 2016; Jiang et al., 2018; Zou et al., 2019; Cai et al., 2023a), the Chinese Ministry of Land and Resources has conducted a survey and evaluation of the potential shale gas resources throughout China (Bai et al., 2023; Cai et al., 2023b; Fang et al., 2023; Wang et al., 2023). In recent years, the Permian black shale of transitional, and lacustrine in China have achieved industrial production capacity and are expected to form large-scale production capacity, becoming a new field for shale gas production on a large scale (Dong et al., 2021; Lin et al., 2021; Jiao et al., 2023). However, influenced by the complexity of the geological background (Mei et al., 2007; Shen et al., 2019), research on the Permian marine shale is rare.

Organic matter accumulation is a complex physical-chemical process that involves many factors, such as redox condition of bottom seawater, sedimentation rate, productivity of surface water, and geological event (Hu et al., 2018; Gu et al., 2022; Tan et al., 2024). The main controlling factors for organic matter enrichment in modern and paleo marine sediments have been extensively discussed over the past 30 years (Pedersen et al., 1990; Arthur and Sageman, 1994; Wei et al., 2012; Ding et al., 2018). Currently, the controlling factors for organic matter enrichment can be summarized as primary productivity and favorable preservation conditions. The productivity school believes that organic matter accumulation is mainly controlled by the biological productivity of the ocean surface, and the impact of water redox properties is limited. The typical representative is the rising ocean currents on the continental margin. The oxidation-reduction school believes that low marine surface productivity can also form organic rich sediments in hypoxic environments, especially in sulfide environments, with modern anoxic basins such as the Black Sea and Cretaceous marine anoxic events as typical representatives. Moreover, few scholars believe that an appropriate sedimentation rate is the key factor causing organic matter enrichment, and either too high or too low sedimentation rates are not conducive to organic matter enrichment.

At present, organic matter content plays a crucial role in shale hydrocarbon enrichment (Han et al., 2021; Zhang et al., 2022). Therefore, in the early stage of shale resource exploration, it is necessary to identify the mechanism of organic matter enrichment. The type and abundance of organic matter are the results of sedimentary processes, which are controlled by environmental conditions (Tribovillard et al., 2012; Zhang et al., 2018). Based on the geochemical analysis of the Permian marine shale in the Nanpanjiang Basin, this study elaborates on the environmental sensitivity indicators of black shale formed in the intra-platform basin, analyzes the impact of geological events on the shale sedimentary environment, and establishes an organic matter enrichment model for black shale in the intra-platform basin.




GEOLOGICAL SETTING


The studied outcrop is located in the southern Ziyun area (Figure 1A), Nanpanjiang Basin. During the Permian period, the outcrop belonged to the Nanpanjiang sedimentary division of the South China platform basin sedimentary system (Peng et al., 2006). Under the background of late Paleozoic extensional subsidence, the Nanpanjiang Basin formed a passive continental margin rift type basin, forming a special sedimentary pattern of connected continental platforms, shallow water isolated platforms, and intra platform basins within the basin (Peng et al., 2006; Yin et al., 2014). The studied outcrop is located in a basin within the carbonate platform, representing a deep-water sedimentary sequence (Wang et al., 2022). In the late Middle Permian to early Late Permian, the area where this outcrop was located was strongly affected by the rapid uplift of the crust dome caused by the impact of the Emeishan mantle plume on the bottom of the lithosphere. In the transitional zone between the relatively uplifted and relatively subsidence areas (Zhai et al., 2020), crustal activity was outcrop, and a large amount of volcanic material was deposited in the deep-water sediments of this section, manifested as frequent interbeddings of bentonite in black marine shale (Lai et al., 2008; Gu et al., 2022). Based on lithological combinations and biological zoning, the Guadalupian-Lopingian of the studied outcrop can be divided into four stages (Figure 1B), corresponding to four third-order sequences (Mei et al., 2007). The Wordian stage comprises medium-bedded bioclastic limestone. The Capitanian stage comprises siliceous and clayey black shale abundant with fossils of radiolarians and foraminifera (Figure 2). The Wuchiapingian strata is composed of silty mudstone, siltstone and shale intercalated with thin-bedded limestone. The lower strata of Changhsingian stage comprises limestone, bioclastic limestone and organic-poor mudstone. The upper Changhsingian stage comprise black shale intercalated with thin-bedded limestone.
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FIGURE 1 | 

(A) Sedimentary environment of Nanpanjiang Basin during Permian Capitanian-Changhsingian (modified from Gu et al., 2022). (B) Generalized stratigraphy of Guadalupian-Lower Triassic strata of the studied outcrop.
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FIGURE 2 | 
Comprehensive stratigraphic column for the Guadalupian-Lower Triassic in the studied outcrop. Sequence column is from Mei et al. (2007). Biozones are from National Commission on Stratigraphy of China (Wang et al., 2014).






SAMPLES AND METHODS




Sample collection


This study conducted a careful field investigation on the studied profiles and sampled them layer by layer, totaling 62 shale samples. During the collection process, avoid areas with severe weathering effects to ensure that all samples come from fresh surfaces. Make all samples into thin sections to observe microscopic characteristics. Using an agate mortar, the remaining portion of the shale sample was ground into a 200 mesh powder for elemental geochemical testing and total organic carbon (TOC) testing.




