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Evaluation of tight oil reservoir properties is of great significance to the exploration of oil and gas in tight reservoirs. The Chang 1 Member of the Yanchang Formation in the Wanhua Area, Ordos Basin is a new exploration stratum for tight sandstone oil. The lack of understanding of reservoir characteristics and crude oil enrichment rules has seriously restricted the efficient development of oil and gas resources in this stratum. In this study, the reservoir characteristics of the Chang 1 Member in the Wanhua area and the effects of superimposed sand bodies, structures and paleogeomorphology on accumulation of hydrocarbons were systematically studied. The Chang 1 sandstone is a typical ultra-low porosity-ultra-low permeability reservoir, and it has experienced destructive diagenesis of mechanical compaction, pressure solution and cementation, and constructive diagenesis of dissolution. Strong pressure solution caused the secondary enlargement of quartz and feldspar and the formation of patchy dense mosaic structures. The target layer has experienced argillaceous, siliceous and carbonate cementations. Moreover, the sandstone reservoir in the Chang 1 Member also experienced strong dissolution, and it is the main factor for the formation of secondary pores and the improvement of reservoir physical properties. The study also found that the main types of pores in the Chang 1 Member are intergranular dissolved pores and remaining intergranular pores. Superimposed sand bodies, nose-shaped uplifts, dominant facies and eroded paleo-highlands have significant effects on the hydrocarbon accumulation. Based on this study, it was found that the migration and accumulation mode of hydrocarbons in the Chang 1 reservoir belongs to the ladder-like climbing migration + structural ridge accumulation type. In addition, sand body thickness is an important controlling factor for the hydrocarbon accumulation. At present, the discovered crude oil in the Chang 1 Member is always distributed in the areas with thick sand bodies (>20 m), and most of the sand bodies have a thickness in the range of 25–40 m, and the effective thickness is in the range of 2–6 m. In addition, the eroded highlands are the highest topographic units, they are favorable areas for the large-scale accumulation of oil and gas.
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1 INTRODUCTION
Continental tight sandstone oil is an important type of unconventional oil and gas resource (Li et al., 2012; Huang et al., 2019; Asante-Okyere et al., 2021). The core of the study of unconventional tight oil and gas reservoirs is the study of the microscopic characteristics of the reservoir and the law of hydrocarbon enrichment (Zhang et al., 2014; Liao et al., 2020; Cui and Radwan., 2022; Jiang et al., 2022; Zhang et al., 2022). With the rapid decline of China’s conventional oil and gas reserves, the importance of the exploration and development of unconventional oil and gas resources has become increasingly prominent. As we know, the efficient production of continental tight oil in the Ordos Basin relies on the application of horizontal well + volume fracturing technology. Improving the drilling encounter rate of oil layers is one of the core issues of drilling and evaluation of horizontal wells (Sun et al., 2013; Radwan., 2020; Yin et al., 2020; Zhang et al., 2020). At present, the prediction methods for the “sweet spots” of clastic tight oil reservoirs are all based on the controlling factors of reservoir properties. Therefore, it is of great significance to clarify the petrology, pore types, diagenesis, and physical properties of tight oil reservoirs for the successful exploration of “sweet spots” in tight sandstone reservoirs (Sun et al., 2014; Bukar et al., 2021; Katz et al., 2021).
In recent years, with the large-scale development of relatively high-quality reservoirs in tight oil reservoirs, the growth of oil and gas reserves has become difficult. Then, the efficient development of ultra-low permeability tight oil reservoirs with poor physical properties has become a new hot spot for the growth of oil and gas reserves. The current exploration level of the Chang 1 Member of the Yanchang Formation in Wanhua area is low. At present, only 25 development wells and 16 exploration wells were drilled in the study area. It has been found that fine sandstones developed in the middle part of the river channel has good oil and gas display. However, the influencing factors of hydrocarbon distribution in the Chang 1 Member have not been determined. Therefore, fine evaluation of the properties of the tight reservoirs in the Chang 1 Member is of great significance to the increase of oil and gas reserves and productivity in this area. In this study, the reservoir characteristics of the Chang 1 Member in the Wanhua area and the effects of superimposed sand bodies, structures and paleogeomorphology on the hydrocarbon accumulation were systematically studied. This research can provide scientific guidance for formulating an efficient development strategy for the Chang 1 Member in the future.
