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During the early Jurassic, arid and thermally intense greenhouse climate conditions led to dominantly oxidizing environments, resulting in the widespread development of purple-red mudstone. However, under this climatic backdrop, a lacustrine transgression occurred in the Sichuan Basin, China, leading to the formation of a distinctive lithological assemblage comprising purple-red mudstone interbedded with grey sandstone. The sedimentary facies and origin of sandbodies from this period remain insufficiently understood. This study focuses on the Zhenzhuchong Member of the Lower Jurassic Ziliujing Formation in the Guanyin–Data area, located in the southern Sichuan Basin. Due to the absence of drilling cores, samples were collected from four field outcrop sections. A combination of lithological description, petrographic identification, cathodoluminescence measurement, geochemical profiling, X-ray diffraction were employed to interpret the depositional environment of the Zhenzhuchong Member. The results reveal that the Zhenzhuchong Member is primarily composed of lithic quartz sandstones, with quartz content ranging from 80.7% to 93.4%. Geochemical proxies (e.g., Sr/Cu, Sr/Ba, Ni/Co ratios) indicate a warm to hot, freshwater-influenced, oxic setting. Sedimentary structures and stratigraphic sequences suggest deposition in a delta front to shallow lacustrine environment, including features such as distributary channels, mouth bars, shallow lake deposits. With ongoing lake transgression, distributary channels gradually retreated, giving way to an expansion of shallow lacustrine conditions. Sedimentation patterns during this phase were mainly driven by localized variations in water level. The characteristics purple-red coloration of mudstone is attributed to oxidizing conditions under the prevailing greenhouse climate. Subsurface data from well logs and seismic interpretation identify three sandbody units, with the 1# and 2# sandbodies displaying good lateral continuity, with branch shape. Favorable hydrocarbon shows within these sandstones suggest promising potential for natural gas exploration.
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1 INTRODUCTION
Numerous sandbodies developed in deltaic environments exhibit intensive compaction and cementation, making them important targets for tight gas exploration. As one of the most strategically significant unconventional resources, tight gas is widely distributed across major hydrocarbon basins worldwide. In China, the total estimated onshore tight gas resources amount to 21.85 × 1012 m3, indicating substantial exploration potential (Ma et al., 2012; Dai et al., 2012; Wang et al., 2022). Currently, tight gas development in China is mainly concentrated in the Ordos Basin, Sichuan Basin, and Songliao Basin (Zhao et al., 2008; Sun et al., 2019; Dai et al., 2021). In southern Sichuan, multiple source rock intervals are present, including the Xujiahe Formation, the Silurian strata Longmaxi Formation (Ren et al., 2025; Li et al., 2025), and the Permian Longtan Formation. Tight sandstone reservoirs are mainly found in the Triassic Xujiahe Formation, the Zhenzhuchong Member of the Jurassic Ziliujing Formation, and the Jurassic Shaximiao Formation (Li Z et al., 2016; Li, 2022; Zhang X. et al., 2023). Together, these form a favorable source–reservoir assemblage for tight gas accumulation, making the region a key area for future exploration efforts (Zhang, 2022). During the Late Triassic to Early Jurassic, the Central Atlantic Magmatic Province (CAMP) significantly increased atmospheric concentrations of greenhouse gases such as CO2 and CH4, triggered widespread wildfires, and contributed to global warming and a greenhouse climate (Jones et al., 2002; Belcher and McElwain, 2008; Marynowski and Simoneit, 2009; Lu et al., 2019). Under these arid and thermally extreme conditions, oxidizing environments prevailed, resulting in the formation of mudstone interbedded sandstone was formed. Notably, the mudstone developed a distinctive purplish-red coloration under such oxidizing settings. The sedimentary facies and origin of sandbodies from this period in this paleo-climate remain insufficiently understood.
The Early Jurassic Zhenzhuchong Member in Sichuan basin remains poorly studied, despite hydrocarbon shows observed in five wells, including Data-1 and Yin-36. The study of the sedimentary facies during this period is beneficial in solving the aforementioned issues. However, due to a lack of sandstone core data, the sedimentary facies of the Zhenzhuchong Member in southern Sichuan remain unclear and are subject to ongoing debate. Some studies suggest the development of shallow lacustrine bars and shallow lake systems during the Zhenzhuchong period (Li et al., 2014), while others propose delta plain and delta front subfacies. It has been suggested that a delta front extended from southern to central parts of the basin, with shallow lacustrine deposits dominating the central and southeastern regions (Liu et al., 2018).Nevertheless, the existence and extent of a delta system in southern Sichuan are still uncertain (He, 2011; Du et al., 2022; Li et al., 2023; Cheng et al., 2023). Previous studies mainly relied on log facies analysis and scattered outcrop observations to infer depositional facies. In this study, we adopt an integrated approach that combines core, thin section, geochemical, and seismic techniques. The advancement of this method lies in its ability to achieve a comprehensive characterization at both macro- and micro-scales: cores and seismic data delineate the macroscopic distribution of sand bodies, while thin-section identification and XRD analysis are applied to provide key and reliable evidence for depositional environment interpretation from the perspective of microscopic mineral composition and quantitative cathodoluminescence. This integrative strategy effectively overcomes the limitations of single-method approaches, which often lack sufficient evidential strength.
