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The fifth member of the Xujiahe Formation in the West Sichuan depression of the Sichuan Basin has developed high-quality source rocks and large-scale delta distributary channel sediments, which have good potential for hydrocarbon accumulation, but the reservoir characteristics and genesis remain unclear. Based on the cast thin section, cathodoluminescence, X-ray diffraction, scanning electron microscope, and porosity and permeability data, the characteristics and controlling factors of physical properties of the tight sandstone reservoir in the fifth member of the Xujiahe Member were analyzed. The results show that the sandstone in the fifth member of the Xujiahe Formation is mainly being feldspar lithic sandstone and lithic sandstone, with the reservoir space type mainly lithic intragranular dissolution pores. The average porosity and permeability of the reservoir are 2.03% and 0.22 Md, respectively, making it an ultra-low porosity and extra-low permeability reservoir. The reservoir has undergone strong compaction and calcite and clay cementation. The provenance controlled the initial mineral composition of the reservoir, resulting in high rock fragment content and low quartz content in the northwest area. This led to the physical properties of sandstones in the northwest area being generally worse than those in the southwest source area. The sandstone in the delta front underwater distributary channel has low carbonate cements and matrix content, resulting in relatively good reservoir physical properties. Overall, the lithic intragranular dissolution pores and microfractures are the key factors in improving the physical properties of reservoirs.
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1 INTRODUCTION
Tight sandstone gas, a widely distributed unconventional petroleum resource with significant reserves, has emerged as a promising field in unconventional gas exploration and development (Dai et al., 2012; Jia et al., 2012; Zou et al., 2013). Tight sandstone reservoirs are typically characterized by porosity levels below 10% and in situ permeability of less than 0.1 mD (Law et al., 2004; Zou et al., 2010). Compared to conventional sandstone reservoirs, tight sandstone reservoirs are commonly characterized by poor reservoir properties, small pore throat, and strong heterogeneity, which pose challenges for the tight gas exploration and development (Law et al., 2004; Law et al., 2004; Wang G. et al., 2017). However, many of the successful exploration efforts indicate that local high-quality sandstones control high gas production within tight sandstone reservoirs (Law et al., 2004; Lai et al., 2015; Wang et al., 2020). Therefore, it is crucial to understand the factors affecting reservoir quality and predict the distribution patterns of high-quality sandstones within tight sandstone reservoirs.
Sandstone reservoir quality varies depending on sedimentation and diagenesis (Bjørlykke, 2014; Makeen et al., 2016; Okunuwadje et al., 2020). Sedimentary processes primarily determine the heterogeneity of tight sandstone reservoirs through dual controls of provenance and sedimentary facies (Bjørlykke, 2014; Wang et al., 2020; Munir et al., 2025). Provenance influences the initial composition of the sandstone framework, with different source terrains providing varying proportions of quartz, feldspar, and rock fragments that inherently affect the reservoir’s diagenetic process and pore evolution (Rossi et al., 2002; Sun et al., 2022). Concurrently, sedimentary facies exert architectural control through hydrodynamic sorting processes, generating systematic variations in textural parameters including grain size distribution, sorting, and matrix content across different depositional environments (Bjørlykke, 2014; Yang et al., 2014; Jan et al., 2024). After deposition, diagenesis commonly accentuates the variations in porosity and permeability and significantly affects reservoir quality (Mansurbeg et al., 2008; Morad et al., 2010; Wang Y. et al., 2017). Intense compaction and cementation are commonly responsible for the deterioration of sandstone reservoir properties, while dissolution generally contribute to the formation of high-quality reservoirs (Bjørlykke et al., 1989; Ehrenberg, 1989; Lai et al., 2015; Lai et al., 2016; Liu et al., 2022). These complex diagenetic alterations often result in the formation of strong heterogeneous tight reservoirs.
