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Deep tight gas reservoirs are considered important hydrocarbon exploration targets. High-quality reservoir prediction is critical for successfully exploring and developing deeply buried tight sandstone gas. Previous research has found that the reservoir quality of deeply buried tight sandstones is controlled by diagenesis and sedimentary facies. However, the variation of diagenetic alterations in different facies is still poorly studied on deltaic tight gas sandstone. In this study, core analysis, wireline log data, and 3D seismic were studied for the characterization of diagenetic alterations and sedimentary facies. The tight sandstones were formed in braided river delta deposits. Gravel-bearing coarse-grained sandstone facies and cross-bedded sandstone facies developed in tight sandstones. The Gravel-bearing coarse-grained sandstone is formed in the mid-channel bar of deltaic distributary channels. The major diagenetic processes developed in the tight sandstone include compaction, cementation, and dissolution. Constructive diagenesis can generate secondary pores, mainly including dissolution and kaolinite metasomatism, which can effectively improve reservoir physical properties. Through the diagenesis alterations linked to different lithofacies in cored wells, there are obvious diagenesis variations in different lithofacies. Despite strong compaction, the reservoirs in coarse sandstone facies have developed internal dissolution. After compaction, cementation, and dissolution to increase porosity, the reservoir retains intergranular and secondary pores and forms relatively high-quality reservoirs. The fine sandstone facies with cross-bedding are strongly compacted, with internal ductile particles being compacted and deformed, and the particle orientation is clearly arranged. The reservoir is tight, and the development of dissolution in the reservoir is weak, resulting in poor reservoir quality. In addition, reservoirs located at the interface between sandstone and mudstone are often affected by diagenesis, resulting in the development of calcareous cementation, leading to poor reservoir quality. Therefore, high-quality reservoirs are mostly distributed in coarse sand lithofacies, mainly distributed in the mid-channel bar of distributary channel deposits. Sedimentary facies control the original physical properties of the reservoir with different content and texture; the quality of the original reservoir is subject to diagenetic alteration in different ways. The points in this study could offer insights better to predict deep tight reservoir quality in continental basins.
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1 INTRODUCTION
Tight sandstone gas has become one of the world’s most important unconventional oil and gas resources and has huge resource reserves and broad development prospects in continental basins. However, in continental basins, tight sandstone gas reservoirs are characterized by rapid sedimentary facies change, complex sand body distribution, and strong heterogeneity of reservoir quality. In the process of production and development, there are many problems, such as low single-well productivity, great differences in gas productivity in different exploration wells, and rapid production decline. Reservoir heterogeneity strongly affects the fluid flow and recovery factors of reservoirs (Wardlaw and Taylor, 1976; Wardlaw and Cassan, 1979; Weber, 1982; Wang, et al., 2023). Therefore, in recent years, the formation mechanism of tight sandstone reservoirs and the distribution of high-quality reservoirs have been important topics of continental hydrocarbon-bearing basin exploration. According to previous studies, diagenetic alterations in sandstones are important controlling factors of the reservoir quality. Sedimentary research of reservoirs is also important as the sedimentary facies could be related to sedimentary structure, grain size, and sorting of those hydrocarbon-bearing sandstones. The spatial distribution of diagenetic alternations in different sedimentary facies is also studied (Morad et al., 2000; El-ghali et al., 2006a; El-ghali et al., 2006b; Morad et al., 2010). In continental basins, reservoirs were well developed in the delta facies. Most of the high-quality reservoirs could be developed in deltaic distributary channel facies. However, the spatial distribution of diagenetic alternations and reservoir quality within deltaic distributary channel facies is still understudied in lacustrine basins.
The Ordos Basin is China’s largest oil and gas-bearing continental basin and is rich in tight gas reservoirs (Yang et al., 2005; Yang et al., 2012; Xu et al., 2018). Tight sandstone gas reservoirs have been found in the Upper Paleozoic deposits of the basin. Most of the reservoirs developed among those deposits in the Taiyuan Formation, Shanxi Formation, and Lower Shihezi Formation. In recent years, natural gas exploration has had a great breakthrough in the southwest of the Yishan Slope structural belt, Ordos Basin. In 2018, the Qingyang gas field was discovered in the southwest of the basin. The gas reservoir is developed in the upper Paleozoic fluvial-delta sandstone deposit, which belongs to the typical ultra-low permeability tight reservoir (Fu et al., 2019; Zhu et al., 2021). Recent exploration indicates that the Upper Paleozoic natural gas resources have good development potential. The efficient development of those natural gas mainly depends on the distribution model of high-quality reservoirs about the deep buried tight gas reservoirs. Therefore, the Upper Paleozoic deposits could be an analog to analyze the distribution model of high-quality reservoirs in tight sandstone.