This study focuses on the Guanyin–Data area in southern Sichuan Basin and aims to reveal the sedimentary facies of the Zhenzhuchong Member during the greenhouse climate. By integrating data from drilling, mud logging, well logging, outcrop observations, thin section petrography, and cathodoluminescence analysis, this research seek to clarify the depositional environment and origin of sandbody of the Zhenzhuchong Member, which provide insights that may guide future tight gas exploration in regions with similar backdrop. The significance of this study lies in the fact that its methodology and conclusions provide guiding insights for tight gas exploration in the Sichuan Basin under a greenhouse climate background, as well as in other regions with similar geological settings.
2 GEOLOGICAL SETTING
The Sichuan Basin is a secondary tectonic unit located on the Yangtze paraplatform. It is bounded by the Longmenshan, Micangshan–Dabashan, Daliangshan, Qiyueshan, and Daxiangling mountain ranges, forming a NE–SW-trending rhombic structural–sedimentary basin (Liu et al., 2021; Lu et al., 2021). The southern Sichuan region lies within the southeastern Sichuan paleo-uplift area and the gentle structural zone of the central Sichuan paleo-uplift (Figure 1A). During the deposition of the Zhenzhuchong and Dongyuemiao members of the Ziliujing Formation, thrust-nappe tectonic activities intensified in the Micangshan–Dabashan region of northeastern Sichuan, whereas tectonic activity in the Longmenshan region weakened and eventually stabilized. As a result, the basin’s subsidence center shifted from the western Longmenshan foreland to the northeastern Sichuan region (Liu et al., 2018; Du et al., 2022).
[image: Panel A shows a geological map of the Sichuan Basin with fold belts, cities, and wells marked. Panel B depicts a stratigraphic column with depth in meters, showing lithology logs for Jurassic to Triassic formations. Panel C is a location map highlighting cities and well sites. Legends explain symbols for boundaries, cities, wells, and different rock types.]FIGURE 1 | (A) Tectonic zoning of Sichuan basin and the location of the study area (in the blue box); (B) Comprehensive column chart of stratigraphic lithology. (C) Well location distribution and outcrop sections position in the work area.The Jurassic stratigraphic succession in the Sichuan Basin comprises three major tectonostratigraphic sequences: TS4, TS5, and TS6. The TS4 sequence generally corresponds to the Lower Jurassic Ziliujing Formation, whose basal boundary is marked by an unconformity formed during the Late Indosinian Orogeny, separating the Jurassic from the underlying Triassic strata (He, 2011; Liu et al., 2021; Lu et al., 2021; Li et al., 2023; Cheng et al., 2023). The Zhenzhuchong Member of Ziliujing Formation belongs to the Early Jurassic TS4 sequence.
The contact relationship between the Ziliujing Formation and the underlying Upper Triassic Xujiahe Formation varies across the basin. In eastern Sichuan, it is a parallel unconformity (Hou et al., 2025); in the western Sichuan depression, it appears as an angular unconformity (Li et al., 2017); and in southern Sichuan, it generally presents as a parallel unconformity (Mei and Liu, 2017). Regionally, the Zhenzhuchong Member is contemporaneous but lithologically distinct from the Baitianba Formation at the basin margin (Figure 1) (Xu, 2014; Li et al., 2021). In the study area, the Zhenzhuchong Member overlies the Xujiahe Formation with a parallel unconformity, and its top is marked by shell limestone belonging to the overlying Dongyuemiao Member (Figure 1B).
In areas such as Chongqing, Qijiang, and Yongchuan in China, a basal red hematite-bearing layer led to the distinction of a separate stratigraphic unit known as the Qijiang Member. This unit, together with the Zhenzhuchong Member, was previously classified as the Zhenzhuchong Formation (Xiong et al., 2025).
In the study area (Figure 1C), several sandstone intervals are developed within the Zhenzhuchong Member, interbedded with variegated purple-red and grey-yellow mudstones, with occasional carbonaceous shale observed at the base of some outcrops. In southern Sichuan Basin, the provenance of the Zhenzhuchong Member sandstones is primarily linked to the southwestern margin of the Qianzhong Uplif (Li and He, 2014), resulting in the development of deltaic and littoral–shallow lacustrine facies (Feng et al., 2024). In the eastern part of the basin, evidence of multiple wildfire events during the Early Jurassic reflects an arid and hot greenhouse climatic setting (Lu et al., 2019).
3 INDICATORS OF SEDIMENTARY FACIES
3.1 Coloration of rock
The color of sandstones within the Zhenzhuchong Member exhibits notable variations across different outcrop sections. In the Yukongba section, sandstones are predominantly gray to light gray (Figures 2, 3); In the Liujiachang section, the color gradually transitions upward from light gray to grayish-green and grayish-yellow (Figures 2, 3); while in the Hulukou section, grayish-yellow to yellowish-gray sandstones are dominant (Figures 2, 3). These color variations are indicative of subaqueous depositional conditions.