The Upper Triassic Xujiahe sandstones in the Western Sichuan Depression (China) constitute an important and promising tight gas reservoir (Luo and Tong, 1989; Lai et al., 2015; Li et al., 2025). Previous researchers have conducted extensive studies on the Xujiahe tight reservoirs in the Western Sichuan Depression. However, they mainly focused on the second and fourth members of the Xujiahe Formation (Liu et al., 2014; Lai et al., 2015; Yu et al., 2019; Yang et al., 2021; Yang et al., 2024). Due to the high shale content and low porosity and permeability, the fifth member of the Xujiahe (Xu5) Formation has always been regarded as the main source rock layer for the overlying Jurassic reservoir and the cap rock for the underlying fourth member of the Xujiahe Formation (Liu et al., 2019; Zheng et al., 2019). With further exploration and development, several wells have obtained considerable industrial gas flow in the Xu5 member after fracturing, indicating that the Xu5 member in this area has great exploration potential (Shi et al., 2017; Tian et al., 2021). However, the main controlling factors affecting reservoir quality are unknown and the distribution characteristics of high-quality reservoirs remain unclear, limiting the further exploration and development of tight gas resources in this area. In this study, integrated analyses of thin section, scanning electron microscopy (SEM), X-ray diffraction (XRD) and cathodoluminescence (CL) are conducted to understand the reservoir characteristics, and the controlling factors affecting reservoir quality are discussed. The outcomes of this research may provide a reference for the exploration and development of tight gas reservoirs in the Western Sichuan Depression and similar tight sandstone reservoirs elsewhere.
2 GEOLOGICAL SETTINGS
The Sichuan Basin is a large superimposed hydrocarbon-bearing basin located in the southwest China (Deng et al., 2019; Liu et al., 2020) (Figure 1). It consists of six secondary structural units: the western Sichuan depression (WSD), northern Sichuan depression (NSD), central Sichuan low-gentle slope (CSS), southwestern Sichuan low-gentle slope (SSS), southern Sichuan low-steep-fold zone (SSZ), and eastern Sichuan high-steep-fold zone (ESZ) (Dai et al., 2009; Pang et al., 2020) (Figure 1). Before the Late Triassic, the western Sichuan depression mainly recorded marine carbonate deposits in a passive continental margin (Shi et al., 2020; Deng et al., 2022). During the Late Triassic Indosinian orogeny, the western Sichuan depression emerged as a foreland basin due to tectonic compression within the Longmenshan thrust band in the northwest, and deposited thick continental clastic strata (Zheng et al., 2019; Yang et al., 2021). Our study area is situated in the southwestern part of the western Sichuan depression which has rarely been focused on before (Figure 2).
[image: Map showing tectonic features of the Sichuan Basin in China. Key locations include Yaan, Leshan, and Chongqing. Faults like Longmenshan and Huaying Fault are marked. An inset highlights the research area within China.]FIGURE 1 | Geographic location of the Sichuan Basin (A) and the location of the study area in the Sichuan Basin (B). WSD, the western Sichuan depression; NSD, northern Sichuan depression; CSS, central Sichuan low-gentle slope; SSS, southwestern Sichuan low-gentle slope; SSZ, southern Sichuan low-steep-fold zone; ESZ, eastern Sichuan high-steep-fold zone.[image: Stratigraphic column showing lithology and sedimentary systems of the Jurassic and Triassic periods. It includes formations such as Baitianba and Xujiahe with members Xu5 to Xu1. The lithology features layers of sandstone, siltstone, mudstone, shale, coal, and limestone. The sedimentary systems are described as Braided Delta-Lake, Delta-Lake-Delta, and Carbonate Ramp. The thickness of each layer is indicated in meters.]FIGURE 2 | Stratigraphy Sequence of Xujiahe formation (modified from Yu et al., 2019).The Upper Triassic Xujiahe Formation is a typical layer for tight sandstone gas production in the Sichuan Basin (Lai et al., 2015). The Xujiahe Formation is a set of coal-bearing clastic strata with the maximum thickness of over 3000 m. The Xujiahe Formation can be subdivided into six members from the bottom to the top, namely, Xu6 to Xu1, predominantly characterized by deltaic and lacustrine sedimentary environments (Figure 2). Members Xu1, Xu3, and Xu5 mainly consist of shale and dark mudstone, with locally developed coal and sandstone packages (Liu et al., 2019; Zheng et al., 2019). Members Xu2 and Xu4 are dominated by deltaic sandstone with thin mudstone packages (Liu et al., 2019). The Xu6 member is absent due to denudation in the western Sichuan depression. This study focuses on the Xu5 tight sandstone reservoir which is mainly developed in a delta-front depositional environment.
3 DATA AND METHODS
A total of twenty-four regular core cylinders (2.5 cm in diameter and 5 cm in length) were collected from the Xu5 Formation in seven drilling wells (QX1, ZJ001-X3, H4, D3, D14, M6, and M7). Before all the tests, each core plug sample was initially washed with a mixture of trichloromethane and alcohol to eliminate residual oil and then dried at about 110 °C for 24 h under vacuum. Porosity and permeability were first measured by a JS100007 Helium Porosimeter and an A-10133 Gas Permeameter, respectively. Following that, casting thin section, CL, XRD, SEM, and fluid inclusion were conducted.