TOC measurement


The total organic carbon content is not only an important part of improving organic carbon isotope stratigraphy, but also plays an important role in evaluating source rock quality. The samples pre-treated with the aforementioned organic carbon isotopes were subjected to sufficient combustion in an environment of high temperature and pure oxygen flow. Subsequently, strong oxidants were used to react in acidic solutions, and the collected CO2 gas was purified in a vacuum system to remove interfering substances. Although the instrument calculated the content of organic carbon by measuring the content of CO2. The TOC measurement was carried out using the Elemental VarioMACRO CHNS elemental analyzer in the Key Laboratory of Unconventional Oil and Gas of PetroChina at Southwest Petroleum University.




Bulk element concentration


The major elements were measured by using the PE ELAN DRC-E type ICP-MS (Inductively Coupled Plasma Mass Spectrometry) made in the United States, and the Li2B4O7 and LiBO2 (67:33) mixed flux was used to melt samples with the high-temperature automatic gas sample machine of Glaisse in Canada. The test conditions are: X-ray working voltage 40 kV current 60 rnA, analysis accuracy better than 5%.

Trace Elements and Rare Earth Elements (REE): Dry a 200 mesh sample in an oven at 105°C. After drying, weigh 25 mg of the sample and place it in a high-pressure dissolution tank called Teflon. Add 0.5 mL of concentrated HF, heat and evaporate to dryness at 120°C. After removing some of the sample for 1 day, add 1 mL of concentrated HF and 0.5 mL of concentrated HNO3. Place the PTFE inner tank in a steel sleeve, tighten it, and heat it in a 190°C oven for 2,448 h. Dissolve the sample and evaporate it to dryness at 120°C until it becomes a wet salt, Add 1 mL of HNO3 and evaporate to a wet salt state at 140°C to remove excess HF from the sample. Finally, add 5 mL of 30% (v/v) HNO3, seal and heat at 140°C for 4 h. After cooling, add 1 mL of 500 ng/mL Rh internal standard solution and dilute to 50 mL. The instrument used in the experiment is the Finnigan Element 2 mass spectrometer, and the Millipore water purification system Milli-Q is used to prepare 18 M Ω. Ultra pure water, sample treatment is carried out in a Class 100 ultra clean laboratory. The error is less than 10%. The determination of trace elements and rare earth elements was carried out using ICP-MS with an error of less than 5%.




X-ray diffraction


Extract <2 from each shale sample using sedimentation method μ M clay particles are made into directional sheets. First, rinse repeatedly with distilled water, then place it in a 2000 mL quartz beaker, add 1,500 mL of distilled water and mix thoroughly. After 20 h at 25°C, the upper part of the solution should be <2 μ The suspension is sucked into a centrifuge tube and centrifuged at 2,500 rpm for 10 minutes. The sediment at the bottom of the centrifuge tube is <2 μ Sample of m particles. Add 2 mL of distilled water and apply the emulsified mud like sample onto two 20 –30 cm flat glass plates to make directional plates, which are then dried naturally and treated with ethylene glycol. When treating the sample with ethylene glycol, steam method is used at a temperature of 600 and heated for about 12 h. The instrument used is the Broker D8 Advance X-ray powder diffractometer, Cu target, instrument voltage 4.0 kV, tube current 40 mA, scanning speed 250/min, scanning step width 0.0167°, scanning range 3°–25° (2 θ).





RESULTS




Major elements


The chemical composition of the Capitanian black shale in the studied outcrop is mainly SiO2, with a content of 37.0%–65.0%, an average of 52.9%, followed by Al2O3 and TFe2O3, with an average content of 15.2% and 9.6%, respectively. The remaining oxides include MgO, CaO, Na2O, K2O, TiO2, and MnO, with average contents of 2.5%, 3.5%, 1.1%, 2.3%, 2.6%, and 0.2%, respectively. The SiO2 content of black shale in the Wuchiapingian-Changhsingian stage ranges from 37.9% to 55.3%, with an average value of 45.2%, which is significantly lower than that of the Capitanian shale. The average content of Al2O3 and TFe2O3 is 13.4% and 11.6%, respectively. The other oxides include MgO, CaO, Na2O, K2O, TiO2, and MnO, with an average content of 3.1%, 7.8%, 2.1%, 1.9%, 2.6%, and 0.2%, respectively. The SiO2 content of the Ordovician-Silurian black shale in South China ranges from 28.3% to 81.7%, with an average value of 60.0%. The average contents of Al2O3 and TFe2O3 are 12.7% and 4.9%, respectively. The other oxides include MgO, CaO, Na2O, K2O, TiO2, and MnO, with average contents of 2.4%, 3.7%, 1.1%, 3.5%, 0.6%, and 0.03%, respectively. In contrast, in terms of SiO2 content, the Ordovician-Silurian black shale is higher than the Capitanian shale, and the Wuchiapingian-Changhsingian shale are the lowest. In terms of TiO2 and MnO content in shale, the Capitanian, Wuchiapingian-Changhsingian shale are significantly higher than the Ordovician-Silurian shale (Table 1).