[image: Nine rock samples labeled A to I displayed on a red background. Each sample is positioned next to a scale ruler for size reference, varying in color and texture, indicating different geological characteristics.]FIGURE 2 | Core and outcrop characteristics of the Zhenzhuchong Member. (A) Grayish-yellow, medium-grained quartz sandstone of Submember 1, Hulukou section; (B) Grayish-yellow, lenticular, medium-grained quartz sandstone of Submember 1, Liujiachang section; (C) Variegated mudstone of Submember 1 from Well Yin-23 (2065–2070 m); (D) Dark gray, fine-grained quartz sandstone of Submember 2, Liujiachang section; (E) 43rd layer, Light gray, medium-to thick-bedded, fine-grained siliceous lithic quartz sandstone, Liujiachang section; (F) 45th layer, Light gray, medium-to thick-bedded, fine-grained siliceous lithic quartz sandston, Liujiachang section; (G) Basal layer, multi-colored mudstone, Yukongba section; (H) Purplish-red mudstone of Submember 3, Yukongba section; (I) Grayish-yellow, fine-grained sandstone of Submember 3, Dujia section.[image: Stratigraphic columns of three sections: Hukoukou, Liujiachang, and Yukongba. Each column displays layers with varying lithologies and thicknesses, alongside sample images of rocks on red backgrounds. A map inset shows section locations, and a legend detailing lithology symbols is provided at the bottom.]FIGURE 3 | Main lithologies and their colors observed in three field outcrop sections of the Zhenzhuchong Member in the study area (The location of the sections is shown in the lower left).Mudstones in the study area primarily consist of interbedded purplish-red and grayish-green to purplish-red variegated mudstone (Figures 2, 3), reflecting a consistently oxidizing to weakly reducing environment during the deposition of the Zhenzhuchong Member. This pattern suggests relatively shallow water conditions, where frequent subaerial exposure and oxidation alternated with brief episodes of subaqueous sedimentation, characteristic of a shallow lacustrine environment (Chen et al., 2015).
3.2 Lithology and mineral composition
Due to the relatively nearby provenance of Qianzhong Uplift, sandstones are generally composed of quartz, feldspar, and lithic fragments, with a relatively high content of lithic fragments (Geleynse et al., 2011; Zhu et al., 2017; Xu, 2023; Huang et al., 2024). In the study area, the sandstones in the Zhenzhuchong Member is primarily fine-grained lithic quartz sandstones, with minor amounts of feldspathic quartz sandstones and quartz sandstones (Figures 4A–L). The detrital components mainly consist of quartz and various lithic fragments, with minor occurrences of feldspar and accessory minerals such as mica (Figure 4J).
[image: Microscopic images of various rock samples labeled A to L. Each image displays different textures and colors, including shades of blue, brown, and gray. Sizes range from 200 micrometers to 500 micrometers as indicated by the scale bars. The images show variations in granularity and distribution of minerals across the samples.]FIGURE 4 | Rock mineral composition of the Zhenzhuchong Member in the study area. (A) Fine sandstone, moderately rounded grains with linear contact, Hulukou, 3rd Layer, cast thin section photo (+); (B) Medium-fine sandstone with linear grain contacts and developed intergranular pores, Hulukou 3rd Layer, cast thin section photo (+); (C) Same sample as (B) under plane-polarized light, Hulukou 3rd Layer, cast thin section photo (−); (D) Medium-fine sandstone showing calcite filling intergranular pores, Hulukou 3rd Layer, cast thin section photo (+); (E) Medium sandstone with visible intergranular pores partially filled by calcite, Hulukou, 3rd Layer, cast thin section photo (+); (F) Same sample as (E) under plane-polarized light, primarily quartz and lithic fragments, Hulukou, 3rd Layer, cast thin section photo (−); (G) Fine to siltstone, particle size 30μm–150μm, containing feldspar and lithic fragments, Liujiachang, 46th Layer, cast thin section photo (+); (H) Same sample as (G) under plane-polarized light, Liujiachang, 46th Layer, cast thin section photo (−); (I) Fine sandstone, particle size 43μm–218μm, primarily quartz and lithic fragments with well-developed intergranular pores, Yukongba, 15th Layer, cast thin section photo (+); (J) Same sample as (I) under plane polarized light, showing visible mica minerals, Yukongba, 15th Layer, cast thin section photo (−); (K) Fine sandstone with developed intergranular and dissolved pores and visible (mixed matrix), Yukongba, 15th Layer, cast thin section photo (+); (L) Same sample as (K) under plane polarized light, Yukongba, 15th Layer, cast thin section photo (+).Quartz content varies widely, ranging from 80.7% to 93.4% (Figure 5). The lithic fragments are mainly derived from metamorphic rock; Feldspar content is relatively low, with both potassium feldspar and plagioclase occasionally visible (Figures 5H,I). Sandstone particles are well sorted, with subangular to subrounded shapes being most common (Figures 5E,K). Overall, the relatively high content of lithic fragments, along with the dominance of siltstone to fine-grained lithic quartz sandstone, reflects a rock-mineral assemblage characteristic of shallow-water deltaic environments (Singer, 1984; Weaver, 1989).