2 GEOLOGICAL BACKGROUND
The study area is located in the Wanhua area of Nanniwan Oilfield in the Ordos Basin. The Nanniwan Oilfield is located in the Baota District, Yan’an City, Shaanxi Province. It spans 9 townships including Guanyu, Linzhen, Madongchuan, Nanniwan, Pine Forest, Wanhua, Zaoyuan, Heyuping and Liqu. The Wanhua area is 16 km long from north to south, 25 km wide from east to west, and covers an area of about 400 km2 (Figure 1). Regionally, the study area is located in the southeastern part of the Yishan Slope in the Ordos Basin (Figure 1). This area is a gentle monocline sloping westward, and the formation dip is 0.5° to 1°. A series of low-amplitude nose-like uplifts dipping from east to west are developed on the slope. The superimposed areas of these nose-shaped uplifts and thick sand bodies indicate favorable areas for hydrocarbon enrichment.
[image: Figure 1]FIGURE 1 | Location of the Wanhua area in the Ordos Basin (modified after Li et al., 2016).
The Chang 1 Member of the Upper Triassic Yanchang Formation in this area is the exploration target. Drilling revealed that continental freshwater lake delta deposits are developed in the Yanchang Formation. The stratigraphic sequences of the Yanchang Formation include a set of interbeds of gray-green, gray-black mudstone, argillaceous siltstone and gray-green, gray-white medium-fine feldspar sandstone. As the study area was eroded by the Ganshan Ancient River in the Jurassic period, the Chang 1 oil layer group was eroded to different degrees. The residual thickness of the Chang 1 oil layer group in the Yanchang Formation in this area varies greatly, and its thickness ranges from 25 to 90 m. (Figure 2)
[image: Figure 2]FIGURE 2 | Division of stratigraphic units in the Ordos Basin (modified after Li et al., 2016). (A) The southwestern margin of the Ordos Basin; (B) Hinterland of the Ordos Basins.
3 DATABASES AND METHODS
Core observations, physical property tests, thin section and scanning electron microscope observations were carried out on the wells of Nan 141, Nan 116, Nan 117, Nan 128, Xi 41, and Xi 63 in the study area. These wells are all exploratory wells, and the samples are all sandstone collected from the river channel.
The data used in this paper are from physical property, thin section, scanning electron microscope experiments and logging data. Among them, the physical property test adopts the overburden porosimeter CMS-300, and the test standard is SY/T 5336-2006. First, the samples were processed into small columns measuring 2.5 cm in diameter and 5 cm in diameter. Then, the samples were washed and dried for 2 h. High-pressure nitrogen gas is used to apply confining pressures. The test gas source is high purity helium. Then, the CMS300 rock autoanalyzer’s power and gas source were switched on to automatically measure the porosity and permeability of the samples. The measurements are based on the Boyle’s law (porosity) and the Darcy’s law for unsteady flows (permeability). The accuracy of CMS300 is higher than 2,412.9 Pa-cm3/min.
Thin section experiments are performed using a LEICA 4M research microscope and the test standard is SYT 5368-2016 (Li et al., 2012). The experimental temperature is 20°C and the relative humidity is 20%. Scanning electron microscope observations adopt a Tescan field emission electron microscope MAIA-3, and the test standard is GB/T 20307-2006. Based on the observations of thin section and scanning electron microscope of the Chang 1 Member in the study area, the petrology, pore types, and diagenesis of tight oil reservoirs have been systematically studied (Wang and Yang., 2017).