TABLE 1 | 
Comparison of major elements average (%) in black shales among different Formation.
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The Capitanian black shale sample has a high loss on ignition (average 12.8%), and the Wuchiapingian-Changhsingian black shale also has a high loss on ignition (average 12.1%). The SiO2/(K2O + Na2O) values of Capitanian black shale range from 10.6 to 55.2, with an average of 19.7. The value distribution of SiO2/Al2O3 ranges from 2.2 to 5.3, with an average value of 3.7. The value of (K2O + Na2O)/Al2O3 ranges from 0.1 to 0.3, with an average value of 0.2. The value distribution of MnO/TiO2 ranges from 0.02 to 0.2, with an average value of 0.1. The SiO2/(K2O + Na2O) values of the Wuchiapingian-Changhsingian black shale range from 9.4 to 18.3, with an average of 12.4. The value distribution of SiO2/Al2O3 ranges from 2.8 to 6.1, with an average value of 4.0. The value of (K2O + Na2O)/Al2O3 ranges from 0.3 to 0.4, with an average value of 0.3. The value distribution of MnO/TiO2 ranges from below 0.1 to 0.2, with an average value of 0.1.




Trace and rare earth elements


The Capitanian black shale sample has a V content between 77.8 × 10−6–344.0 × 10−6, with an average of 188.27 × 10−6. In the black shale of Changhsingian, the average V content increases to 229.0 × 10−6. The Mo content in the black shale of Capitanian is between 0.6 × 10−6–5.0 × 10−6, with an average of 2.02 × 10−6. The Mo value of black shale in the Changhsingian stage increased to 9.71 × 10−6. The Cr distribution of Capitanian black shale ranges from 14.9 × 10−6 to 136.6 × 10−6, with an average of 76.1 × 10−6. The Cr value of Changhsingian black shale is significantly higher, distributed between 76.0 × 10−6 and 287.0 × 10−6, with an average of 160.8 × 10−6. The Ba content of the Capitanian black shale is distributed between 88.85 × 10−6–623.96 × 10−6, with an average of 354.31 × 10−6. The Ba content of the black shale belonging to Changhsingian stage is distributed between 239.0 × 10−6–2,289.0 × 10−6, with an average of 723.4 × 10−6.

The distribution range of ∑REE in the black shale sample of Capitanian is 46.32 × 10−6–941.85 × 10−6, with an average value of 357.27 × 10−6. The ∑REE distribution range of the Changhsingian black shale sample is 143.94 × 10−6–416.86 × 10−6, with an average value of 284.53 × 10−6.





DISCUSSIONS


The distribution characteristics of organic matter and silicon components can intuitively reflect the close relationship between the lithological changes and organic matter content of organic-rich shale. In addition, it also indicates that in order to reveal the synchronous coupling mechanism between organic matter enrichment and silicon enrichment in the formation, it is necessary to first clarify the source and origin of silicon components in shale, and then identify the symbiotic coupling mechanism that determines the synchronous enrichment of organic matter and silicon. The measurement results suggest that the major elemental composition of Capitanian shale, Wuchiapingian shale, and Changhsingian shale is similar to the characteristics of siliceous rocks formed by volcanic biochemical processes (Table 2). High values of loss on ignition are related to the rich organic matter in the shale samples. There is a significant difference in the background values of the parameters and hydrothermal genesis of the Capitanian, Wuchiapingian - Changhsingian black shale (Table 2).





TABLE 2 | 
Comparison of major elements in typical biogenic, hydrothermal, and volcanic mudstone/shale.
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Yamamoto (1987) proposed that hot water activity can lead to the enrichment of Fe and Mn elements. After analyzing 42 Cretaceous rock samples from the North Pacific, Adachi et al. (1986) proposed that the enrichment of TFe2O3 is an important feature of hydrothermal silica. The TFe2O3 content in the black shale is not high, and the Capitanian black shale is distributed between 1.3% and 12.8%, with an average of only 9.8%. The MnO content is extremely low, with an average of only 0.2%. The TFe2O3 content in the Wuchiapingian-Changhsingian black shale is also not high, ranging from 4.9% to 14.8%, with an average value of only 11.3% and an average MnO content of only 0.2%, both of which do not have typical hydrothermal genesis characteristics.

