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Based on the existing core and logging data, as well as previous research achievements, various experimental data were obtained by means of thin section, casting thin section, scanning electron microscopy, X-ray diffraction analyses, and cathodoluminescence. These data were used for the purposes of examining the features, diagenetic characteristics, and diagenetic evolution sequences of the Upper Paleozoic reservoirs of the Dongpu Depression, and analyzing the main controlling factors. The research results showed that the reservoir lithology was mainly subarkose, sublitharenite, feldspathic litharenite, and lithic arkose. The reservoir was generally characterized by ultra-low porosity and ultra-low permeability, with low porosity and low permeability in some areas. The pore types mainly include primary intergranular residual pores, dissolution pores, intercrystalline micropores, and microfractures. The pore throats are small and the throat channels are poorly sorted. The diagenetic processes mainly include compaction, pressure dissolution, cementation, metasomatism, and dissolution features of the research area. The diagenetic stages were determined to be mainly the middle diagenetic stages (Stage A and Stage B). The delta distributary channel and distributary bay of the Upper and Lower Shihezi Formation, along with the river channel sub-facies of the Shiqianfeng Formation, were considered to be the strata with good reservoir conditions. Moreover, the sand grains are dominated by medium-to-good sorting properties, sub-roundness and sub-angular, which provided a good spatial basis for the development of the primary pores. The calcite and kaolinite in the interstitial materials were corroded, which played a constructive role in the generation of the secondary pores. The results of the compaction, pressure dissolution, and cementation analyses indicate destructive diagenesis, which potentially reduced the porosity and permeability values. However, the dissolution, metasomatism, and chlorite lining cementation indicate improved diagenesis, which potentially increased the porosity and permeability values.
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1 INTRODUCTION
With the continuous growth in the global demand for oil and gas and the continuous decline in the replacement rates of conventional oil and gas reserves, unconventional oil and gas products with major resource exploration potential have gradually become the focus of oil and gas research for the past 10 years (Davies et al., 2014; Zou et al., 2014; Clarkson and Qanbari, 2015; Wang et al., 2016; Song et al., 2017; Yang et al., 2017; Romero-Sarmiento et al., 2017; Lei et al., 2018; Wigwe et al., 2020; Katiyar et al., 2021; Bandara et al., 2021). The proportion of unconventional oil and gas in the world energy structure has been increasing. China’s dependence on foreign oil and gas has also been increasing year by year. Nevertheless, it has been found that unconventional oil and gas resources are rich in China, with major potential to become an important replacement field for oil and gas exploration and development (Kang and Zhou, 2016; Lv et al., 2019; Lv et al., 2020). The proven oil and gas geological reserves within the Dongpu Depression are mainly concentrated in the Paleogene. However, the exploration potential has become increasingly smaller, and the exploration processes continuously more difficult (Zeng et al., 2013; Xu et al., 2014; Wang et al., 2014; Luo et al., 2015; Liu et al., 2015; Li et al., 2015; Luo et al., 2016; Wang et al., 2016; Wang et al., 2018; Shao et al., 2018; Liu et al., 2018). Since industrial oil and gas flows were identified in the Upper Paleozoic of the Wengu 2 Well located in the central uplift belt, industrial coal-derived gas has been successfully obtained in the Upper Paleozoic strata of the Hugu 2 Well in the western slope belt, and stable productivity has been achieved. The discovery of these types of Paleozoic gas reservoirs indicate that the Upper Paleozoic strata have good exploration prospects, thereby potentially sensing for resource replacements (Li et al., 2015; Ni et al., 2015). However, the Dongpu Depression has had only two wells with the Upper Paleozoic as the target strata, the Wengu 3 Well and the Weigu 2 Well, since 1976. The remainder of the wells are located within the main exploration strata of the Lower Paleozoic or Paleogene, passing through and concurrently exploring the Upper Paleozoic. This has resulted in a high degree of drilling of the Upper Paleozoic with a low degree of understanding of the strata. Based on the analysis results of thin section, casting thin section, scanning electron microscopy, X-ray diffraction analyses, and cathodoluminescence, combined with previous research achievements, this study examined the characteristics of the Upper Paleozoic sandstone reservoir of the Dongpu Depression. The main factors controlling the development of the reservoir were defined, and important theoretical and practical significance were provided for guiding the future explorations and development of the Upper Paleozoic sandstone oil and gas resources in the Dongpu Depression.