Casting thin sections were prepared under vacuum by impregnating them with blue epoxy to highlight pores. The sandstone’s detrital mineralogy and grain size were determined from thin sections by performing point counting on at least 300 points using a Leica DMLP polarizing microscope. The volumetric content of cements and pores were measured from thin sections photomicrographs following the methodology outlined by Wang et al. (2015). The CL observation was conducted using a CL8200 MK5 detector equipped with a Leica DM2500 optical microscope.
XRD analyses were performed using a X′ Pert PRO MPD X-ray diffractometer with Cu-Ka radiation at 40 Kv and 40 mA. The mineral phases were identified and quantified using RockQuan and ClayQuan softwares. The testing method, process and results meet national standards SY/T 5163-2018 with errors of less than 2%.
SEM observations were conducted with a Quanta 450 FEG scanning electron microscope to investigate the characteristics of authigenic clay minerals. The thin section was initially polished with Ar-ion and then coated with carbon to prevent electrostatic charges. The resolution can reach 1.2 nm with an accelerating voltage of 30 kV under high vacuum. The average resolution applied to the samples in this study is on the micrometer scale.
4 RESULTS
4.1 Framework grain composition
The result of thin section observation shows that the Xu5 sandstone reservoir is dominated by litharenite and feldspar litharenite, accounting for 50% and 36.4%, respectively, and contains a small amount of lithic arkose, accounting for 13.6% (Figure 3A). The quartz in the detrital particles is mainly monocrystalline quartz, with content ranging from 19% to 75% averaging 38.79%. The feldspar content varies from 12% to 32% with an average of 23.1%, being plagioclase and potassium feldspar accounting for 15.2% and 7.8%, respectively. The rock fragments are the most abundant mineral with the content ranging from 14% to 68% and averaging at 43.63%. The rock fragments are composed of volcanic, metamorphic and sedimentary rock fragments with the average content of 10%, 14.4% and 17.21%, respectively (Figure 3B). The metamorphic rock fragments mainly consist of schist and quartzite, while the sedimentary rock fragments are mainly mudstone and carbonate debris. The interstitial materials are dominant by argillaceous matrix, carbonate and authigenic clays with an average content of 6.04%, 8.02% and 4.6%, respectively. The Xu5 tight sandstones are predominantly medium-grained and fine-grained sand with moderate sorting and subangular to subrounded roundness.
[image: Two triangular diagrams labeled A and B depict sedimentary rock classifications. Diagram A shows proportions of quartz (Q), feldspar (F), and rock fragments (RF), classifying zones like quartzarenite and litharenite. Red data points scatter within these regions. Diagram B displays variations of VRF, MRF, and SRF, with data points clustered, indicating different sedimentary characteristics.]FIGURE 3 | (A) Ternary diagram illustrating the framework compositions of the Xu5 sandstones. Q, quartz; F, feldspar; RF, rock fragments (based on Folk, 1974). (B) Ternary diagram showing rock fragments content of the Xu5 sandstones (based on Folk, 1974). VRF, volcanic rock fragments; MRF, metamorphic rock fragments; SRF, sedimentary rock fragments.4.2 Porosity and permeability
The porosity measured from 24 sandstone samples ranges from 0.67% to 5.45%, with an average value of 7.49% (Figure 4A). The measured permeability varies from 0.13 mD to 0.77 mD and averaged at 0.22 mD (Figure 4B). Overall, the Xu5 sandstone reservoirs are very tight characterized by ultra-low porosity and ultra-low permeability. The physical properties of sandstone with different lithology are different. The average porosity of coarse sandstone, medium sandstone, fine sandstone and siltstone is 1.96%, 4.31%, 1.55% and 0.68%, respectively, and the average permeability is 0.25%, 0.46%, 0.16% and 0.15%, respectivel. The porosity and permeability of medium sandstone are the best, followed by coarse sandstone, while fine sandstone and siltstone are the worst (Figure 4C). The permeability shows a relatively good correlation with porosity y (Figure 4D), indicating that the reservoir space is dominated by the pore system, with only a few micro-fractures.