The Al/(Al+Fe+Mn) value in marine sediments is a marker for measuring the content of hydrothermal components in sediments (Adachi et al., 1986). This ratio increases with the distance away from the expansion center, thereby distinguishing the contribution of hydrothermal components to sediments. The Al/(Al + Fe + Mn) values of hydrothermal sediments located in the eastern Pacific Ocean are mostly between 0.01 and 0.2, and their ratio is less than 0.35 due to the influence of hot water. The average ratio of hydrothermal silica collected from the North Pacific is 0.12, while the ratio of semi oceanic silica from the Kamiaso biogenic Triassic in central Japan is 0.60. The Al/(Al + Fe + Mn) values of black shale in the studied outcrop range from 0.43% to 0.59%, with an average of 0.52. The Al/(Al + Fe + Mn) value of Wuchiapingian-Changhsingian black shale ranges from 0.4% to 0.6%, with an average of 0.5, which is close to the value of pure biogenic silicon. On the Al Fe Mn triangulation, the majority of the samples from the Capitanian stage are located within the biogenic zone, with a few samples adjacent to the Wuchiapingian-Changhsingian stage (Figure 3). The silicon in the black shale of Capitanian, Wuchiapingian-Changhsingian in the studied outcrop is of non-hydrothermal origin, and the vast majority of Capitanian shale is biogenic silicon.
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FIGURE 3 | 
Al-Fe-Mn column Triangle diagram of black shale in the studied outcrop. Hydrothermal and non-hydrothermal fields are cited from Adachi et al. (1986).



Mn in siliceous rocks is often considered as a marker element from the deep ocean (Sugisaki), and the MnO/TiO2 ratio can be used as a marker to determine the distance of siliceous sediments from the ocean basin (Halamić et al., 2005). The ratio of siliceous rocks deposited on continental slopes and marginal seas closer to the continent should be less than 0.5, and siliceous sediments on open ocean bottoms can reach 0.5–3.5. The MnO/TiO2 values in the Capitanian black shale in the studied outcrop are 0.02–0.2, with an average of 0.09. The MnO/TiO2 values in the Wuchiapingian-Changhsingian black shale are 0.04–0.2, with an average of 0.09, suggesting that the siliceous rocks in the study area were formed in the sedimentary environment of the continental slope and marginal seas closer to the continent.

V and Mo are bioactive elements, and their high enrichment indicates that the formation of silicon in shale is related to biological activity. The Capitanian black shale sample shows a higher V content than the abundance of sedimentary rocks, which is 1.55 times higher. In the black shale of Changhsingian, the V value increases to 229 × 10−6. The Mo content in the black shale of Capitanian is slightly lower than that of sedimentary rocks. The Mo value of black shale in the Changhsingian stage increased to 9.71 × 10−6. This could imply that the formation of black shale in this area exhibits strong biological effects, and the biological activity has significantly increased from the Capitanian stage to the Changhsingian stage.

Cr is a mantle friendly element with an average content of 76.3. The Cr distribution of Capitanian black shale is slightly higher than the abundance of sedimentary rocks at 63.0. And the Cr value of Changhsingian black shale is much higher than the abundance of sedimentary rocks of 63.0. This phenomenon can be attributed to the extensional movement of the Changhsingian stage, which led to the development of rising ocean currents near the fault zone, bringing in a large amount of Cr elements.

Siliceous sediments of hydrothermal origin are usually positively correlated with Ba and SiO2. In generally, siliceous rocks of pure biogenic origin contain higher Ba content (Li et al., 2014). There is a weak negative correlation between Ba and SiO2 in the black shale, with a correlation coefficient of −0.17 (Figure 4). The Ba content of the Capitanian black shale is slightly lower than the abundance of Ba in sedimentary rocks. The Ba content of the black shale belonging to Changhsingian stage is 1.57 times the abundance of Ba in sedimentary rocks. Therefore, it reflects a relatively strong biological activity, and the biological activity intensity of the Changhsingian black shale is significantly higher than that of the Capitanian black shale.
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FIGURE 4 | 
Correlation between Ba and SiO2 of black shale in the studied outcrop.



The overall ∑REE of siliceous sediments related to hydrothermal activity is relatively low, while siliceous rocks affected by terrestrial debris have relatively high ∑REE. The ∑REE distribution range of the Changhsingian black shale sample is generally higher than the standard shale (204.1 × 10−6). REE is an important chemical tracer for restoring paleo-marine environments, distinguishing redox conditions, and distinguishing between hydrothermal or non-hydrothermal sediments. In general, hydrothermal sedimentary siliceous rocks have low ∑REE, significant loss of Ce, and insignificant loss of Eu, even exhibiting Eu positive anomalies. However, the rare earth elements in non hydrothermal sedimentary siliceous rocks are similar to shale, relatively enriched in light rare earth elements The characteristics of LREE enrichment, ∑HREE non-enrichment, ∑LREE/∑HREE average value of 10.22, negative Ce anomaly, and weak positive Eu anomaly once again confirm that black shale does not belong to hydrothermal sedimentation.

Previous studies have shown that La enrichment exists in metal-rich sediments and high-temperature hydrothermal fluids, leading to the occurrence of negative Ce anomalies (Bao et al., 2008). Use Pr/Pr* values to test for the occurrence of negative Ce anomalies caused by La enrichment. When Ce/Ce*<1 and Pr/Pr* ≈ 1, it indicates the occurrence of positive La anomalies (Figure 5, Zone d). According to the Ce/Ce* - Pr/Pr* plot of black shale, the data points are all located in the d and e zones, with Pr/Pr* values greater than 1, indicating that the negative anomaly of Ce is not affected by the enrichment of La. Weak influence of high-temperature hydrothermal solution.
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FIGURE 5 | 
Cross-plot of Ce/Ce* and Pr/Pr* in the black shale. Zone a represents a positive anomaly in Ce. Zone b represents a negative La anomaly and no Ce anomaly. Zone c represents that both Ce and La are normal. Zone d represents a positive anomaly in La and no anomaly in Ce. Zone e represents negative Ce anomaly.