2 REGIONAL GEOLOGICAL BACKGROUND
The Dongpu Depression is located within the southeastern section of the Linqing Depression on the southern edge of the Bohai Bay Basin. It is bounded in the east by the Lanliao Fault and the Luxi Uplift, overlapped in the west by the Neihuang Uplift, faces the Kaifeng Depression across the Lankao uplift in the south, and connects with the Shenxian Depression via the Maling Fault in the north. The depression has an NNE trending and is narrow in the north and wide in the south. The length of the Dongpu Depression is approximately 145 km, and its area has been determined to be approximately 5,300 km2 (Figure 1A). The Upper Paleozoic is composed of the Upper Carboniferous and Permian strata, which mainly consists of clastic rocks of paralic and continental facies. The strata can be divided into six units in ascending order: Benxi Formation of the Upper Carboniferous, Taiyuan Formation of the Lower Permian, Shanxi Formation and Lower Shihezi Formation of the Middle Permian, Upper Shihezi Formation and Shiqianfeng Formation of the Upper Permian. These strata were deposited in barrier coastal, carbonate platform, delta, lacustrine, and fluvial environments (Figure 1B). Following the deposition of the Paleozoic strata in the Dongpu Depression, the region mainly experienced three tectonic evolution stages: Paleozoic-Triassic craton basin evolution, Paleogene fault depression, and Neogene-Quaternary depression. The Dongpu Depression has been superimposed and transformed by such post tectonic movements as the Caledonian, Hercynian, Indosinian, Yanshan and Himalayan, and displays obvious “east-west zoning and north-south blocking” structural characteristics.
[image: Figure 1]FIGURE 1 | (A) Regional location and structural unit division of the Dongpu Depression; (B) Simplified stratigraphic column of the Dongpu Depression (Modified after the Zhongyuan Oilfield).
3 BASIC CHARACTERISTICS OF THE RESERVOIRS
3.1 Petrological Characteristics
This study found that the grain sizes are small in the study area. The rock types are generally silty to fine sandstone, with some fine to coarse sandstone and pebbly sandstone. The lithology was mainly subarkose, sublitharenite, feldspathic litharenite, and lithic arkose (Figure 2). Overall, quartz accounts for 15%–95%, feldspar for 1%–37.3%, and rock fragments for 4%–77.5%. The intergranular matrix is mainly argillaceous and tuffaceous material, and the cement is mainly carbonate, siliceous, argillaceous, and ferric. The content levels of quartz in the debris are high, and the composition maturity displays the characteristics of a medium-high type. The grains are mainly subangular, subangular to subrounded, and subrounded. In addition, the sorting is generally medium-to-good levels. The structural maturity is medium, and the cementation is mainly a porous cementation type (Table 1).
[image: Figure 2]FIGURE 2 | Ternary diagram of the Upper Paleozoic sandstone in the Dongpu Depression (after Folk, 1968).
TABLE 1 | Statistical table of rock composition and structural characteristics of Upper Paleozoic sandstone in Dongpu Depression (Yang, 2018).
[image: Table 1]3.2 Physical Characteristics
The porosity levels of the Upper Paleozoic reservoirs in the Dongpu Depression range between 0.2% and 22%, and mainly in the range of 5%–10%. The reservoir permeability levels are not high and generally fall within the range of 0.1–1.0 mD. Approximately, 70% of the permeability is less than 0.1 mD, and 90% of the permeability is less than 1 mD. The average porosity of each stratal unit is as follows: Benxi Formation, 4.5%; Taiyuan Formation, 5.4%; Shanxi Formation, 4.84%; Lower Shihezi Formation, 7.62%; Upper Shihezi Formation, 8.39%; and the Shiqianfeng Formation, 4.5% (Figure 3). The average permeability of each unit is as follows: Taiyuan Formation, 0.01 mD; Shanxi Formation, 0.05 mD; Lower Shihezi Formation, 0.04 mD; Upper Shihezi Formation, 0.05 mD; and the Shiqianfeng Formation, 0.198 mD. According to the classification standards of clastic rock reservoirs, the reservoir in the study area can be classified as generally having ultra-low porosity and ultra-low permeability, with low porosity and low permeability levels in some areas. A positive exponential correlation between the porosity and permeability values of the reservoirs is observed in each well location (Figure 4), with y = 0.0051e0.3672x, where y represents the permeability and x the porosity. It was found that when the porosity levels are greater than 5.5%, the permeability levels increase significantly with the increases in porosity. When the porosity is less than 5.5%, the connectivity between the pores is poor. In other words, there is little effective porosity. However, when the porosity levels are greater than 5.5%, the connectivity between the pores is obviously better, and the permeability is 0.05 mD.