This study focuses on the distribution of diagenetic alterations and reservoir quality within deltaic distributary channel sandstone using 3D seismic, core, and wireline log curves data. Deltaic distributary channels of the Upper Paleozoic Shihezi Formation from the proximal to distal in the Hongde area, southwestern Ordos Basin were selected as targets. The study aims were listed as follows: 1) To describe and interpret the sedimentary facies of the deltaic distributary channel deposits and horizontal distribution; 2) To get diagenesis features and alternations in lithofacies of distributary channel deposits; 3) To discuss diagenetic alterations linked to depositional lithofacies, Then, high-quality reservoir quality distribution model within deltaic distributary channel was clarified in the Lower Shihezi Formation.
2 GEOLOGICAL SETTING
The Ordos Basin is surrounded by the Yinshan Mountains in the north, the Qinling Mountains in the south, the Luliang Mountains in the east, and the Tengger Desert in the west. The basin is sub-divided into six structural units, including the Yishan slope, the Weibei uplift, the Yimeng uplift, the Western Shanxi fold belt, the Western obduction zone, and the Tianhuan depression (Figure 1). The Hongde area is in the southwest of Ordos Basin. The tectonic unit is located on the western of the Yishan slope, south of the Tianhuan depression, with the Qingyang gas field in the southeast of the area, and the Upper Paleozoic tight sandstone has great potential for natural gas exploration (Wang et al., 2016; Fu et al., 2019). The Late Paleozoic stratigraphy in the Hongde area was a set of clastic rock from the marine-continental transitional facies, with a total sedimentary rock thickness of about 700 m (Zhu S. F. et al., 2021). The Benxi Formation, the Taiyuan Formation, the Shanxi Formation, the Lower Shihezi Formation, the Upper Shihezi Formation, and the Shiqianfeng Formation were developed sequentially from the bottom up, in which the coal measure source rocks of the Benxi Formation, the Taiyuan Formation, and the Shanxi Formations continuously supplied hydrocarbons to the overlying strata (Meng et al., 2021).
[image: Figure 1]FIGURE 1 | Location of the Hongde area, with tectonic setting of the Ordos Basin and the stratigraphy division. (A) Map showing the location and division of tectonic units of the Ordos Basin (modify from Liu et al. (2015)). (B) Stratigraphical section of the Upper Paleozoic strata. (C) Gas exploration wells and seismic data cover range in study area.
The target layer in this paper is the He 8 member of the Permian Shihezi Formation, which is the major oil and gas-producing layers in this area. Previous research concluded that the sedimentary environment of the Permian in the Ordos Basin was relatively warm and humid, and the sedimentary water depth was around 20 m. The study area is characterized by relatively flat topographic slope, non-development of large-scale fault, tectonic stability, and strong hydrodynamic conditions that can carry a large number of sediments, which provide favorable conditions for shallow-water delta sedimentation (Xiao et al., 2008; Guo et al., 2020; Zhu et al., 2021; Xia et al., 2022).
The Upper Paleozoic tight sandstone reservoirs in the study area have deep burial depths (range from 3500–4500 m), tight reservoirs (average porosity <7%, average permeability <0.5×10−3 μm2), complex microscopic pore-throat structures, and a variety of pore types (Cui et al., 2021; Qi et al., 2021). Recent oil and gas exploration and development studies show that the tight sandstone gas reservoir of the He 8 member of the Permian Shihezi Formation in the Hongde area is rich, and some exploration wells have already discovered natural gas reservoirs, which has an excellent prospect for natural gas exploration. It is urgent to research the reservoir quality of the He 8 member of the Permian Shihezi Formation, which is still in the initial period.
3 DATA AND METHODS
This study used the cores, log curves, 3D seismic data, and reservoir physical property (porosity and permeability) data. The data used in this study are from the PetroChina Changqing Oilfield Company. Detailed descriptions, photographs, and sediment particle size analysis from 56 m of core records in 4 cored wells that penetrated the He 8 member were taken for identification of lithofacies. 3D seismic data that cover the central part of the study area (289 km2). Porosity and permeability data come from 220 tight sandstone samples from 4 wells. Wireline log curve data was used to identify sedimentary facies in other wells without cores. Detailed descriptions of the tight sandstone core samples in the He 8 member of the Shihezi Formation were taken to identify and interpret lithofacies. The lithofacies and vertical association of the tight sandstone deposits are summarized based on color, grain size, and sedimentary structure. The characteristics of lithofacies from the different depositional sequences were interpreted after core description. The log curve characteristics of different sedimentary facies were studied in the Shihezi Formation.