Single well logging data are used for stratigraphic divisions and sand body identifications (Li et al., 2012). On the basis of sand body identification, the effective thickness of sand bodies is also determined. There are argillaceous rocks or tight impermeable layers inside the oil layer, which have no effect on the acquisition of industrial oil flows and are deducted from the effective thickness. The argillaceous interlayers show low micro-electrode resistance value, no obvious amplitude difference, low concave resistivity, spontaneous potential and natural gamma values of abnormal amplitude return on the electrical measurement curves (Wang and Yang., 2017). The thickness of the physical property interlayers on the electrical measurement curves is lower than the effective thickness standard, and the micro-resistivity curves are close to overlap. The calcareous interlayers show high resistivity values, high peak bayonet-like microelectrodes, returning spontaneous potentials, and reduced acoustic wave time differences on logs. According to the resolution of the logging series, the effective thickness is higher than 0.4 m, and the critical thickness of the interlayers is higher than 0.2 m.
4 RESULTS
4.1 Types of sedimentary facies
The sandstones in the Chang 1 Member in the study area are mainly light gray and gray-white, and a small proportion are light brown, gray-brown and yellow-green (Figures 3A,B). These sandstones are river channel deposits. However, mudstone, argillaceous siltstone and silty mudstone are mostly dark gray, black and gray-black, reflecting inter-channel or inter-distributary bay deposits.
[image: Figure 3]FIGURE 3 | Core images of the Chang 1 Member sandstones in the study area. (A) Light gray oil traced fine sandstone, Well Nan116, 711.96–712.06 m; (B) Gray oil trace fine sandstone, Well Xi63, 726.31–726.57 m; (C) Parallel bedding, Well Nan117, light gray fine sandstone, 714.26–714.44 m; (D) Cross bedding, Well Nan117, light gray fine sandstone, 734.49–734.63 m.
The sedimentary structures in clastic rocks are the direct reflection of the sedimentary environment and hydrodynamic conditions in the rock. Parallel and cross beddings are widely developed in the Chang 1 Member sandstones in the study area (Figures 3C,D). Horizontal beddings are rectilinear and usually parallel to the bedding. It is a common type of bedding found in argillaceous rocks. Further, it reflects the deposition of suspended matter in a low-fluid form in a low-energy environments (e.g., inter-fluvial depressions, lacustrine and swamp environments). However, parallel beddings generally occur in rapids and high-energy environments, such as river channels, and often coexist with large cross beddings. In addition, cross-beddings can occur in sedimentary environments such as water distributary channels and delta front estuarine bars (Liu et al., 2009; Wang and Yang., 2017). The Chang 1 Member of the study area belongs to meandering river facies and is divided into distributary channel (channel retention, sand bar) and interdistributary channel, and floodplain microfacies. The skeleton sand bodies are sandy deposits developed in the middle part of the river channel (Figure 3).
4.2 Reservoir petrological characteristics
The lithology of the Chang 1 reservoir in this area is mainly sandy fine-grained feldspar sandstone. As shown in Figure 4, the different samples have similar petrological characteristics. The main mineral components of the Chang 1 sandstones are quartz, accounting for 42.0%–53.0%, with an average of 47.55%; the second is feldspar, accounting for 40.0%–50.0%, with an average of 43.95%; the content of debris is between 4.0% and 11.0%, with an average of 7%; in addition, the content of mica varies little, ranging from 1.0% to 3.0%, with an average of 1.3%. The debris components in the samples are mainly metamorphic rock debris, followed by igneous rock debris and a small amount of sedimentary rock debris.
[image: Figure 4]FIGURE 4 | Lithological classification of the Chang 1 Member sandstone.
The content of interstitials in the Chang 1 Member reservoirs in this area ranges from 2.0% to 18.0%, with an average of 8.2%; the main components of cements are ankerite, turbidite, dolomite and calcite, and their average contents are 4.05%, 1.4%, 1%, 0.625%, and 0.5%, respectively; and the matrix are mainly mud components, and the average content is 1.4%.