[image: Four graphs depict relationships between porosity, permeability, and fracture presence. Graph A shows a frequency distribution of porosity, peaking at one percent. Graph B highlights permeability frequency, concentrated at 0.1 millidarcies. Graph C compares porosity for different samples, CS, MS, FS, and SS, with and without microfractures. Graph D illustrates a positive correlation between porosity and permeability, with trend lines for microfracture and no-microfracture data, displaying an equation \(y = 0.1241e^{-0.2231x}\) and \(R^2 = 0.5413\).]FIGURE 4 | Characteristic of porosity and permeability of the Xu5 sandstones. (A) Histogram of porosity distribution; (B) Histogram of permeability distribution; (C) Histogram of porosity distribution of different lithology (CS, Coarse sandstone; MS, Medium sandstone; FS, Fine sandstone; SS: Siltstone); (D) Correlation of porosity and permeability.4.3 Pore types
The analysis of cast thin sections and SEM reveals that the pore types of the Xu5 tight sandstone reservoirs primarily include residual intergranular pores, intergranular dissolution pores, intragranular dissolution pores, intercrystalline pores, and microfractures. Residual intergranular pores are preserved primary pores after compaction and cementation, typically displaying regular triangular or polygonal shapes (Figures 5A,C). However, due to intense diagenetic alteration in the study area, primary intergranular pores are relatively scarce. Intergranular dissolution pores are relatively common in the Xu5 sandstone reservoirs, formed by the dissolution of detrital grain edges, cements, or matrix, exhibiting irregular shapes and a wide range of pore size distributions (Figures 5A,B). Intragranular dissolution pores are well-developed in the study area. Given the high rock fragment and low feldspar content, these pores are predominantly lithic intragranular dissolution pores, generally presenting a honeycomb-like structure with isolated distribution and poor connectivity (Figures 5B,D–F). Intercrystalline pores are micropores with authigenic clay minerals such as kaolinite, chlorite, and illite, with relatively small pore sizes, among which kaolinite intercrystalline micropores are the most prevalent (Figure 5I). Microfractures can be categorized into tectonic fractures and diagenetic fractures. Tectonic fractures typically cut across multiple detrital grains and extend over several millimeters in length and tens of micrometers in width (Figure 5G). Diagenetic fractures include grain-edge fractures and intragranular fractures, mainly distributed along the edges or within grains such as quartz (Figure 5H).
[image: Nine-panel image showing various microscopic views. Panels A, B, D, E, G, and H display colored areas highlighted by red arrows labeled with terms like "RIP," "InterDP," "IntraDP," and "MF" with a scale of two hundred micrometers. Panels C, F, and I show closer views in grayscale with a focus on textures and structures, labeled "RIP," "IntraDP," and "ICP," with scales of ten and two micrometers. The labels and arrows emphasize specific features in each panel.]FIGURE 5 | Thin section and SEM microphotographs showing characteristic pore types of Xu5 sandstone reservoir. (A) Intergranular dissolution pore (InterDP) and residual intergranular pore (RIP), well H4, 2,458.1 m; (B) Intergranular dissolution pore (InterDP) and intragranular dissolution pore (IntraDP), well M6, 3,372.27 m; (C) Residual intergranular pore, well M6, 3,361.45 m; (D) Intragranular dissolution pore within rock fragment, well M6, 3,372.27 m; (E) Intragranular dissolution pore within rock fragment, well H4, 2,458.1 m; (F) Intragranular dissolution pore within feldspar, well QX1, 3,271.06 m; (G) Tectonic microfracture (MF), well QX1, 3,285.88 m; (H) Grain-edge microfracture, well H4, 2,453.95 m; (I) Intercrystalline micropores (ICP) within kaolinite, well QX1, 3,273.05 m.4.4 Diagenetic alterations
4.4.1 Compaction
Thin-section analysis reveals that the Xu5 sandstone reservoirs in the Western Sichuan Depression have undergone intense mechanical compaction. The detrital grains exhibit extremely tight packing, predominantly showing line and concave-convex grain contacts (Figures 6A,B). Compressional deformation and pseudomatrix formation are observed in micas and ductile rock fragments, which fill pore spaces and further reduce reservoir capacity (Figure 6C). Intragranular fractures frequently occur within quartz particles (Figure 6D). The scarcity of concave-convex contacts and absence of stylolitic structures in the Xu5 sandstone reservoirs suggest limited chemical compaction during diagenesis.