Based on the study of lithofacies and log curves facies analysis of the He 8 member, sedimentary facies interpretation was conducted on the wells in the Hongde area. The sedimentary variation was revealed through a comparison of lithofacies from the deltaic distributary channels developed in the Shihezi Formation. The vertical sedimentary facies variation was studied through well-tied profiles from the proximal to the distal direction of the deltaic deposits of the He 8 member. The diagenesis features and alternations in different lithofacies were studied using thin sections. The high-quality reservoirs were identified using porosity and permeability in those wells. This study used wireline log curves from four exploration wells and 3D seismic data to predict the deltaic tight sandstones. Seismic amplitude attribute extraction and seismic inversion were used in this study for tight sandstone reservoir prediction. The horizontal distribution of the deltaic tight sandstone is predicted through sedimentary facies and sand body thickness contour map. With the assistance of wireline log curves and 3D seismic data, the vertical and horizontal distributions of high-quality reservoirs were investigated through sedimentary lithofacies and sand body thickness contour map. The relationship between diagenetic alterations and depositional lithofacies in deltaic distributary channels is analyzed for further discussion. Basis on horizontal and vertical analysis, the high-quality reservoir quality distribution model within the deltaic distributary channel is discussed in the discussion chapter.
4 RESULTS
4.1 Lithofacies characteristics and interpretation
During the depositional period of the He 8 member, due to the rapid decrease in baseline, cold and dry climate, and increased stratigraphic slope, the sediment supply rate increased (Zhu S. F. et al., 2021). As a result, the shoreline continued to advance towards the edge of the delta front, and the branching and merging of channels were more frequent, mainly developing braided river deltas. The subaqueous distributary channel sand bodies are the major types of sand bodies, with gravel-bearing coarse-grained sandstone facies, cross-bedding coarse sandstone facies, and black mudstone facies commonly found in the He 8 member (Figure 2).
[image: Figure 2]FIGURE 2 | Typical lithofacies photographs from cores. (A) Massive gravel-bearing coarse sandstone (Sg), well W4, 4956.55 m. (B) Massive gravel-bearing coarse sandstone (Sg), well W5, 4459.8 m. (C) Sandy gravel-bearing lithic sandstone, well W4, 4951.72 m. (D) Black mudstone, well W5, 4462.3 m. (E) Cross-bedding coarse sandstone (Sp), well W3, 5262.25 m. (F) Massive coarse sandstone with black mud clasts (mark by yellow line) in well W3 (Sm), 5263.07 m.
In the distributary channel microfacies, the lithology is relatively coarse, with the development of sandstone and gravel-bearing coarse sandstone. The overall sorting is medium to good, and the sedimentary structure is mainly composed of cross-bedding and parallel bedding. At the bottom, fine conglomerate and visible erosion surfaces are often developed, and the main thickness is 5–8 m. Vertically, there are mainly positive and compound positive rhythms. In terms of logging response characteristics, the microfacies of the distributary channel exhibit a bell-shaped or composite shape of gamma ray and resistivity curves, with generally higher amplitudes (Figure 3). The distributary channel can develop mid-channel bar deposits inside, and coarse-grained lithology is usually developed in the mid-channel bar, including conglomerate and gravel-bearing coarse sandstone. The sorting is generally medium to good, with visible massive bedding and parallel bedding. In terms of logging response characteristics, mid-channel bar deposits often exhibit a box-shaped gamma ray curve.
[image: Figure 3]FIGURE 3 | Sedimentary microfacies interpretation and lithofacies description of well W4, and typical lithofacies photographs.
4.2 Physical properties
By analyzing the tight sandstone samples of the He 8 member in the study area. Porosity ranges between 0.8% and 16.3%, with a mean value of 5.1%, and the permeability ranges between 0.001 mD and 10 mD, with a mean value of 0.42 mD. The samples with porosity less than 10% and permeability less than 0.5 mD accounted for 87% of the total samples. Porosity and permeability distributions of different lithofacies vary greatly (Figure 4).
[image: Figure 4]FIGURE 4 | Reservoir quality of the sandstone from the He 8 member. (A) The distribution of reservoir porosity. (B) The distribution of reservoir permeability. (C) Plots of the relationship between porosity and permeability from the reservoir test data.