Therefore, the black shale in the studied outcrop is mainly biogenic, and the relative content of biogenic silicon and terrestrial detrital silicon can be quantitatively calculated and judged by the biogenic silicon content in various lithofacies. Previous studies suggested that the Post Archean Australia Shale (PAAS) represented the average chemical composition of the upper crust, and its source was typical terrestrial debris (Ma et al., 2017). Therefore, the value of Al2O3 × (SiO2/Al2O3) PAAS can be used to represent the silicon content of terrestrial debris in the study area, and the calculation formula is as follows:
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Bio SiO2 represents the content of biogenic silicon, SiO2 and Al2O3 represent the content of silica and alumina respectively, and (SiO2/Al2O3) PAAS represents the ratio of silica and alumina in the Post Archean Australia Shale (PAAS). The results indicate that the content of biogenic silicon in black shale of study area accounts for 23.13%–80.90% of the total silicon. The average value of biogenic silicon is over 50% in terms of the total silicon.

Many researchers have conducted extensive research on the sources of silicon in shale and investigated the effects of terrestrial detrital silicon and biogenic silicon on TOC enrichment (Milliken et al., 2016; Milliken and Olson, 2017). As shown in Figure 6, there is a relationship between different types of silica and TOC: Devonian-Mississippian Muskwa and Besa River black shale, mainly composed of biogenic quartz (derived from siliceous radiolarians), have a sedimentary environment in the deep-water area outside the slope, and biogenic quartz has a high degree of correlation with TOC, indicating that biogenic silica has a significant contribution to the enrichment of TOC (Figure 6A).
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FIGURE 6 | 
Cross-plot of TOC and Bio SiO2 content in the Devonian-Mississippian black shale (Ross and Marc Bustin, 2009) (A) and Ordovician-Silurian black shale (B).



The Ordovician-Silurian black shale is rich in biogenic silicon, characterized by synchronous changes in biogenic silicon and organic matter, with a correlation coefficient of up to 0.80 (Figure 6B), indicating that the sinking fluxes of organisms with siliceous skeletons have a significant enrichment effect on TOC (Ge et al., 2021; Xiong et al., 2021).

In order to more accurately reflect the relationship between silicon content and TOC, as well as the vertical evolution characteristics, this study conducted a correlation analysis between SiO2 and TOC in black shale (Figure 7), indicating that there was no significant correlation between SiO2 and TOC in the Permian black shale in the studied outcrop. Based on the observation of thin-sections, a large number of radiolarian individuals and fragments were observed in the Capitanian black shale. Silicon is mainly biogenic, and biogenic silicon mainly comes from radiolarians. The siliceous components of the black shale in Wuchiapingian and Changhsingian are mainly volcanic quartz silicon and terrestrial detrital silicon.
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FIGURE 7 | 
Correlation between TOC and SiO2 content in black shale.



Previous studies have used the chemical composition ratios of siliceous rocks in known sedimentary environments to map and delineate the projection areas of siliceous rocks on continental margins, distant oceans, and mid ocean ridges (Wang et al., 2016). As shown in Figure 8, almost all samples fall into the continental margin area or are distributed adjacent to the continental margin. In summary, the consistent geochemical characteristics of black shale indicate that it was formed in an anoxic environment on the continental margin.
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FIGURE 8 | 
Correlation between Al2O3/(Al2O3+Fe2O3) and Lasn/Cesn content in black shale (modiated from Wang et al., 2016).





Paleo-ocean productivity


The productivity of marine surface organisms depends on the richness of nutrients in the surface water. The richer the nutrients, the more prosperous the organisms are, and the stronger the carbon production capacity of photosynthesis, resulting in greater productivity. The elements that can reflect the nutritional level of water include N, P, Fe, Cu, Ni, and Zn (Tribovillard et al., 2006). N and P are greatly affected by recycling and later diagenesis, while Fe are influenced by carbonate dissolution and recrystallization, etc., which make them unreal. Cu, Zn, and Ni as nutrient elements, combine with organic matter or form organic complexes for precipitation and burial, and high levels of Cu, Zn, and Ni reflected higher paleo-productivity (Tribovillard et al., 2006; Fathy et al., 2018). Therefore, Cu, Zn, and Ni can be used as indicators to reflect the level of ancient productivity. Another way to characterize the primary productivity of water surface is through the organic carbon flux of the water mass. High productivity enhances the organic carbon flux of the water mass. Organic carbon forms a local sulfate reduction microenvironment through complexation with trace metal elements or decomposition of organic matter, resulting in the precipitation of certain trace metal elements. The higher the organic carbon flux of the water mass, the greater the burial amount of certain trace metal elements.