In addition, the sandstones of the Chang 1 Member in this area have relatively uniform clastic particles, and the main particle size between 0.15 and 0.35 mm accounts for more than 85% of all samples; the particles mainly have medium sorting, followed by good sorting; the particles have sub-edge-sub-circular roundness; the grains are in point or point-line contact; and pore type and film-pore type cementations are mainly developed.
For the relation between sedimentary facies and reservoir petrological characteristics, it is found that fine sandstones are mainly developed in the middle section of the river channel, and fine-siltstones are developed in the flanks of the river channel.
4.3 Diagenesis
The Chang 1 sandstone of the Yanchang Formation in the study area is a typical ultra-low porosity-ultra-low permeability reservoir, and its diagenetic process is very complicated. In the process of burial diagenesis, various diagenesis have certain effects on the primary pores or preservation or destruction of sandstone and the development of secondary pores. It has experienced destructive diagenesis such as mechanical compaction, pressure solution and cementation, and has experienced constructive diagenesis such as dissolution (Li et al., 2016;).
4.3.1 Compaction and pressure solution
Mechanical compaction runs through the entire process of burial diagenetic stage, and is one of the main reasons for the reduction of sandstone porosity (Nabawy et al., 2022). The compaction-pressure-dissolution effect experienced by the Chang 1 sandstone reservoir is very strong. Compaction rotates, orients, deforms the detrital particles, and mechanical fracture occurs in rigid particles. Moreover, line, surface, asperity and suture contacts appeared in the detritus particles under pressure. For example, the bending deformation of mudstone debris and mica is even squeezed into the intergranular pores to form a false matrix. In particular, mica deformed by strong compaction can block pores and throats (Figure 5). In the later stage of compaction, the main clay mineral in the feldspar sandstones, the chlorite film, is precipitated. Chlorite is attached to the surface of detrital particles in the form of films or combs and blocks pores and throats (Wang et al., 2019; Su et al., 2022). Thin-section analysis shows that sandstones with high content of plastic particles such as mica and mudstone debris are significantly affected by mechanical compaction, and their surface porosities are generally low (El-Gendy et al., 2022).
[image: Figure 5]FIGURE 5 | Microstructural characteristics of the Chang 1 Member sandstone in the study area. (A) Deformed sheet mica, Well Nan141; (B) Mosaic and linear contact particles, Well Nan128; (C) Chlorite cementation, Well Nan141, 521.97–522.07 m; (D) Quartz-filled and chlorite-cemented intergranular pores, Well Nan128, 715.83–715.93 m; (E) Dolomite and ankerite cements with grain structures are filled in the intergranular pores, Well Nan128, 725.18–725.28 m; (F) Calcite and ankerite cements with grain structures are filled between particles, Well Xi41, 500.89–500.99 m; (G) Feldspar dissolution, Well Nan128, 715.83–715.93 m; (H) Feldspar dissolution, Well Xi41, 500.89–500.99 m.
As the overburden pressure increases, the compaction effect is gradually replaced by the pressure solution. Furthermore, the inter-particles contact changes from linear contact to concave-convex contact and mosaic cementation. Then, the secondary growth of feldspar and quartz leads to the reduction of the primary intergranular pores and the throat radius. Ultimately, the permeability of tight reservoirs is greatly reduced. Overall, the pressure-dissolution of the tight sandstone in the target layer resulted in the secondary increase of quartz and feldspar, and a large number of patchy dense mosaic structures could be observed under the microscope (Figures 5A,B). The porosity of the Chang 1 sandstones was greatly lost due to compaction and solution. The remaining porosity of the reservoir is only about half of the original porosity. Compaction is the main reason for the sharp decrease of rock porosity. The original porosity of the target layer is calculated according to the original porosity model of unconsolidated sandstone proposed by Beard (Wang and Yang., 2017), which is 25%.
4.3.2 Cementation
The cements in the target sandstones mainly include authigenic clay minerals, carbonate minerals, authigenic quartz feldspar and turbidite. The main types of cementation include calcite cementation, chlorite film and chlorite filling cementation, overgrowth of quartz and feldspar. They are precipitated between the detrital particles, or appear in the form of secondary particle enlargement, or in the form of mutual metasomatism and metasomatic detrital particles.