[image: Figure 3]FIGURE 3 | Histograms of the porosity levels of the Upper Paleozoic reservoirs within the Dongpu Depression.
[image: Figure 4]FIGURE 4 | Relationships between the porosity and permeability levels within the Upper Paleozoic reservoirs of the Dongpu Depression (Yang, 2018).
3.3 Pore Types and Pore Structures
3.3.1 Pore Types
According to the data regarding the thin section, casting thin section, scanning electron microscopy, and cathodoluminescence, the pore types of the Upper Paleozoic reservoirs of the Dongpu Depression can be divided into primary intergranular residual pores, dissolution pores, intercrystalline micropores, and microfractures.
3.3.1.1 Primary intergranular residual pores
The primary intergranular residual pores are not well developed in the studied strata, accounting for 8% of the total pores. These types of pores were mainly identified in the shallow-buried quartzarenite and subarkose of the Shiqianfeng and Shihezi Formations (Figures 5A,B).
[image: Figure 5]FIGURE 5 | Pore types (red arrows) of the Upper Paleozoic reservoirs in the Dongpu Depression. (A) Primary intergranular residual pores of the Upper Shihezi Formation of the Qinggu 2 Well at a well depth of 3,796.70 m; (B) Primary intergranular residual pores of the Shiqianfeng Formation of the Weigu 2 Well at a well depth of 3,663.9 m; (C) Intergranular dissolution pores of the Shiqianfeng Formation of the Mao 8 Well at a well depth of 1,652 m; (D) Intergranular dissolved pores of the Lower Shihezi Formation of the Ma 21 Well at a well depth of 3,403.08 m; (E) Intragranular dissolved pores of the Lower Shihezi Formation of the Ma 21 Well at a well depth of 3,403.08 m; (F) Rock fragments Intragranular dissolution pores of the Lower Shihezi Formation of the Ma 71 Well at a well depth of 3,597 m; (G) intercrystalline micropores of the Taiyuan Formation of the Donggu 2 Well at a well depth of 2,352.16 m; (H) crushing microfractures of the Upper Shihezi Formation of the Ma 17 Well at a well depth of 3,466.10 m; (I) diagenetic contraction microfractures of the Shiqianfeng Formation of the Pushen 8 Well at a well depth of 5,333.40 m.
3.3.1.2 Dissolution pores
The dissolution pores are well developed in the strata of the study area, accounting for 65% of the total pores. There were two main types identified. The first are intergranular dissolved pores (Figures 5C,D), and the second are intragranular dissolved pores (Figure 5E,F). These types of pores are mainly developed in the subarkose and arkose of the Shihezi Formation. The intergranular dissolved pores formed by the dissolving of rock fragments, feldspar, and interstitial materials between the particles. The dissolved interstitial materials are mainly carbonate minerals, such as calcite. The intragranular dissolved pores formed by the dissolving of soluble clastic particle components, such as quartz, feldspar, and rock fragments particles.
3.3.1.3 intercrystalline micropores
The intercrystalline micropores are developed in the subarkose and sublitharenite of the Shihezi Formation in the study area, accounting for 23% of all the pores. The pores of such rocks are often filled with large kaolinite and calcite crystals which formed micropores less than 10 μm in diameter. The kaolinite intercrystalline micropore is the most common type (Figure 5G).
3.3.1.4 Microfractures
The microfractures include structural fractures, dissolution fractures, crushing fractures (Figure 5H), and diagenetic contraction fractures (Figure 5I). Those fractures account for approximately 4% of all the pores, and occur mainly in the Shanxi and Xiashihezi Formations. The lithology mainly includes lithic arkose. In addition, the microfractures widths vary greatly, from 20 to 0.3 μm. Although scarce, the microfractures improved the rock connectivity and permeability, which is of a major significance to the reservoir development.