In addition to hydrothermal activities, the main sources of these nutrients are biogenic and terrigenous, only biogenic elements can reflect the change of paleoproductivity. Before using these trace elements, the influence of terrestrial sources should be eliminated, and Ti or Al should be used to correct the above elements (Taylor and McLennan, 1985). The formula is:
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Xxs represents the excess value of X, which is obtained by Ti correction of the trace element content in the sample using the trace element content in PAAS. Xtotal is the total element content of the tested rock sample, and (X/Ti) PAAS represents the ratio of element content to Ti in PAAS. The (X/Ti) PAAS used is quoted from Taylor and McLennan (1985). If the calculation result is positive, it indicates that the element is relatively PAAS and exhibits marine autogenesis enrichment or volcanic hydrothermal enrichment. If the calculation result is negative, it indicates that the content of this element in the sample is mainly contributed by terrestrial materials.

The correlation between Ba and Mo and organic carbon flux in water mass is significant, which can reflect surface productivity. Dymond et al. (1992) established for the first time a calculation model for surface productivity using Ba as an indicator, using data obtained from sediment traps. The sources of Ba mainly include biogenic barium and terrestrial barium. Only the portion of Ba contributed by the source of students can reflect primary productivity. The calculation formula for biogenic Ba (Babio) is consistent with the formula for excess trace elements. High marine productivity results in a large amount of organic carbon input, forming a large amount of hydrogen sulfide, which reacts with molybdate to form thiomolybdate, and is buried together with iron sulfides and organic matter. The more organic carbon is input, the more Mo is deposited and buried. The advantage of Mo as an input parameter for organic carbon is that it is less affected by later changes, as the binding of iron sulfides to Mo is irreversible.

Cubio, Znbio, Nibio, and Babio are used to reflect the paleo-productivity evolution of black shale (Shen et al., 2014). All elements are corrected by Ti, and negative excess element values are removed. The changes in paleo-marine productivity of the Capitanian-Changhsingian black shale obtained in the end are shown in Figure 9. The productivity of the ancient ocean corresponding to the Capitanian black shale is relatively high, while the productivity of the Wuchiapingian stage paleo ocean has decreased. In the early Changhsingian stage, the productivity of paleo-oceans significantly increased again. Overall, volcanic tuff has a significant promoting effect on the productivity of paleo-oceans. Further comparison between the evolution of paleo-productivity and the distribution characteristics of TOC reveals a consistent correspondence between high biological productivity and high organic matter accumulation. However, in the Wuchiapingian stage, the changes in productivity are not as significant as those in total organic carbon. The productivity has a controlling effect on organic carbon enrichment, but it is not the only controlling factor for organic carbon enrichment.
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FIGURE 9 | 
Comprehensive column for the paleo-productivity proxies during Guadalupian-Lower Triassic in the studied outcrop. Sea-level data are from Haq and Schutter (2008). Geological events are from Isozaki (2009), Wignall et al. (2009), Shen et al. (2013) and Chen et al. (2013). Paleo-redox condition under sequence framework.



In recent years, many studies suggested that the efficient indicator for evaluating shale redox conditions is the U/Th ratio (Jones and Manning, 1994), and there is a significant correlation between TOC value and U/Th ratio. However, previous studies of the Permian Shanxi Formation transitional shale in North China suggested that the shale intervals heavily disturbed by terrestrial debris generally have lower U/Th ratios and poor correlation with TOC (Zhang et al., 2021). Taking this study as an example (Figure 10): The overall U/Th ratio is relatively low, and there is no trend of changes in redox conditions at different stages.
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FIGURE 10 | 
Comprehensive column for the terrestrial input and paleo-redox proxies during Guadalupian-Lower Triassic in the studied outcrop. Sea-level data are from Haq and Schutter (2008). Geological events are from Isozaki (2009), Wignall et al. (2009), Shen et al. (2013) and Chen et al. (2013).



The results indicate that V/Cr is significantly better than U/Th and Ni/Co in reflecting the changes in redox conditions in the study area. Under the 3rd-order sequence framework, V/Cr well reflects the trend of change, with SQ2’s V/Cr ranging from 1.40 to 3.77, with an average of 2.41 (n = 13), SQ3’s V/Cr ranging from 1.09 to 2.89, with an average of 2.23 (n = 10), and SQ4’s V/Cr ranging from 1.15 to 2.28, with an average of 1.64 (n = 12). Except for SQ2, the high value range of V/Cr is inconsistent with the development location of black shale, suggesting that the dysoxic and anoxic environment is not the only controlling factor for the development of black shale.