[image: Two horizontal bar charts compare mineral and clay mineral compositions. The first chart shows percentages of quartz, K-feldspar, plagioclase, calcite, and clay minerals. The second chart displays smectite, illite, kaolinite, chlorite, and two unidentified categories. Both charts have a color-coded legend and use different colored bars to represent each mineral type across various samples.]FIGURE 5 | Mineral composition of the Zhenzhuchong Member in the study area. Note that the number from 1 to 10 means the number of sampling.3.3 Sedimentary structure
Field outcrop observations from the study area show that the sandstones of the Zhenzhuchong Member exhibit a variety of sedimentary structures, including horizontal bedding, small-scale cross-bedding, and parallel bedding (Figure 6). In some sections, ripple marks and lenticular bedding are also observed. Among these, horizontal and lenticular bedding are characteristic indicators of shallow lakeshore environments. Horizontal bedding typically forms under low-energy, calm hydrodynamic conditions and is commonly associated with stable depositional settings such as lakes and river floodplains. In contrast, small-scale cross-bedding reflects deposition under stronger hydrodynamic conditions, suggesting more energetic environments.
[image: Panel A shows a close-up of layered rocks with a red arrow pointing at them. Panel B depicts a person in a jacket standing near a rock formation with red and blue lines. Panel C features a landscape view of terraced fields and a cliff with red and blue lines highlighting the strata. Panel D displays a sloped rock surface with blue dashed lines indicating the rock layers.]FIGURE 6 | Sedimentary strcutures of the Zhenzhuchong Member in the study area. (A) Parallel bedding; (B) sandstone, fifth layer, Hulukou, showing vertically superimposed binary channel structure; (C) Lenticular sandstone, 2nd layer, Hulukou; (D) sandstone with cross-bedding and blocky bedding, 44th layer, Liujiachang.In the Yukongba section, the sandstones show well-developed parallel bedding and normal grading. In shallow-water delta environments, coarse-grained sediments deposited in distributary channels often develop normal grading and stratified bedding due to sediment transport and depositional dynamics influenced by fluvial-controlled water flow (Zhang M. et al., 2023). These features are indicative of fluvial and distributary channel facies that developed during the Zhenzhuchong depositional period.
Overall, the sedimentary structures of the Zhenzhuchong Member reflect a relatively stable but somewhat dynamic sedimentary environment, corresponding to the transitional process from a shallow water delta to a lacustrine (lake) setting.
3.4 Seismic facies indicator
The study on seismic facies markers in the southern Sichuan area is based on the calibration of synthetic seismograms from typical actual drilling wells. Combined with single-well geological and geophysical data, the corresponding relationships between lithologic associations, lithologic interfaces, etc., and seismic reflection events are established. Furthermore, through well-seismic correlation methods, a good corresponding relationship between single-well lithology and planar characteristics of seismic attributes is established.
From the synthetic seismogram of Well Ta20, sand bodies show strong reflection characteristics (Figure 7), while mudstones show weak reflection characteristics. The channel sand bodies with relatively large thickness mainly show peak reflection on the synthetic seismogram, with the bottom boundary showing trough reflection characteristics.
[image: Seismic log data visualization displaying depth, acoustic impedance, reflection coefficient, velocity, density, layering, wavelet, synthetic trace, well-side trace, and natural gamma log. The graph tracks changes in these parameters with depth, using lines and shaded areas to represent variation.]FIGURE 7 | Calibration of Synthetic Seismogram for Well Ta20 in the study area.Amplitude-related attributes in seismic profiles can reflect the development of channel sand bodies. As observed from the seismic profile passing through Well Ta16, during the sedimentary period of the Zhenzhuchong Member in the southern Sichuan area, the reflection events exhibit weak amplitude, medium frequency, but good continuity. Some lenticular bright spot reflections are visible, corresponding to underwater distributary channel sand bodies (Figure 8).
[image: Seismic data visualization showing multicolored wavy lines, indicative of geological layers or formations. A vertical red line labeled "Ta16" and a horizontal blue line suggest notable features or boundaries. The bottom includes measurement details, with 655 meters marked and values indicating trace and length information in centimeters.]FIGURE 8 | Pre-stack time migration section through Well Ta16 in the study area. Note that the blue line shows the top of the Zhenzhuchong Member.3.5 Geochemical composition
In the study area, the sandstones of the Zhenzhuchong Member show relatively limited cementation, reflecting they did not undergo strong cementation during early diagenesis. Geochemical analysis indicates that the Fe2O3 content ranges from 1.988% to 4.613%, with an average of 3.07%; the MnO content ranges from 0.014% to 0.237%, with an average of 0.062%. This suggests that the depositional environment was relatively open to fluid circulation. Only minor calcite cement is present (Figure 9), which emits a bright orange color under cathodoluminescence, indicating a low Fe/Mn ratio c.f. (Huang, 1992; Calvert and Pedersen, 1993), and is interpreted to have formed during early diagenesis under freshwater conditions. Geochemical analysis indicates that the Fe2O3 content ranges from 1.988% to 4.613%, with an average of 3.07%; the MnO content ranges from 0.014% to 0.237%, with an average of 0.062%. In the freshwater environment, Fe/Mn ratio range from 21.15∼96.95 (Calvert,1993). The average Fe/Mn ratio in this area is 49.51, implying the diagenetic freshwater environment.