4.3.2.1 Argillaceous cementation
The argillaceous cementation is mainly clay mineral cementation, including authigenic clay minerals and a small amount of terrigenous clay (Abdel-Fattah et al., 2022). Terrigenous clay minerals mainly occur in the early diagenetic stage and are common in siltstone; while the composition of authigenic clay minerals is quite simple, which is common in medium and fine sandstones.
Under the microscope, argillaceous usually fills the intergranular pores in the form of thin films, micrites and scales. Clay cements include chlorite, kaolinite, illite, and imon mixed layer. Among them, the chlorite film is the main cement in the early diagenetic A-stage sandstone. From the X-ray diffraction test results (Table 1), the Chang 1 Member has the highest content of chlorite, followed by kaolinite, illite, and imon mixed layer.
TABLE 1 | Statistical results of X-diffraction data of clay minerals in the target sandstones.
[image: Table 1]The formation of chlorite is caused by the combination of biotite and feldspar in terrigenous debris after weathering. It was found that the chloriteization of biotite debris in the target layer is very significant. The rich content of mica debris is the main reason for the good development of chlorite film. Moreover, under the microscope, it can be seen that a yellow film is formed around the detrital particles, which grows perpendicular to the detrital wall and has different degrees of metasomatism to the detrital particles. Most chlorites are attached to the grain surface in leaf-like or “pompom-like” aggregates (Figures 5C,D), and the content of chlorite aggregates in the medium and fine sandstones is less than that in siltstones.
In the early stage of diagenesis, the chlorite film can effectively inhibit the regrowth or secondary enlargement of quartz, feldspar, etc., and a large number of primary pores are retained (Figures 5C,D). At the same time, the covering of chlorite film on the particle surface leads to the reduction of the pore throat radius. The thickness of the chlorite films in the target layer is 0–20 μm, which causes the pores and throats to be blocked, and the permeability of the sandstone is reduced. At the same time, the development of a large number of micropores complicates the pore structures inside the sandstone (Figures 5C,D).
Kaolinite is the product of feldspar weathering. They generally appear as pseudo-hexagonal wafers under the microscope, while their aggregates usually exist in the form of book pages or worms. The content of kaolinite in the authigenic clay minerals in the target layer is relatively high (Table 1). In addition, the illite cements can be observed to grow on the pore walls in a bridging form, which results in a significant reduction in rock porosity and permeability.
4.3.2.2 Siliceous cementation
The secondary growth of quartz is formed by the coaxial growth of dissolved SiO2 in the pore water on the surface of the detrital quartz. Early secondary enlarged quartz formed before or during compaction. The quartz overgrowth is mainly controlled by the limitation of the size of the growth space (Khan et al., 2020). It can surround the entire detrital quartz, or distributed only in local quartz grains. Therefore, secondary quartz usually exists in the form of enlarged edges or fills the pores. Type I secondary enlarged quartz is dispersed on the pore surface in the form of point-like aggregates. Type II secondary enlarged quartz has a more continuous distribution on the pore surface. Type II secondary quartz is mainly developed in the target layer.
4.3.2.3 Carbonate cementation
The carbonate cements in the target layer include ankerite, calcite, and iron-bearing calcite cements, among which ankerite cements are the main ones (Figures 5E,F). The calcite cements are divided into early and late stages. Among them, the early calcite cements are not as common as the late ferrocalcite cements under the microscope. In the early calcite-cemented detrital grains, only a very small amount of detrital quartz experienced secondary enlargement at the edges. In the target layer, late-stage calcite cementation is common, which is typically characterized by pore filling and is irregularly distributed among the clastic particles.