3.3.2 Pore Structures
The average maximum pore throat radius of the Shiqianfeng Formation ranges between 0.16 and 1.41 μm (Table 2). The median radius is between 0.01 and 0.16 μm, the displacement pressure ranges from 2.15 to 4.55 MPa. In addition, the throat sorting coefficient is between 2.67 and 3.36. In the upper Shihezi Formation, the average maximum pore throat radius is 0.59–4.03 μm; median radius is 0.01–0.26 μm; displacement pressure ranges between 0.18 and 1.3 MPa; and the throat sorting coefficient is from 2.15 to 4.68. In the Lower Shihezi Formation, the average maximum pore throat radius is between 0.51 and 0.65 μm; median radius is 0.02–0.07 μm; displacement pressure ranges between 1.14 and 8.83 MPa; and the throat sorting coefficient averaged 2.62 to 3.57. The average maximum pore throat radius of the Shanxi Formation is 0.25 μm. The median radius is 0.04 μm, and the displacement pressure is 2.93 MPa. The throat sorting coefficient is 2.93. The average maximum pore throat radius of the Taiyuan Formation is 0.05 μm; median radius is 0.01 μm; displacement pressure is 17.45 MPa; and the throat sorting coefficient is 4.01. The Upper Paleozoic sandstone of the Dongpu Depression generally display the characteristics of high displacement pressure and median pressure. Small pore throats were observed, which indicates unfavorable pore structures with small pore throats and poor sorting characteristics. In the vertical direction, the pore throat radii of the Lower Shihezi Formation and Upper Shihezi Formation are relatively good, followed by the Shiqianfeng Formation and the Shanxi formations. Overall, the characteristics of the Taiyuan Formation were found to be the least favorable. In summary, the pore throat structures belong to the categories of Class II and Class III structures, of which the Class II structures account for 32% and the Class III structures account for 68%.
TABLE 2 | Parameters of the throat structures within the sandstone reservoirs of the Dongpu Depression (According to the Zhongyuan Oilfield).
[image: Table 2]4 CHARACTERISTICS OF THE RESERVOIR DIAGENESIS
4.1 Diagenesis Types
4.1.1 Compaction and Pressure Dissolution
The reservoir rocks in the study area are strongly compacted, and the clastic particles are mainly in point-line contacts (Figure 6A). With the increasing burial depths, dissolution deformations occur at the contact points of the feldspar and other particles, and the probability of concave-convex contacts (Figure 6B) and suture contacts increase. In addition, strong deformations of plastic particles (Figure 6C) and the fracturing of brittle particles, such as quartz and feldspar, are common (Figure 6A).
[image: Figure 6]FIGURE 6 | Cementation types (red arrows) of the Upper Paleozoic reservoirs in the Dongpu Depression. (A) Point-line contacts and quartz fractures of the Upper Shihezi Formation of the Kai 35–2 Well at a well depth of 2,704 m; (B) Concavo-convex contacts of the Lower Shihezi Formation of the Ma 71–1 Well at a well depth of 3,597 m; (C) Bending deformations of the mica of the Upper Shihezi Formation in the Wengu 2YX-16 Well at a well depth of 4,079 m; (D) Illite cementation of the Upper Shihezi Formation of the Ma17 Well at a well depth of 3,460.7 m; (E) Cementation of the calcite (orange) and kaolinite (dark blue) of the Upper Shihezi Formation of the Qinggu 2-1 Well at a well depth of 3,796 m; (F) Dolomite cementation of the Taiyuan Formation of the Donggu 2 Well at a well depth of 2,560 m; (G) Quartz secondary enlargement of the Upper Shihezi Formation of the Ma 17–1 Well at a well depth of 3,460 m; (H) Pyrite cementation of the Taiyuan Formation of the Magu 6 Well at a well depth of 3,095.80 m; (I) Calcite metasomatized of the quartz and rock fragments of the Shiqianfeng Formation of the Chang 4 Well at a well depth of 2,446 m.