[image: Polarized light micrographs show four geological features: A) a line contact between grains, indicated by a dashed line and arrow; B) a concave-convex contact between grains; C) deformation of a rock fragment outlined by a dashed line; D) a quartz crack highlighted within a grain. Scale bars indicate 200 micrometers.]FIGURE 6 | Thin section photomicrograph showing compaction features of Xu5 sandstones. (A) Line grain contact, well QX1, 3,281.59 m; (B) Concave-convex grain contact, well QX1, 3,271.06 m; (C) Deformation of ductile rock fragment, well M7, 3,252.55 m; (D) Cracks within quartz grain, well QX1, 3,274.05 m.4.4.2 Cements
The Xu5 tight sandstones exhibit strong cementation with total cement contents ranging from 6% to 33% (average 13.27%). The primary cements in the Xu5 sandstone reservoirs include carbonates, authigenic clay minerals, and minor silica. Carbonate cementation prevalent, with contents reaching up to 29% and averaging 8.67%. The carbonate cements are mostly calcite (avg. 8.02%), with dolomite being less common (avg. 0.54%). Early-stage calcite cements fill large intergranular pores and show an orange-red color under CL with poikilotopic textures (Figures 7A,B). While this cementation reduces primary porosity significantly, it prevents compaction and maintains grain contacts as floating and point grain textures. Late-stage calcite cements typically replace feldspar and fill dissolution pores in feldspars and lithic fragments, further densifying the sandstone (Figure 7B). Dolomite appears as euhedral rhombohedra, mainly filling intergranular pores and deteriorating reservoir quality (Figures 7C,D).
[image: A series of nine micrographs show geological samples with various minerals identified. Image A displays calcite labeled with a yellow arrow. Image B highlights calcite replacing feldspar. Images C and D show dolomite in grayscale, marked with yellow and red arrows, respectively. Image E features quartz overgrowth indicated by a red arrow. Image F displays quartz overgrowth and kaolinite with red arrows. Image G highlights kaolinite. Images H and I show illite in a densely packed structure, both labeled with red arrows. Each image includes scale bars for reference.]FIGURE 7 | Photomicrographs of sandstones showing cementation features from thin sections, CL and SEM analyses. (A) Thin section photomicrograph showing calcite cements, well H4, 2,525.31 m; (B) CL photomicrograph showing pervasive calcite cementation and replacement of feldspar by calcite, well M6, 3,372.27 m; (C) SEM photomicrograph showing dolomite, well H4, 2,528.11 m; (D) SEM photomicrograph showing dolomite, well QX1, 3,271.58 m; (E) Thin section photomicrograph showing quartz overgrowth, well H4, 2,458.1 m; (F) SEM photomicrograph showing quartz overgrowth and kaolinite, well D3, 2,563.6 m; (G) Authigenic kaolinite, well QX1, 3,273.05 m; (H): Flaky illite, well ZJ001-X3, 2,973.7 m; (I): Filamentous illite, well H4, 2,528.11 m.Silica cements are rare in the Xu5 sandstone reservoirs with the average content of 0.26%. Quartz overgrowths are occasionally seen, often linked with authigenic kaolinite (Figures 7E,F). Due to low quartz and feldspar content in the study area, pressure dissolution and feldspar dissolution are limited, resulting in inadequate silica sources. As a result, silica cementation has a miniml impact on reservoir quality.
The Xu5 tight sandstones contain authigenic clay minerals, dominated by illite and kaolinite, with average contents of 3.06% and 5.72%, respectively, along with illite-smectite mixed-layer clays (avg. 3.13%) and chlorite (avg. 2.04%) (Figure 8). Petrographic analysis reveals that kaolinite typically occurs as pore-filling booklets and vermicular aggregates, which is formed primarily through feldspar dissolution under acidic conditions and often associated with quartz overgrowths (Figures 7F,G). This pore-filling kaolinite significantly reduces reservoir porosity and permeability. Illite exhibits diverse morphologies including hair-like filaments, flakes, curled sheets, and pore-bridging structures (Figures 7H,I), originating either from detrital mineral alteration or through diagenetic transformation of kaolinite and chlorite. The pervasive pore-bridging and filamentous illite particularly impairs pore connectivity and fluid flow capacity.