4.3.3 Dissolution
According to this study, the dissolution in the Chang 1 Member reservoir is strong, and the dissolution is the main factor for the formation of secondary pores and the improvement of reservoir storage properties and permeability. Dissolution in the target layer occurred in the late stage of diagenesis. At this time, the organic matter is in the low-mature to mature stage, and the organic matter in the source rock begins to decarboxylate and release CO2. When these substances enter the pore fluids, they make the formation water acidic. This type of acidic fluid, rich in organic and inorganic acids, is the main driving force for the dissolution of reservoir detrital components (Haile et al., 2018; Liu et al., 2020). Overall, the intergranular and intragranular dissolved pores formed by dissolution are the most important secondary storage spaces of feldspar sandstones in this area (Figures 5G,H).
According to the observations of the cast thin section and scanning electron microscope in this area, a large number of dissolution-type secondary pores were formed in the sandstones during the middle diagenetic stage, and the pore structures of the sandstone reservoir were effectively improved. Through the analysis of the development characteristics of microscopic mineral components, the Chang 1 Member in the study area has gone through the syngeneic stage→early diagenetic stage→intermediate diagenetic stage A. It is in the middle diagenetic stage A now.
4.4 Physical characteristics
According to the statistical results of the physical property data of 51 samples in the area, the porosity of the Chang 1 reservoir is distributed between 6.6% and 20.1%, with an average value of 12.5%. The permeability of the samples is distributed between 0.05 and 26.9 mD, with an average of 2.4 mD. There is an obvious positive correlation between the porosity and permeability of the Chang 1 reservoir in the study area (Figure 6).
[image: Figure 6]FIGURE 6 | Relationship between porosity and permeability of sandstone in the Chang 1 Member of the study area.
The main sedimentary microfacies types of the target layer include distributary channel, estuary bar, interdistributary bay and floodplain. The relationship between sedimentary microfacies and reservoir porosity is compared, and the results are shown in Figure 7. According to statistics, the distribution intervals of the average porosity of the distributary channel, estuary bar, interdistributary bay and floodplain facies are 10%–17%, 12.5%–20%, 6.7%–10%, and less than 7%, respectively. Their average values are 14.2%, 14.9%, 8.6%, and 5.5%, respectively.
[image: Figure 7]FIGURE 7 | Histogram of average porosity distribution of different sedimentary microfacies.
4.5 Pore types
In this study, the surface ratios of the samples were obtained from thin section tests. The LEICA 4M research microscope was used to automatically scan the micrographs of the samples. Then, the surface ratio of the samples was calculated. According to the observation and statistics of the cast thin section and electron microscope scanning of the target sandstone, the main types of pores developed in the sandstone of the Chang 1 Member are intergranular dissolved pores and residual intergranular pores (Figure 8). There are 100 samples in total.
[image: Figure 8]FIGURE 8 | Pore types and proportions in the Chang 1 Member sandstone in the study area.
The dissolved pores in the target layer are mainly intergranular and feldspar dissolved pores. Intergranular dissolution pores are pores formed by the dissolution of interstitials (clay, carbonate minerals) and the edges of clastic particles such as feldspar and debris. Part of the primary pores were recovered and enlarged or some new secondary pores were formed. Statistics show that the intergranular dissolution pores in the Chang 1 Member reservoir in the study area account for 66.7%–91.7% of the total surface porosity, with an average of 82.9%. Dissolution greatly improves the physical properties of the reservoir.
Residual intergranular pores refer to the pores remaining after the primary intergranular pores have been subjected to mechanical compaction or secondary quartz enlargement. The intergranular pores in the Chang 1 reservoir group in the study area are an important type of pores. They account for 5.0%–24.0% of the total surface porosity, with an average of 10.3%.
5 DISCUSSION
The distribution of crude oil in tight reservoirs is actually the result of the coupling of various geological elements (Enayati-Bidgoli and Saemi., 2019). This study believes that the accumulation of hydrocarbons in the Chang 1 Member is mainly affected by factors of superimposed sand bodies, nose-like structures, sand body thickness, and eroded paleogeomorphology.