4.1.2 Cementation
The reservoirs in the study area are strongly influenced by cementation. Mainly argillaceous cementation was observed, followed by carbonate cementation, with small amounts of siliceous and pyrite. The cementation modes are mainly pore type or contact type. The argillaceous cement includes illite (Figure 6D), kaolinite (Figure 6E), chlorite, and illite/smectite mixed layers minerals. However, it is difficult to distinguish them from the argillaceous matrix using microscopic methods. The carbonate cement is mainly calcite (Figure 6E), with rare dolomite (Figure 6F). The siliceous cementation is characterized by quartz secondary enlargement (Figure 6G), which has the distribution characteristics of small amounts, but high frequency. In regard to the pyrite cementation, the pyrite fill between particles in patches or dispersions (Figure 6H), also with the distribution characteristics of small amounts, but high frequency.
4.1.3 Metasomatism
The metasomatism is not obvious in the reservoir sandstone of the study area, and the majority of the quartz and feldspar are metasomatized by clay and carbonate minerals (Figure 6I).
4.1.4 Dissolution
Dissolution is common within the study area, and also distributed in the strata of each formation of the Upper Paleozoic (Figures 5C–G).
4.2 Division of the Diagenetic Stages
In the present investigation, through the analysis of the casting thin section, scanning electron microscopy, clay mineral X-ray diffraction, and cathodoluminescence, and in accordance with the division standards of the diagenetic stages of clastic rock, the diagenetic stages of the Upper Paleozoic in the Dongpu Depression are mainly the middle diagenetic stages A to B. The main basis for that conclusion includes the following: 1) The proportion of smectite in the illite/smectite mixed layer in the sandstone ranges between 10% and 45%; 2) The authigenic kaolinite minerals are flaky (Figure 5A,G), and the illite is flaky and hairy (Figures 5C, 6D). The chlorite is foliated (Figure 5G); 3) The contact modes between the particles are mainly point-line contacts (Figure 6A). In areas with large burial depths and strong compaction, concave-convex contacts or suture contacts also occur (Figure 6B). Furthermore, the increased calcite cement and secondary quartz are widely distributed; 4) The vitrinite reflectance in the Upper Paleozoic ranges between 0.51% and 2.19%; 5) The maximum pyrolysis peak temperatures (Tmax) in the reservoir are mainly between 400°C and 500°C (Figure 7).
[image: Figure 7]FIGURE 7 | Relationships between Tmax and the depth of the Upper Paleozoic reservoirs in the Dongpu Depression (Yang, 2018).
4.3 Diagenetic Evolution Sequence
A diagenetic evolution model of the Upper Paleozoic in the study area was constructed by studying the relationships between the diagenesis (Figure 8). It was revealed that the strata in the study area first experienced compaction. The pressure of the overlying strata deformed the plastic particles in the rock, forming close linear contacts and concave-convex contacts, which greatly reduced the primary pores. Pressure dissolution occurred and the contact points between the rock particles became closer forming pressure dissolution joints. Subsequently, the mica and feldspar were altered and transformed into kaolinite. The authigenic minerals, such as siderite and calcite, were cemented and metasomatized, in which the siderites mainly metasomatized the original heterobase. Then, the secondary quartz (feldspar) increased, and calcite cementation and metasomatism occurred in the remaining pore spaces. This resulted in the disappearance of the majority of the residual intergranular pores. The subsequent dissolution dissolved the cement and feldspar fragments particles, which improved the porosity and permeability of the reservoirs, thereby having positive impacts on the rock reservoirs in the study area.
[image: Figure 8]FIGURE 8 | Diagenetic sequence of the Upper Paleozoic reservoirs in the Dongpu Depression.
5 MAIN CONTROLLING FACTORS OF THE RESERVOIR DEVELOPMENT
5.1 Control of the Reservoir Development by the Sedimentary Facies Belt
Due to various depositional environments, the reservoir sand bodies in the study area had various influencing effects on the physical properties of the reservoirs. Tidal flat sand bodies are dominant in the Benxi Formation, which display small thicknesses of single layers, poor continuity of the transverse distribution, generally fine and compact lithology, and overall poor reservoir conditions. The Taiyuan Formation is mainly composed of tidal flat and lagoonal facies. In addition, barrier island sand bodies with certain reservoir conditions were developed locally. However, the lateral and longitudinal distributions are very limited, and the reservoir conditions of the formation are poor. The Shanxi Formation is tidal flat-delta facies which is mainly composed of silt and sand deposits. The reservoir conditions are poor, but better than those of the Benxi and Taiyuan formations. The Upper and Lower Shihezi formations are both delta distributary channels and distributary bay sedimentary successions. Therefore, the differences in porosity values are small, by only 1%–2%; the two formations contain strata with the best reservoir conditions with the potential for effective reservoirs to have developed (Li et al., 2017). During the deposition of the Shiqianfeng Formation, the area transitioned into fluvial sedimentary facies with slightly poor reservoir conditions.