[image: Horizontal stacked bar chart displaying mineral composition percentages for samples numbered one to twenty-three. Minerals include I/S in blue, Illite in red, Kaolinite in green, and Chlorite in purple. Each sample shows varying proportions of these minerals totaling one hundred percent.]FIGURE 8 | Clay mineral composition of the Xu5 sandstone reservoirs based on XRD analyses.4.4.3 Dissolution
Petrographic observations show that dissolution processes are highly developed in the Xu5 Member sandstone reservoirs, primarily involving the dissolution of rock fragments and feldspar grains under acidic fluid conditions. Quantitative analysis reveals that dissolution porosity constitutes 0.5%–1.5% of the total rock volume, with an average value of 0.65%. The dissolution of unstable components in the rock fragments typically forms irregular honeycomb-shaped pores (Figures 5D,E), while feldspar grains preferentially dissolve along cleavage planes (Figure 5F). The dissolution of carbonate cements is not observed in the Xu5 reservoirs. Dissolution processes can potentially improve reservoir quality by generating secondary porosity.
5 DISCUSSIONS
5.1 Sedimentary controls on reservoir quality
Sedimentary processes primarily control the heterogeneity of tight sandstone reservoirs through two main factors: provenance and sedimentary facies. Provenance and sedimentary facies affect the mineral composition and texture of sediments, which in turn determine the diagenetic type and intensity. These factors ultimately result in variations in reservoir properties.
The Xu5 sediments in the study area are primarily derived from the Longmenshan fault zone in the northwest and the Kangdian Oldland in the southwest (Shi et al., 2011; Yu, 2016). The Longmenshan provenance area is characterized by abundant heavy minerals such as rutile and titanite, along with a relatively high carbonate rock fragment content (Yao,2021). Influenced by the Longmenshan source, the sandstone reservoirs in the northern study area exhibit higher rock fragment content but lower quartz content, with lithic sandstone being the dominant rock type (Figure 9A). The rock fragments are dominated by sedimentary rock fragments such as mudstone and carbonate clasts. In contrast, the Kangdian Oldland provenance contains heavy minerals such as zircon, tourmaline, and pyroxene (Yao,2021). Due to the long transport distance and slow but sustained sediment supply, the sandstone reservoirs in the southern study area have higher quartz and feldspar content but lower lithic fragment content (Figure 9A). The dominant rock types are feldspathic litharenite and lithic arkose, with an increased proportion of metamorphic and volcanic rock fragments (Figure 9B). These provenance differences result in distinct reservoir properties between the northern and southern regions. The sandstone reservoirs in the northern wells (QX1, ZJ001-X3, and M7) generally exhibit lower porosity and permeability compared to those in the southern wells (H4, D14, and M6) (Table 1).
[image: Two panels labeled A and B depict pie charts indicating rock composition at different wells, marked as Qx1, M7, M6, D14, H4, and ZJ001-X3. Panel A shows compositions of quartz, rock fragments, and feldspar. Panel B shows sedimentary, volcanic, and metamorphic rocks. Northwestern and southwestern provenances are indicated with red arrows and a boundary line. A scale of zero to ten kilometers is included. A legend at the bottom identifies the colors used for each rock type.]FIGURE 9 | The differences in detrital composition of Xu5 sandstones from different source areas. (A) Framework grain composition; (B) Rock fragment composition.TABLE 1 | Average porosity and permeability of Xu5 sandstone reservoirs from different source areas.	Provenance	Northwest	Southwest
	Well	Qx1	ZJ001-X3	M7	H4	D14	M6
	Porosity (%)	1.12	0.72	1.02	2.77	1.01	2.53
	Permeability (mD)	0.132	0.023	0.165	0.316	0.152	0.202


Statistical analysis reveals a significant negative correlation between porosity/permeability and matrix content in the Xu-5 Member sandstones, demonstrating that hydrodynamic conditions during deposition represent a crucial controlling factor for reservoir quality (Figure 10). The Xu5 sandstone reservoirs in the study area are mainly delta-front deposits. The medium-to coarse-grained sandstones deposited in high-energy hydrodynamic environments such as subaqueous distributary channels and mouth bars within the delta front, exhibiting good sorting, low matrix content, low carbonate cement and favorable initial physical properties. In contrast, fine-grained sandstones and siltstones deposited in low-energy hydrodynamic settings such as distal bars and interdistributary bays, and contain higher matrix and carbonate cement content, resulting in inferior reservoir quality (Figure 11).