4.3 Diagenesis features and pores in the reservoirs
This study takes the microscopic features as the core and combines thin section analysis to analyze and conclude that the major diagenetic processes developed in the study area include compaction, pressure dissolution, cementation and metasomatism, and dissolution. According to the impact of diagenesis on reservoir properties, diagenesis can be divided into two categories: constructive diagenesis and destructive diagenesis. Constructive diagenesis can generate secondary pores, mainly including dissolution and kaolinite metasomatism, which can effectively improve reservoir physical properties. On the contrary, destructive diagenesis can reduce pores, mainly through mechanical compaction, pressure solution, and cementation, which significantly reduces reservoir physical properties. Although kaolinite cementation can fill pores and block throats, the intracrystalline pores formed by it do indeed constitute gas storage spaces in the study area. The pore types of the tight sandstone reservoir in the He 8 member of the study area are mainly intragranular dissolved pores, Intracrystalline pores, and intragranular pores followed by a certain amount of residual intergranular pores (Figure 5). The pore types between different layers are similar, but there are significant differences between different lithologies. In quartz sandstone, due to its strong compaction resistance, the content of intragranular pores and intragranular dissolved pores is relatively high.
[image: Figure 5]FIGURE 5 | Photomicrographs showing the lithology and pores from thin section observations. (A) Intragranular dissolved pores, (mark by red arrow) W4 4950.8 m; (B) Intracrystalline pores (mark by yellow arrows) and intragranular pores (mark by red arrow), note the fractures in quartz grains, (mark by black arrow) W5 4457.1 m.
4.4 Distribution of facies prediction using 3D seismic
The single-well facies in the He 8 member are interpreted by sedimentary interpretation from cored wells. Draw the well-tie profile of sedimentary facies comparison through single-well facies (Figure 6A). Moreover, the plane distribution of sand body is predicted based on the RMS seismic attributes in the Hongde area. The distribution of thick sandstone is also consistent with the high-value area on the RMS seismic attribute map (Figure 7A). The distribution trend of sand bodies is described in plain view. Then, the sedimentary facies were predicted in the He 8 member. From the thickness contour map of the sandstone in the He 8 member, the delta lobe has a continuous distribution pattern (Figure 6B).
[image: Figure 6]FIGURE 6 | (A) Well-tie profile of sand bodies and distributary channel in the He 8 member. Note the position of the profile on the sand body thickness contour map (B).
[image: Figure 7]FIGURE 7 | Sedimentary facies distribution of the He 8 member in the Hongde area. (A) RMS amplitude of the He 8 member. (B) Sedimentary facies of the He 8 member.
The He 8 member of the Upper Paleozoic sedimentary environment in the research area is delta deposits under shallow water gentle slope conditions, with distributary channels and mid-channel bar deposits. On the plane, the distributary channels are well developed on the delta lobe. The mid-channel bars are distributed in a long strip or lens shape in the middle of the distributary channel. The W4 well developed the mid-channel bars facies (Figure 7B).
5 DISCUSSION
5.1 Diagenetic alterations linked to depositional lithofacies
By comparing the diagenesis of different lithofacies in typical core wells, it was found that there are apparent differences in the development of reservoir diagenesis of different lithofacies. Despite strong compaction, the gravel-bearing coarse-grained sandstone reservoirs in coarse sandstone lithofacies have developed internal dissolution. After compaction, cementation to reduce porosity, and dissolution to increase porosity, the secondary pores were preserved in the sandstone and formed relatively high-quality reservoirs (Figure 8). The cross-bedding fine sandstone lithofacies were strongly compacted, with internal ductile particles being compacted and deformed. The particle orientation is clearly observed in those lithofacies. The reservoir in those lithofacies is tight, and dissolution in the reservoirs is weak. This could be the major reasons for the formation of poor reservoir quality. In addition, diagenesis at the interface between sandstone and mudstone is often affected by geological fluid from the mudstone during compaction, resulting in the development of calcareous cementation. This leads to a poor reservoir quality near the mudstone. Therefore, the distribution characteristics of lithofacies are the major factors controlling reservoir quality. The high-quality reservoirs are mostly distributed in coarse sandstone lithofacies, mainly distributed in the mid-channel bar deposits (Figure 9).
[image: Figure 8]FIGURE 8 | Photomicrographs showing the lithology, pore. (A) Intragranular dissolved pores, (mark by yellow line), note the fractures in quartz grains (mark by black line) W4, 4956.55 m. (B) Intragranular dissolved pores (mark by yellow line) and intergranular pores, (mark by black lines) W4, 4955.32 m. (C) Intragranular dissolved pores (mark by yellow lines) and intergranular pores, (mark by black lines) W4, 4947.03 m. (D) Intragranular dissolved pores (mark by yellow lines) and intergranular pores, (mark by black lines) W4, 4954.34 m. (E) Intragranular dissolved pores (mark by black lines) and intergranular pores, (mark by yellow lines) W4, 4952.24 m. (F) Intragranular dissolved pores, (mark by yellow lines) W4, 4958.11 m.