[image: Microscopic images of rock samples labeled A to F, each showing mineral compositions. Labels indicate carbonate (Cc) and feldspar (Kfs) within various textures. Scale bars indicate 200 micrometers.]FIGURE 9 | Cathodoluminescence image of sandstones from the Zhenzhuchong Member in the Yukongba section. (A) Rock fragments under cross-polarized light (XPL), Hulukou, 3rd Layer, cast thin section photo; (B) Same sample as (A) under CL, Bright orange-red luminescence in cathodoluminescence (CL) images indicates early cement (Cc-I), suggesting formation in an early diagenetic environment, Hulukou 3rd Layer, cast thin section photo; (C) Feldspar under cross-polarized light (XPL); cast thin section photo; (D) Same sample as (A) under CL, potassium feldspar grains (Kfs) exhibit intense blue luminescence . The strong blue luminescence originates from Al-O--Al defect centers, indicating fresh and unaltered mineral composition., Hulukou 3rd Layer, cast thin section photo; (E) Under cross-polarized light (XPL), the compositional boundaries of rock fragments are difficult to distinguish accurately, Hulukou, 3rd Layer, cast thin section photo; (F) Same sample as (E), CL image clearly reveals their complex diagenetic structure: the core (Core) emits dark blue luminescence, identified as feldspar (Kfs), while the rim (Rim) shows bright orange-red luminescence, indicating Mn2+-rich carbonate cement (Cc). This structure suggests that the edges of feldspar has been replaced by calcite.Trace element analysis of rock samples from the Zhenzhuchong Member outcrops (Figure 10) provide further insight into the depositional environment. The Sr/Cu ratio ranges from 2.1 to 6.48, with an average of 3.82, indicating a warm to hot paleoclimate during the deposition (Li et al., 2018). The Sr/Ba ratio ranges from 0.13 to 0.40, averaging 0.227, which reflect a significant freshwater influence. Additionally, the Ni/Co ratio varies from 1.45 to 3.59, with an average of 2.18, indicating an oxidizing environment. To exclude the interference of source rock properties, the Sr/Ba and Ni/Co of mudstone samples from the Lower Jurassic in the northeastern, eastern and middle region of the Sichuan Basin have been investigated (Zhang, 2013; Zhang X. et al., 2023; Cai et al., 2025). Sr/Ba (0.11–0.26) and Ni/Co (2.35–5.82, avg. 3.59) values occur in the eastern of the Sichuan Basin (Cai et al., 2025). Meanwhile, in the northeastern and middle region of the Sichuan Basin, the Sr/Ba ratio also indicates a freshwater environment (Zhang, 2013; Zhang K. et al., 2023). These evidences are consistent with the result in the southern Sichuan region of this study.Overall, the geochemical data indicate that during the deposition of the Zhenzhuchong Member in the study area, the region was characterized by a warm, freshwater-dominated, and oxidizing paleoenvironment.
[image: Two scatter plots analyze environmental conditions. The left plot shows Sr/Ba versus Sr/Cu ratios, highlighting a warm and humid climate. The right plot displays V/(V+Ni) versus Ni/Co, indicating oxic and reducing environments. Data points are marked in blue.]FIGURE 10 | Trace elemental ratios of sandstones deposited in the distributary channel from the Zhenzhuchong Member.4 SEDIMENTARY FACIES
The development of shallow-water deltas depends on several key conditions: a relatively stable tectonic setting, a large basin area, a gentle paleotopographic slope, frequent fluctuations in lake level, an abundant sediment supply, and a suitable climate (Geleynse et al., 2011; Chen et al., 2015; Li Y et al., 2016; Zhu et al., 2016; Li et al., 2017; Qin et al., 2021). The formation and distribution of sand bodies within shallow-water deltas are closely related to variations in lake level (Ouyang et al., 2024). These fluctuations affect the balance between accommodation space and sediment supply, thereby controlling regional sedimentary evolution (Qiu et al., 2016; Olariu et al., 2021; Ouyang et al., 2024; Paulo et al., 2024).
Based on regional geological data and previous research, it is evident that during the deposition of the Zhenzhuchong Member in the Early Jurassic, the study area experienced relatively stable tectonic conditions, a gentle slope, lake level fluctuation, abundant sediment supply, and rapid subsidence (Chen et al., 2015).