5.1 Effects of superimposed sand bodies and fractures on hydrocarbon migration
The oil and gas from the Chang 7 source layer in the oil-generating center in the southwest migrated under the action of buoyancy and capillary force when migrating along the lipophilic residual path network in contact with oil for a long time. Through the effective migration channels in the transport layer, the hydrocarbons migrate upward in a stepwise manner along the main fluid flow direction. When hydrocarbons encounter the top caprock and there is good shielding conditions in its updip direction, hydrocarbons can accumulate on a large scale (Figure 9). Large-scale vertical fractures mainly developed in the Chang 1 Member, and the longitudinal extension of these fractures can reach tens of meters (Figure 9). For the nose-like fold structures, oil and gas first accumulated linearly along the structural ridges where the fracture system was well developed, and then gradually accumulated outward along the areas with good physical properties and low capillary resistance. Finally, a strip-shaped hydrocarbon enrichment belt extending along the axis of the nose-like fold belt is formed on the plane. Based on this study, it is believed that the hydrocarbon migration and accumulation mode of the Chang 1 reservoir belongs to the ladder-like climbing migration + structural ridge accumulation type (Figure 10).
[image: Figure 9]FIGURE 9 | Sand body profile of connecting wells in Chang 1 Member of the study area. SP stands for spontaneous potential; GR stands for natural gamma; AC stands for acoustic time difference; ILD stands for deep lateral resistivity; ILM stands for medium induced resistivity; RT stands for true resistivity.
[image: Figure 10]FIGURE 10 | Hydrocarbon migration model of the Yanchang Formation in the study area. The superimposed sand bodies and fractures constitute channels for long-term continuous migration of hydrocarbons.
The Ordos Basin is a craton basin, and tectonic activities in the Mesozoic strata are not active. In the past, structural geologists believed that the Yishan Slope in the Ordos Basin was free of any faults and fractures. However, with the in-depth study of a large number of low-amplitude structures in the Ordos Basin, it has been found that the Mesozoic strata of the Yishan Slope have multiple active records of tectonic activities, and a large number of fractures have been discovered.
The study area is located in the southeastern part of the Yishan Slope, the first-level structural unit of the Ordos Basin. In the thin section observations, some micro-fractures were found in the sandstones of the Chang 1 Member (Figure 11). Sand bodies with relatively developed fractures are also important channels for hydrocarbon migration.
[image: Figure 11]FIGURE 11 | Development characteristics of micro-fractures in sandstone of the Chang 1 Member in the study area. Well Nan 141. (A) 521.97 m; (B) 522.07 m.
5.2 Effects of nose-like uplifts on hydrocarbon accumulation
The residual thickness of the Chang 1 oil layer group in the study area varies greatly, ranging from 25 to 90 m, and its distribution direction is NW-SE. Due to the uneven distribution of sand and mudstone in the formation, the Chang 1 oil layer group is prone to differential compaction. Furthermore, the nose-like structures are relatively developed. On the regional west-dipping monoclinic structural background, the NW-SE or nearly EW-striking nose-like uplifts play a very important role in controlling the accumulation of crude oil in the Chang 1 Member. The discovered oil enrichment areas in the Chang 1 Member are all located in the nose-shaped uplifts with large structural amplitude and long extension distance. That is, the oil reservoir is located in the nose-shaped uplifts in the line of Well Xitan27-3 ∼ Well Xitan7 ∼ Well Nan127 ∼ Well Nan128 ∼ Well Xi63. Its structure undulates about 10–40 m, spreads about 5 km wide, and extends about 9.5 km in length. The nose-shaped uplifts are well developed in the top structure of the main sand bodies of the oil reservoir group. In addition, the oil reservoir is mainly distributed along the axial structural ridges of the nose-shaped uplifts. The main reason is that, on the one hand, the fractures formed at the axis of the nose-like fold are favorable for oil and gas migration; on the other hand, there are differences in the hydrocarbon accumulation capacity of different structural units such as monoclinic, nose-like uplift and structural high point. In the case of consistent oil and gas migration, oil and gas molecules will choose the shortest path (ie, the vertical contour direction) when they migrate upwards through buoyancy (Wang et al., 2021). Therefore, in general, the hydrocarbon accumulation capacity of different structural units such as monoclinic, nose-like uplift, and structural high point will change from weak to strong (Figure 12).