[image: Figure 9]FIGURE 9 | Comparison of vertical physical properties of different lithofacies.
5.2 High-quality reservoir quality distribution model within deltaic distributary channel
Deposition controls the original physical properties of the reservoir (Li et al., 2017), mainly reflected in the impact of differences in sedimentary fabric and components on the quality of the original reservoir. The coarse the particle size of the rock and the lower the shaliness content, the higher the quality of the original reservoir and the better the porosity and permeability. There are significant differences in sedimentary fabrics and components among different types of sandstone in the study area, resulting in significant differences in their original porosity and permeability. In the previous study of sedimentary facies, it was believed that the He 8 section developed braided river shallow water delta deposits. Through the thickness contour map of well controlled sand bodies and seismic data, it was found that thick sand is mainly distributed inside the mid-channel bar of the delta distributary channel. Through core observation and thin section analysis, it was found that the lithofacies types are mostly gravel-bearing coarse sandstone facies and gravel-bearing sandstone facies. Through microscopic analysis, it is believed that the gravel-bearing coarse sandstone facies and gravel-bearing sandstone facies developed in the core beach of the distributary channel are the main high-quality reservoir lithofacies. Dissolution is a critical diagenetic process in developing tight sandstone reservoirs in coal-bearing strata. The dissolution phenomenon is relatively common in the sandstone reservoirs of the Shihezi Formation in the research area, and there are two main types of dissolution: one is the dissolution of rock debris, and the other is the dissolution of intergranular cement. The medium-to-coarse sandstone and massive bedding pebbly medium-to-coarse sandstone are formed into high-quality reservoirs after compaction, cementation to reduce porosity, and dissolution to increase porosity. High-quality reservoirs are distributed in the middle of distributary channels. The intersection diagram of single well sand body thickness and porosity shows that high-quality reservoirs are developed in thick sand intervals, and there is a clear correlation between reservoir quality and sand body thickness (Figure 10). The logging curve of the thick sand intervals is box-shaped. Based on the formation and preservation mechanism of reservoirs and the development characteristics of gas reservoirs, a sweet spot development model of dominant rock facies in reservoirs has been established (Figure 11).
[image: Figure 10]FIGURE 10 | Cross plot between sandstone thickness and average porosity of the sandstone in He 8 member.
[image: Figure 11]FIGURE 11 | Development model of favorable lithofacies in the He 8 member of the study area.
6 CONCLUSION

(1) Based on cores, well log curves and 3D seismic data, the He 8 member of the Permian Shihezi Formation in the Hongde area, western Ordos basin mainly developed braided river deltaic deposits. The He 8 member sandstone section develops thick sandstone in distributary channels. The deltaic sandstone gradually pinches out from southwest to northeast. The mid-channel bars were developed in distributary channels.
(2) The lithology of He 8 members of Upper Paleozoic in the study area is mainly lithic quartz sandstone, and quartz sandstone. The main reservoir space of the tight sandstones in He 8 members is intergranular pores, intergranular solution and intracrystalline pores, with porosity of 5.14% and permeability of 0.42 mm D. The reservoir quality is mainly controlled by its pore radius.
(3) From the diagenesis features study of those tight reservoirs The Upper Paleozoic He 8 member in the study area experienced the diagenesis of rigid particle compaction and fracture, plastic particle compaction and deformation, quartz secondary enlargement, kaolinite and calcite cementation and metasomatism, grain dissolution. Diagenetic materials mainly come from the grain dissolution and transformation between clay minerals. Compaction and are destructive diagenesis and dissolution are main constructive diagenesis in the tight sandstones.
(4) Through microscopic analysis, the gravel-bearing coarse sandstone lithofacies developed in the mid-channel bar of the distributary channel are the main high-quality reservoir lithofacies. Although these lithofacies sandstones have undergone strong compaction, the quartz content in the sandstone components is relatively high, and some pores can still be preserved. The internal dissolution of the reservoir develops, forming tight gas reservoirs. High quality reservoirs exhibit characteristics of locally developed planar and vertically developed layers, and are likely to exhibit discontinuous and dispersed distribution within three-dimensional subsurface deltaic-lacustrine deposits.
(5) The favorable lithofacies in deltaic sand bodies in the He 8 member in the western Ordos basin could form lithologic traps, which have important exploration and development value for lithologic natural gas reservoirs. The high-quality reservoirs are pinched out as sweet spot in the sandstone deposits. forming a favorable zone of the lithologic traps.
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