Integrating sedimentary environment, field outcrop observations, thin section identification, and well-logging data from the study area, the Zhenzhuchong Member has been subdivided into three approximately equal stratigraphic units: Submember 1, Submember 2, and Submember 3, from bottom to top (Figure 11). The division is based on the formation thickness, and the continuity of sandbodies.
[image: Geological chart displaying a stratigraphic column with depth measurements from 710 to 790 meters. It shows lithology with color-coded patterns, including siltstone, sandstone, dark gray mudstone, and red-brown mudstone. The chart includes gamma ray (GR), acoustic (AC), and other logs. Sedimentary microfacies listed are subaqueous distributary channels, inter-distributary bays, shallow lake sand bars, and shallow lake mud. Sedimentary subfacies include delta front and shallow lake environments. A legend provides symbols for lithology types.]FIGURE 11 | Sedimentary column of the Zhenzhuchong Member from Well Ma 5.Submember 1 is dominated by the delta front subfacies. The sandbodies are mainly composed of medium-grained sandstones with relatively large thickness, while the thin-bedded mudstones with primarily parti-color. Submember 2 also represents delta front subfacies but shows a transitional facies between delta front and shallow lake. Mudstones are more prevalent, while the thickness of sandstone decreases. Submember 3 is characterized by further thickening of mudstones, along with a reduction in both the thickness and grain size of sandstones, which are mainly composed of fine-to-silt sandstones (Figure 11).
In summary, the sedimentary facies of the Zhenzhuchong Member in the study area could be divided as an interactive sedimentary environment between shallow-water delta and shallow lacustrine (Table 1).
TABLE 1 | Shallow-water delta-lake interactive sedimentary system of the Zhenzhuchong member.	Sedimentary facies	Sedimentary subfacies	Sedimentary microfacies	Typical well
	Delta	Delta front	Subaqueous distributary channel (SDC)	Yin32, Yin33
	Interdistributary bay (IDB)	Yin29, Ma13
	mouth bar (MB)	Ma9, Ma13
	Lake	Shallow lake	shallow lake mud (SLM)	Ta20, Ta16
	Shallow lake sand bar (SLSB)	Ma13, Ta20


4.1 Shallow water delta
As previously described, the delta front subfacies within the Zhenzhuchong Member are mainly distributed in Submember 1 and Submember 2 of the study area. The dominant sand bodies are interpreted as subaqueous distributary channel deposits, typically exhibiting box-shaped gamma ray (GR) log signatures. In addition, mouth bars deposits are also present, characterized by funnel-shaped GR curve, which reflect a coarsening upward trend (Figure 11).
Within interdistributary bay microfacies, thick bedded mudstones are developed. Due to frequent subaerial exposure and arid climatic conditions in the study area, the mudstones are mostly parti-color, with purple-red being the most dominant.
4.2 Shallow lake
The shallow lake subfacies are primarily developed in Submember 3 of the Zhenzhuchong Member. In this interval, multiple sets of shallow lacustrine sand bar deposits with varying thicknesses are observed. The corresponding gamma ray (GR) curves of these sand bodies typically show inverse grain-size trend, indicative of upward coarsening (Figure 11), and are composed mainly of fine-to silt-sized sandstones. The GR log values of the associated lacustrine mudstones are relatively high, and the lithology comprises grayish-green to purple-red mudstones.
4.3 Sedimentary model
During the deposition of the Zhenzhuchong Member in the study area, the overall tectonic setting remained stable, the paleotopographic slope was gentle, sediment supply from the provenance area was abundant, and the lake level experienced a slow rise from submember 1 to 3. In the early stage, the lake water was relatively shallow, leading to the development of a shallow-water delta. During this period, sand bodies were mainly subaqueous distributary channel deposits, associated with relatively large fluvial-controlled channels, and the delta front subfacies were extensively developed. As the transgression progressed, the extent of the shallow-water delta gradually retreated landward toward the source. Consequently, the study area underwent a gradual transition from a delta to a lake. Shallow lacustrine sand bar deposits become increasingly common, and shallow lake subfacies eventually came to dominate the depositional environment (Figure 12). Similar to the Eocene part of the Green River Formation in the south-central part of the Uinta basin (Fan et al., 2017), during the transgression of lake, subaqueous mudflat, crevasse-splay, overbank and shallow-lacustrine sandsheet, delta distributary channel, and proximal open-lacustrine settings developed.
[image: Panel A shows a geological map with various regions highlighted in colors representing different geological features like bedrock, alluvial fans, and braided rivers. Red lines denote faults and orogenic belts. Panel B displays cross-sectional diagrams showing two geological scenarios with layers indicating provenance areas, fault lines, and sedimentary structures. The legend provides symbols and color codes for elements such as lakes, river channels, and sedimentary boundaries. Scale bars and directional arrows for north and northeast are present.]FIGURE 12 | Sedimentary background and the sedimentary model of the Zhenzhuchong Member. (A) Schematic diagram of the prototype basin during the deposition of the Zhenzhuchong Member; (B) Transgression-controlled sandbody model in the shallow delta-lake sedimentary system of the Zhenzhuchong Member.5 DISTRIBUTION OF SEDIMENTARY FACIES
During the Early to Middle Jurassic, the primary source of sediment in the Sichuan Basin was the Qianzhong Paleo-uplift, located to the southwest (Jones et al., 2002). Through the horizontal correlation of the sedimentary facies in these three member, the change of sedimentary facies was detailed analyzed at a fine scale and the spatial (planar) distribution patterns of sedimentary microfacies within each submember was determined.