[image: Figure 12]FIGURE 12 | Schematic diagram of hydrocarbon migration in different structural units of the Yanchang Formation.
In conclusion, the Chang 1 reservoir in the study area is obviously controlled by the nose-like structures. The nose-like structure is an important factor for the accumulation and high production of oil and gas in the Chang 1 oil layer group in the study area.
5.3 Effects of dominant facies and eroded paleo-highlands on hydrocarbon accumulation
Sand body thickness is an important controlling factor for large-scale hydrocarbon accumulation (Zhang et al., 2017; Yin et al., 2020). At present, the discovered oil layers in the Chang 1 Member are all distributed in the areas with sand body thickness greater than 20 m. Most of the sand bodies have a thickness of 25–40 m, and the corresponding effective thickness is in the range of 2–6 m (Figure 13). In addition, the crude oil in Chang 1 Member is distributed in the area with sandstone ratio greater than 0.5. The sand bodies in these areas are thicker and have better physical properties, and the connectivity between the sand bodies is better as well. The good connectivity of sand bodies ensures good migration channels, so that oil can accumulate in the upper part of the Chang 1 Member where there are good shielding conditions. The river channel sedimentary areas with sandstone ratio greater than 0.5 is the dominant facies areas of the Chang 1 oil layer group in the study area.
[image: Figure 13]FIGURE 13 | Relationship between sandstone thickness and effective thickness of the Chang 1 Member in the study area.
The eroded highlands are the topographical units with the highest topography. The study area is located in the east of the Ganshan ancient river. The flow direction of the Ganshan ancient river is from west to east, so that the upper strata of the Yanchang Formation are less eroded in the east of the ancient river than in the west. The residual formation thickness of the Chang 1 oil layer group in the study area is 25–90 m, so the thickness varies greatly. The distribution direction of the isopachous sand bodies is mainly in NW-SE striking, and the local striking is in NEE-SW and nearly SN directions. It reflects that the main channel of the Ganshan Ancient River in the study area is northwest-southeast.
Previous studies believed that paleotopography had an important influence on the distribution of oil and gas under the erosion surface. The paleogeomorphic units with higher topography are the main areas for oil and gas enrichment. Therefore, the eroded highlands, slope areas and residual hills are the best places for hydrocarbon accumulation in the upper strata of the Yanchang Formation. This study found that the superimposed position of dominant facies and eroded residual hills is more conducive to the accumulation of crude oil in the Chang 1 Member of the study area.
6 CONCLUSION

1) The Chang 1 Member sandstone in the Wanhua area is a typical ultra-low porosity-ultra-low permeability reservoir. The strong pressure solution caused secondary enlargement of quartz and feldspar and the formation of patchy dense mosaic structures. The original porosity of the target layer is 25%. Statistics show that the intergranular dissolution pores in the Chang 1 Member reservoir in the study area account for 66.7%–91.7% of the total surface porosity, with an average of 82.9%. Meanwhile, the intergranular pores account for 5.0%–24.0% of the total surface porosity, with an average of 10.3%. Dissolution is the main factor for the formation of secondary pores and the improvement of reservoir physical properties.
2) Superimposed sand bodies, nose-shaped uplifts, dominant facies and eroded paleo-highlands have significant effects on the hydrocarbon accumulation. The hydrocarbon migration and accumulation mode of the Chang 1 reservoir belongs to the ladder-like climbing migration + structural ridge accumulation type. In addition, sand body thickness is an important controlling factor for the hydrocarbon accumulation.
(3) At present, the discovered crude oil in the Chang 1 Member is distributed in the areas with thick sand bodies (>20 m), and most of the sand bodies have a thickness in the range of 25–40 m, and the effective thickness is in the range of 2–6 m. In addition, the eroded highlands are the highest topographic units, they are favorable areas for the large-scale accumulation of oil and gas.
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