[image: Two scatter plots show the relationship between matrix content and porosity and permeability. The left plot shows porosity (%) versus matrix content (%), with a downward trend line and equation y = -0.1921x + 2.8082 (R² = 0.2012). The right plot shows permeability (mD) versus matrix content (%), also with a downward trend line, equation y = -0.0215x + 0.3059 (R² = 0.1317). Both plots feature red data points.]FIGURE 10 | Cross-plots showing the relationship between the matrix content and porosity and permeability.[image: Bar chart comparing matrix and carbonate cement content in coarse, medium, and fine sandstone. The matrix content is consistent across the types while carbonate cement increases from coarse to fine sandstone.]FIGURE 11 | The abundance of matrix and carbonate cement in different grain-size sandstones.5.2 Diagenetic controls on reservoir quality
Diagenesis controls the entire pore evolution process in reservoirs and serves as a key controlling factor for reservoir quality. Based on thin-section and SEM analyses, changes in porosity resulting from different diagenetic processes are quantitatively calculated. The quantitative porosity loss through mechanical compaction (COPL), porosity loss by cementation (CEPL) and porosity increase by dissolution (DPI) can be calculated by following equations:
COPL=OP−C+φpm×φp/φt(1)
CEPL=C(2)
DPI=φd×φp/φt(3)
where OP is the original (depositional) porosity, which is assumed as 40% in this study; C is the total cement content; φpm represents the thin section porosity of the intergranular pores; φp is the core measured porosity; φt is total thin section porosity; φd represents the thin section porosity of dissolution pores.
Calculated result shows that compaction-induced porosity loss exceeds 50% of the initial porosity in nearly all samples, with an average of 65.2%, (Equation 1) demonstrating that compaction is a regionally pervasive diagenetic process and the primary cause of porosity reduction in Xu5 sandstone reservoirs (Figure 12). The lithic-rich sandstone derived from northwestern provenance tend to undergo more intense compaction with the porosity loss rate of 68.4%, while that of sandstone from southwestern provenance is 61.8% (Figure 12A). The intensity of compaction is closely related to detrital composition of sandstone from different provenances. Measured porosity and permeability show positive correlation with quartz and rock fragment content, indicating that higher quartz content but lower fragment content corresponds to better reservoir properties (Figure 13). This occurs because quartz can enhance sandstone’s compressibility as a rigid mineral, thereby mitigating the loss of primary intergranular porosity. In contrast, the Xu5 sandstone reservoirs contain abundant ductile rock fragments such as mudstone and schist clasts, which are prone to bending and pseudomatrix deformation under compaction. These processes significantly reduce intergranular porosity and degrade flow capacity.
[image: Two trilinear plots labeled A and B compare intergranular volume, porosity destroyed by cementation, and compaction. Plot A uses red triangles and blue circles representing Northwestern and Southwestern samples. Plot B uses red circles, blue triangles, green diamonds, and purple squares for DC, MB, SS, and DB samples. Both plots show data points aligning along diagonal lines, illustrating the relationships between the variables.]FIGURE 12 | Plot showing the effects of compaction and cementation on porosity reduction of sandstones from different provenances (A) and different microfacies (B) according to the corrected diagram proposed by Ehrenberg (1989). DC: Underwater distributary channel; MB: Mouth bar; SS: Sheet sand; DB: Underwater distributary bar.[image: Scatter plots show the relationship between grain content and porosity or permeability. Graph A depicts porosity versus quartz grain content, showing a positive correlation with equation y = 0.0418x + 0.0242 and R² = 0.3725. Graph B shows permeability versus quartz content, indicating a positive correlation with y = 0.0038x + 0.0342 and R² = 0.1639. Graph C presents porosity versus rock fragment content, showing a negative correlation with y = -0.0386x + 3.3533 and R² = 0.3225. Graph D depicts permeability versus rock fragment content, also showing a negative correlation with y = -0.0036x + 0.3322 and R² = 0.1655.]FIGURE 13 | Cross-plots showing the relationship between abundance of quartz grain and (A) porosity and (B) permeability, and relationship between abundance of rock fragment grain and (C) porosity and (D) permeability.Cementation are critical factor responsible for the deterioration of reservoir quality in the Xu5 sandstones, resulting in an average porosity reduction rate of 33.4% (Equation 2). The porosity loss by cementation of sandstone reservoir from different provenances has no obvious differences, but varies as a function of the sedimentary environment (Figure 12). The Xu5 sandstones exhibit notably high abundance of carbonate cement, which shows a significant negative correlation with both porosity and permeability (Figure 14). Statistical analyses further reveal that sandstones with carbonate cement contents exceeding 15% typically exhibit permeability values below 0.1 mD, serving as a key factor in the development of ultra-low permeability characteristics (Figure 14). Carbonate cement abundance is closely related to the sedimentary microfacies. The thin-bedded fine-grained sandstones in underwater distributary bays and sheet sands generally tend to be subjected to more intense cementation, while sandstones in underwater distributary channels and mouth bars typically exhibit lower carbonate cement contents (Figure 12B). It is worth noting that early carbonate cements retard compaction and preserve the pore space by stabilizing gain pack and improving the resistance of rocks to compression (Figures 7A,B). Furthermore, authigenic kaolinite and illite formed during the middle to late diagenetic stages progressively infill the remaining pore spaces and obstruct pore throats, significantly deteriorating reservoir properties (Figure 15).