5.1 Horizontal correlation of sedimentary microfacies
Following tectonic uplift during the Late Indosinian movement in the Late Triassic and a brief phase of erosion, the basin began to subside during the deposition of the Zhenzhuchong Member. The climate during this time was warm and arid, and the lake level gradually rose (Lu et al., 2019).
The Zhenzhuchong Member in the study area is predominantly composed of mudstones and siltstones representing shore and shallow lake subfacies, along with medium-to fine-grained sandstones corresponding to delta front subfacies. During this depositional period, the delta front subfacies were mainly developed in Submember 1 and 2 of the Zhenzhuchong Member. Laterally, the subaqueous distributary channels of the delta show a broad distribution across the study area. Mouth bars are locally developed in some well areas within both the Data and Guanyin areas (Figure 13).
[image: Geological cross-section with stratigraphic columns labeled Yin 33, Yin 32, Ta 1, Ta 20, and Ta 16 in section A; and Ma 5, Ma 9, Ma 13, Yin 29, and Yin 32 in section B. The section shows various sedimentary deposits including shallow lake mud, sand bars, subaqueous distributary channels, and estuarine bars represented in different colors. A legend details materials like coal seam, shale, quartz sandstone, and iron-bearing mudstone. The location map shows field outcrop sections marked in red triangles. Scale bars indicate distances.]FIGURE 13 | Cross-well correlation of sedimentary facies in the Zhenzhuchong Member. (A) North-South facies correlation profile; (B) East-west facies correlation profile.In Submember 3, subaqueous distributary channels are limited, distributing only in the eastern of the Maliu area and the southern of the Guanyin area. Mouth bars deposits are observed in the Data area. The shallow lake subfacies are distributed across the western Maliu area and the northern Guanyin area, where shallow lake sand bars are widely developed (Figure 13).
5.2 Plane distribution of sedimentary microfacies
By integrating 3D seismic data from the Data Field and the sedimentary facies identified by well logging, the corresponding relationship between the root mean square (RMS) amplitude attribute within an 11 ms time window and sedimentary microfacies was established (Figure 14).
[image: Maps and geological data are presented in a multi-panel layout. Panels A, B, and C showcase different geographic distributions with subaqueous distributary channels in yellow and interdistributary bays in gray. An inset in each map highlights a section in detail. Panel D presents a seismic data profile showing subsurface layers with annotated boundary lines. Panel E features a detailed section of seismic waves with color variations indicating geological formations. The colored legend at the bottom explains symbols, such as wells as dots and features like estuarine bars, shallow lake mud, and sand bars in various colors.]FIGURE 14 | Plane distribution of sedimentary facies of the Zhenzhuchong Member. (A) Plane distribution of sedimentary facies of Submember 1; (B) Plane distribution of sedimentary facies of Submember 2; (C) Plane distribution of sedimentary facies of Submember 3; (D) Seismic profile across Well Ta20 in the Data area, showing a smooth seismic waveform with no distinct channel features; (E) Seismic profile across well Yin 33 in the Guanyin area, displaying the progradational geometry typical of a channel system in the delta front.RMS values below 2000 corresponds to mudstones, which are classified as subaqueous interdistributary bay or shallow lake mud. Further differentiation is made based on their plane distribution range and the development of sand bodies in adjacent areas.
RMS values ranging from 2000 to 2500 corresponds to thin sand bodies. These sand bodies have a small area and are manifested as sand bars located at the edge of channels or along the lake shore.
RMS values around 3000 corresponds o thick sand bodies with a relatively large area, showing as channel sand bodies in the plane.
On this basis, combined with the sedimentary facies on each well in the Maliu and Guanyin areas and the channel identified by 2D seismic profiles, the plane distribution characteristics of sedimentary facies for the three submembers of the Zhenzhuchong Member were analyzed.
During the deposition of submember 1 of the Zhenzhuchong Member, lake levels were relatively low, and the sedimentary microfacies were primarily controlled by a shallow-water delta. Three main subaqueous distributary channels developed during this period. The river channels in the northwest and southeast had relatively short extension distances, and mouth bars were locally developed. In contrast, the central-southern channel was more extensive and larger in scale, with mouth bars forming near wells Ma 4, Yin 21, Yin 33, and Ta 14.