The Guadalupian-Lopingian boundary (G-LB) is a critical period in the development of Earth’s history, during which the Earth’s climate system experienced the disappearance of Late Paleozoic ice chambers and transitioned to Mesozoic greenhouses, accompanied by a series of major geological events such as the extinction of biological clusters (Stanley and Yang, 1994; Wignall and Bond, 2023), the eruption of Emeishan basalt (Sun et al., 2010), and a significant drop in sea-level to the lowest point of the Phanerozoic era (Haq and Schutter, 2008; Shen et al., 2019; Zhao et al., 2019). These events have more or less affected the global carbon cycle and are recorded in the inorganic carbon isotope changes of marine carbonate rocks (Wang et al., 2004; Shen et al., 2013). Therefore, carbon isotopes can also better reflect the global or regional changes in redox conditions of seawater during the Capitanian-Changhsingian stage. The results of intensive carbon isotope testing in the study area and other regions of South China (Figure 11) show that in the late Capitanian stage (SQ2), carbon isotopes showed a significant “negative shift”. This phenomenon existed in multiple outcrops in the Upper Yangtze region, indicating the existence of regional anoxic events in seawater during this period, In the late SQ3-early SQ4 period, there was also a common phenomenon of negative carbon isotope shift in the Upper Yangtze region, indicating that seawater had regional anoxic characteristics during this period (Figure 12).
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FIGURE 11 | 
Comparison of carbon isotopes at the Guadalupian-Lopingian boundary (G-LB) between the studied outcrop and other typical outcrops in South China (Li et al., 1989; Wang et al., 2004; Peng et al., 2006; Saitoh et al., 2013; Qu et al., 2018).
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FIGURE 12 | 
Comparison of carbon isotopes at the Wuchiapingian-Changhsingian boundary between the studied outcrop and other typical outcrops in South China. Organic matter enrichment and evolution model under sequence framework (Shao et al., 2000; Shen et al., 2013; Ye and Jiang, 2016; Qu et al., 2018).



Organic matter accumulation is a complex physical-chemical process that involves many factors, such as redox condition of bottom seawater, sedimentation rate, productivity of surface water, and geological event. The main controlling factors for organic matter enrichment in modern and paleo marine sediments have been extensively discussed over the past 30 years (Pedersen et al., 1990; Arthur and Sageman, 1994; Wei et al., 2012; Ding et al., 2018). Three fundamental models have been identified for the accumulation of organic matter in organic-rich sediments: (1) enhanced organic productivity, (2) enhanced organic matter preservation, associated with reducing conditions and (3) low sedimentation rate (minimal detrital dilution). Sea-level fluctuations appear to exert a fundamental control on all three factors and therefore on organic matter accumulation. Currently, it is generally believed that organic matter enrichment is closely related to the preservation of large-scale biogenetic material, and the prerequisite for large-scale biogenetic material preservation is favorable sedimentary-burial conditions (such as anoxic and appropriate sedimentation rate). Consequently, the controlling factors for organic matter enrichment can be summarized as primary productivity and favorable preservation conditions in the marine surface. The productivity school, represented by Pedersen et al. (1990), Sageman et al. (2003), and Gallego-Torres et al. (2007), believes that organic matter accumulation is mainly controlled by the biological productivity of the ocean surface, and the impact of water redox properties is limited. The typical representative is the rising ocean currents on the continental margin. The oxidation-reduction school represented by Arthur and Sageman (1994) and Mort et al. (2007) believes that low marine surface productivity can also form organic rich sediments in hypoxic environments, especially in sulfide environments, with modern anoxic basins such as the Black Sea and Cretaceous marine anoxic events as typical representatives. Scholars such as Ibach (1982) and Morton et al. (2000) believe that an appropriate sedimentation rate is the key factor causing organic matter enrichment, and either too high or too low sedimentation rates are not conducive to organic matter enrichment.

From a global perspective, this area is located in the southwestern part of the South China during the Capitanian stage (Figure 13). Overall, SQ2-SQ4 has experienced one glacial event (Kamura glacial event), two biotic extinction events (G-LB and P-TB biotic extinction events), and two anoxic events (late Capitanian stage, late Wuchiapingian stage-early Changhsingian stage), Three major volcanic activities (Emeishan Igneous Province, South China Acidic Volcanic Activity, and Siberian Igneous Province). During this period, global sea levels experienced a period of “one regression and one transgression”.


[image: Figure 13]



FIGURE 13 | 
Paleogeographic characteristics during Guadalupian stage. (A) Global paleogeographic distribution (Scotese, 2016). (B) Paleogeographic characteristics of South China during Guadalupian stage (Qu et al., 2018).



The Upper Yangtze region, where the study area is located, was dominated by shallow carbonate platform environment in the late Wordian stage before SQ2 sedimentation. The water in the entire area is in an oxic environment, characterized by moderate paleo-productivity and shallow water depth. Due to the seafloor expansion superimposed by the Kamura event (Figure 14), the global sea level of the Capitanian stage where SQ2 is located continuously decreased, reaching the lowest point in geological history by the end of the Capitanian stage (Haq and Schutter, 2008). Due to the volcanic ash formed by the eruption of the Emeishan Large Igneous Province, which is rich in nutrients such as Fe, P, N, Si, and Mn, it can promote the proliferation of algae and other organisms, and improve the primary productivity of surface seawater, During this period, due to the extensional rift activity induced by the Emeishan Large Igneous Province, the water in the rift area has rapidly deepened, resulting in a anoxic environment in intra-platform basin and shelf around extensional rift area. Meanwhile, the end of the glacial event is conducive to a significant rise in sea level, creating a hypoxic environment. The ocean is strongly retained, controlled by the upwelling of anoxic bottom seawater, and a large amount of organic carbon has been deposited and preserved due to the G-LB extinction event.
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FIGURE 14 | 
Organic matter enrichment models within the 3rd-order sequence framework during Guadalupian-Lower Triassic in the studied outcrop. Sea-level data are from Haq and Schutter (2008). Geological events are from Isozaki (2009), Wignall et al. (2009), Shen et al. (2013) and Chen et al. (2013).