[image: Two scatter plots show the relationship between carbonate cement content and porosity and permeability. The left plot displays porosity versus carbonate cement content, with a trend line equation of y = -0.0783x + 2.6256 and R² = 0.262. The right plot depicts permeability versus carbonate cement content, with a trend line equation of y = -0.01x + 0.3008 and R² = 0.2228. Both plots indicate a negative correlation. Data points are marked with red dots.]FIGURE 14 | Cross-plots showing the relationship between the abundance of carbonate cement and porosity and permeability.[image: Scatter plots showing relationships between porosity, permeability, and mineral abundances. Plot A shows porosity versus illite abundance with a negative slope (R² = 0.3213). Plot B shows permeability versus illite abundance with a weak correlation (R² = 0.055). Plot C shows porosity versus kaolinite abundance with a negative slope (R² = 0.2231). Plot D shows permeability versus kaolinite abundance with a minimal correlation (R² = 0.064). Data points and trend lines are depicted, highlighting variations and correlations.]FIGURE 15 | Cross-plots showing the relationship between abundance of illite and (A) porosity and (B) permeability, and relationship between abundance of kaolinite and (C) porosity and (D) permeability.The dissolution effects induced by acidic fluids play a crucial role in enhancing porosity development within sandstone reservoirs, with the porosity increase rate of 3.1% (Equation 3). In the Xu5 reservoir, the extensive thick shale intervals provide abundant organic acids during the middle diagenetic stage when organic matter reaches thermal maturity. These acidic fluids trigger intensive dissolution of framework minerals (e.g., feldspars and rock fragments), generating substantial secondary porosity that significantly improves reservoir quality. Statistical analyses reveal a distinct positive correlation between porosity/permeability values and dissolution porosity in the Xu5 sandstones, demonstrating that dissolution processes markedly enhance reservoir properties, particularly porosity development (Figure 16). Compared to northwestern provenance, sandstones from southwestern provenance exhibit more intensive dissolution alteration with the porosity increase rate of 3.6%, while that of sandstone from southwestern provenance is 2.4%. This occurs because lithic-rich sandstones from the northwestern provenance experience more rapid loss of intergranular pores, which act as the main pathways for dissolution during the burial. The presence of microfractures especially tectonic microfractures further facilitates these dissolution processes by providing effective migration pathways for acidic fluids, thereby promoting more extensive mineral dissolution and secondary porosity formation (Figures 4D, 5H).
[image: Two scatter plots show relationships between dissolution porosity and porosity, and dissolution porosity and permeability. The left plot indicates a correlation between dissolution porosity and porosity with the equation y = 2.1434x + 0.3078, R-squared = 0.3086. The right plot depicts dissolution porosity versus permeability with the equation y = 0.1966x + 0.0531, R-squared = 0.1356. Blue data points are scattered around the trend lines in both plots.]FIGURE 16 | Cross-plots showing the relationship between the dissolution porosity and measured porosity and permeability.6 CONCLUSION
	1. The Xu5 sandstones display ultra-low porosity and extremely low permeability, with average values of 2.03% and 0.22 mD, respectively. These reservoirs are mainly made up of lithic sandstones and feldspathic lithic sandstones. The pore systems in the Xu5 sandstones are primarily characterized by intergranular dissolution pores, intragranular dissolution pores, and intercrystalline pores, with microfractures being rare.
	2. The initial mineral composition of Xu5 sandstone reservoirs is controlled by provenance. Sandstones from the northwestern source area have higher rock fragment and lower quartz content, resulting in inferior reservoir properties compared to those from the southwestern source area. Medium-to coarse-grained sandstones deposited in delta-front subaqueous distributary channels have better reservoir physical properties due to their lower matrix content and reduced carbonate cementation.
	3. Compaction is the main factor responsible for the densification of Xu5 Member sandstones, while carbonate cementation significantly degrades reservoir quality. The development of rock fragment dissolution pores and microfractures are crucial positive factors that enhance reservoir properties.
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