During the deposition of Submember 2, while the provenance remained stable, lake levels began to rise. The sedimentary environment evolved into an transitional interval between the shallow-water delta and lake. As a result, delta front subfacies gradually retreated towards the southern part of the study area, and the shoreline extended southwestward. Two main subaqueous distributary channels developed during this stage. The scale of the channel in the northwest decreased, whereas the central-southern channel remained relatively long and wide. A greater number of mouth bars were formed during this period. In the Maliu area, the mouth bars were small and scattered, appearing near wells Ma 11, Ma 14, and Ma 8. In the Guanyin area, the mouth bars were observed near wells Yin 29 and Yin 32, while in the Data are, the mouth bars were found near wells Ta 5 and Ta 14. Similar to the Eocene Part of the Green River Formation in the North America, there are three transgressive shallow-water limestone units in the Sunnyside delta interval and transitional interval during the (Remy, 1992). The transgressive limestone are found in the submember 2 of the Zhenzhuchong member, which is interbedded by the shallow lake mud.
During the deposition of Submember 3, lake levels continued to rise. In the northeastern part of the study area, the sedimentary microfacies became dominated by lacustrine deposits, while the delta front subfacies further retreated to the southwest. Large-scale shallow lake sand bars were developed in both the Maliu and Guanyin areas. Additionally, two small subaqueous distributary channels formed in the southeastern part of the study area. These channels were short and limited in scale, with small-scale shallow lake sand bars developing near Wells Ta 1 and Ta 14.
6 PETROLEUM GEOLOGICAL SIGNIFICANCE
During the deposition of the Zhenzhuchong Member in the Sichuan Basin, crustal tectonic activity remained relatively stable, providing a favorable structural framework for sediment accumulation. Within this stable setting, the interplay of paleogeomorphology, consistent sediment supply, and fluctuations in relative lake level collectively influenced the formation of a delta-lacustrine (lake) alternating sedimentary system. This system developed extensively across the region, particularly in southern Sichuan, where the gentle paleotopographic slope further facilitated its evolution.
Vertically, three main sets of sand bodies were developed in the study area, primarily controlled by favorable sedimentary microfacies such as subaqueous distributary channels. Among them, the sand bodies in Submembers 1 and 2 are dominant, characterized by widespread distribution and large-scale development. Microscopic observation of sandstone under cast thin sections from the Yukongba section reveals well-developed pores, including intergranular dissolved pores and moldic pores (Figures 5A,D,E,K), with primary pores being the most common pore type. According to the petrophysical measurements in this study, the porosity of the reservoir samples ranges from 4.74% to 12.28%, with an average of 6.98%, indicating a certain reservoir potential. In general, areas with developed subaqueous distributary channels (e.g., well Ma 9, well Yin 26) have porosities of 4.5%–7%, while those with mouth bars (e.g., well Ma 8, well Yin 33) show porosities of 7.5%–12%. In the Hulukou and Yukongba Sections, sandstones in the subaqueous distributary channels have favorable pore development, dominated by intergranular and moldic pores, along with flaky throats. In the Liujiachang Section, located in a channel margin, has limited pores, mainly intragranular dissolved pores, with occasional fracture throats. In conclusion, the Zhenzhuchong Member in the Guanyin-Data area demonstrates favorable conditions for the development of high-quality sandstone reservoirs and shows positive hydrocarbon indications. This interval holds significant potential for future tight gas exploration in southern Sichuan. In terms of hydrocarbon shows, Well Data-1 in the Zhenzhuchong Formation exhibits clear gas logging anomalies. The trap conditions are controlled by a combination of lithologic and structural factors, where subaqueous distributary channel sand bodies are effectively sealed by laterally adjacent mudstones. The underlying Xujiahe Formation serves as the hydrocarbon source rock, the Zhenzhuchong Formation provides high-quality sandstone reservoirs, and the overlying Dongyuemiao Formation shales act as regional cap rocks. In addition, hydrocarbon-generating faults developed in the area function as efficient migration pathways. These petroleum system elements—including source, reservoir, seal, trap, migration, and preservation—jointly determine the potential for hydrocarbon accumulation (Fan et al., 2024; He et al., 2025). In summary, the Zhenzhuchong Formation in southern Sichuan possesses favorable conditions for hydrocarbon accumulation and represents an important potential target for future tight gas exploration in the region.
7 CONCLUSION
	1.This study reveals that the Zhenzhuchong Member in the southern Sichuan Basin developed under a warm to hot, oxidizing greenhouse climate, as indicated by Sr/Cu, Sr/Ba, and Ni/Co ratios. These environmental conditions led to the deposition of purplish-red mudstones interbedded with fine-grained lithic quartz sandstones.
	2.Sedimentary facies analyses confirm that the Zhenzhuchong Member was formed within an interactive shallow-water delta and lacustrine (lake) sedimentary systems. The dominant microfacies include subaqueous distributary channels, mouth bars, shallow lake mud, and sand bars, reflecting a transitional depositional environment.
	3.Three vertically stacked sandbody sets were identified in the Zhenzhuchong Member. With progressive lake transgression, distributary gradually channels retreated and gave way to expanding shallow lacustrine depoists. Facies distribution patterns show a lateral shift of the delta front toward the south as lake levels rose.
	4.The lower sandbodies display within the Zhenzhuchong Member display broad lateral continuity and favorable reservoir characteristics, demonstrating considerable potential for tight gas exploration in the region.
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