During SQ3, the extensional rift activity stagnated, and the differences in sedimentary landforms gradually disappeared due to the enhancement of terrestrial supply. The global sea-level further decreased, and the water conditions gradually changed from anoxic to dysoxic. In the later stage, they evolved into oxic conditions (Figure 14). Multiple periods of acidic volcanic activity in South China have maintained a high level of paleo-productivity in seawater. Under dysoxic conditions, organic matter can still be enriched in large quantities, forming the Wuchiapingian black shale. In the early stage of SQ4, the entire Changhsingian stage area was dominated by platform environment, with low sea-level and high paleo-productivity, all of which were in an oxic environment. However, at this time, it is a anoxic event of bottom water in deep sea, and the sedimentary paleo-geomorphology in the study area cannot cater to this period of anoxic event and does not have the conditions for organic matter enrichment. Accompanied by the Emeishan Rift Movement, the extensional subsidence activity resumed, and the water in the late SQ4 extensional subsidence area deepened sharply again, with a sharp increase in ocean retention. The dysoxic water conditions resulted in the preservation of large-scale organic matter, forming the black shale during the Changhsingian stage (Figure 14).





CONCLUSION





1) The Permian Capitanian-Changhsingian black shale in the Northern Nanpanjiang Basin was formed in continental slope and marginal-sea sediments near the continent in the intra-platform basin. The SiO2 content of the Capitanian-Changhsingian black shale is lower than that of the Ordovician-Silurian black marine shale and shows a gradually decreasing trend. The silicon in the black shale of the Capitanian stage, Wuchiapingian stage and Changhsingian stage in the study area is of non-hydrothermal origin, while the majority of the Capitanian stage is biogenic silicon. The TiO2 and MnO content of the Capitanian-Changhsingian black shale is significantly higher than that of the Ordovician-Silurian shale, and its major elemental composition is similar to that of siliceous rocks formed by volcanic biochemical processes.

2) The factors controlling the Capitanian black shale deposition are the rapidly deepening water mass of extensional rifts and the high productivity induced by volcanic ash in the major igneous provinces, as well as the global anoxic event represented by “negative carbon isotope shift”. The factors controlling the Changhsingian black shale deposition are the deepening of water mass under the reactivation of extensional rifts, resulting in a dysoxic environment, and the high productivity maintained by volcanic activity in South China. The Wuchiapingian black shale was formed under dysoxic conditions under the stagnation of extensional activity, and intermittent volcanic activity in South China maintained the high paleo-productivity level of the Wuchiapingian stage.
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cis 2 13 36 oy 0 49 [ 27 ERERE) 87
Cl16 3 17 0 74 5 17 79 2 1 10 87
c7 54 21 0 e | 3 21 [ 2 4 10 86
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c23 19 40 0 39 1 40 0 76 10 77
c24 2 40 0 35 1 0 36 5|5 |2 78
c25 16 a 0 37 3 4 0 44 14 78
Average | 434 26.1 33 17.1 49 295 220 41|53 | 120 801

K-Kaolinite. C-Chlorite. I-Illite. 1/S-llite/smectite formation.





OPS/images/feart-11-1277359/feart-11-1277359-t002.jpg
TiO, P,0s MnO Ol  FeO v CA
Y1 273 | 4968 | 1836 579 642 | 082 | 260 | 105 | 076 | 004 | 001 | 1339 | 007  -169 153 071 | 75
Y2 165 | 5164 | 1871 6.06 567 | 157 | 236 | 079 | 086 | 006 | 003 | 1244 | 147 | -137 | 119 | 070 | 78
3 149 | 5762 | 2070 555 129 | 106 | 223 | 058 | 099 | 009 | 003 | 1010 | 185 | -226 180 051 83
7 Y4 201 | 5545 | 2376 468 046 | 107 | 307 | 074 102 | 012 | 001 | 965 | 073 | -231 | 208 | 049 | 82
Y5 198 | 5603 | 23.06 479 057 | 116 | 282 | 068 102 | 014 | 001 | 973 j 096 | -211 | 252 | 050 | 83
Y6 220 | esoa | 1507 437 210 | 080 | 212 | 069 | 073 | 008 | 002 | 870 | 014 | -28 212 [ 068 | 77
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PAAS 6280 | 1890 7.18 219 | 129 | 119 | 368 | 099 | 016 | 011
average/ 088 1.04 085 109 | 092 | 210 | 022 | 0% | L6 | 0I5
PAAS

TOC, total organic carbon content; F1 and F2 are discriminant functions. ICV: The index of compositional variation. CIA: The chemical alteration index. PAAS values from (Taylor and

Mclennan, 1985).
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UCC values from (Taylor and Mclennan, 1985).
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