5.2 Control of the Rock Characteristics on the Physical Properties of the Reservoirs
Generally speaking, the higher the composition maturity is, the better the reservoir is. In the clastic components of the Dongpu Depression, the content levels of feldspar are high (Figure 9). Since feldspar is soluble, high feldspar content levels may become a favorable condition for the development of secondary pores. The general medium-to-good sorting properties, along with the sandstone roundness dominated by subrounded and subangular in the Dongpu Depression, provide a good spatial basis for the development of pores. The cementation modes are mainly pore types, followed by contact types, and there are very few basement types observed. The average content of the interstitial materials is high. The calcite and kaolinite in the interstitial materials easily dissolve, which play a constructive role in the generation of secondary pores and provide the materials and spatial basis for the development of secondary pores. Among those, the basement cementation also appears in the Shiqianfeng and the Upper Shihezi formations, which is conducive to the development of secondary pores.
[image: Figure 9]FIGURE 9 | Histograms of rock types within the Upper Paleozoic reservoirs of the Dongpu Depression.
5.3 Control of the Diagenesis on the Physical Properties of the Reservoirs
5.3.1 Destructive diagenesis
5.3.1.1 Compaction and pressure dissolution
Strong compaction and pressure dissolution occurred in the Upper Paleozoic of the Dongpu Depression, which greatly reduced the porosity and permeability. Generally speaking, the porosity and permeability of the sandstone reservoirs in the Dongpu Depression tend to decrease with the increases in depth. The physical properties of the sandstone reservoirs are good at depths of less than 2,500 m, and poor at depths more than 2,500 m (Figures 10, 11). The lateral variations of the porosity and permeability at 2,500 m varies with the lateral variation of stratum sedimentary facies.
[image: Figure 10]FIGURE 10 | Relationships between the porosity levels and the depths of the Upper Paleozoic reservoirs in the Dongpu Depression (Zhang, 2018).
[image: Figure 11]FIGURE 11 | Relationships between the permeability levels and the depths of the Upper Paleozoic reservoirs in the Dongpu Depression (Zhang, 2018).
5.3.1.2 Cementation
According to the relationships between the reservoirs’ sandstone porosity levels and the cement content in the study area (Figures 12, 13), a negative correlation occurs between them. The increases in cement content further occupy the pore spaces and reduce the porosity levels. The carbonate cement, argillaceous cement, and quartz cement occupy the pore spaces, and narrow or block the throat channels, thereby reducing the porosity and permeability levels. In this study, carbonate cement refers to the late cementation, which filled the pores without dissolution.
[image: Figure 12]FIGURE 12 | Relationships between porosity levels and cement content levels of the Upper Paleozoic reservoirs in the Dongpu Depression.
[image: Figure 13]FIGURE 13 | Relationships between the porosity levels and argilla content levels of the Upper Paleozoic reservoirs in the Dongpu Depression.
5.3.2 Constructive diagenesis
5.3.2.1 Dissolution
The Upper Paleozoic reservoirs of the Dongpu Depression are basically in the middle diagenetic Stage A. The minerals formed during that diagenetic stage mainly include quartz, dolomite, kaolinite, illite, and chlorite, among which the content of kaolinite is high. The vitrinite reflectance ranges between 0.5% and 1.3%. This is the main period of organic acid production during the process of organic matter maturation, and it was an acidic diagenetic environment. A large number of organic acids started to dissolve the feldspar, early cemented carbonate, tuffaceous, and other unstable components, forming a large number of secondary dissolution pores. This improved the porosity of the dissolution area and increased its permeability. However, the dissolution materials tend to migrate to nearby areas and settle there. Therefore, for the entire Upper Paleozoic strata, the porosity was not increased as a result.
5.3.2.2 Metasomatism
During the metasomatism in the study area, the quartz and feldspar were metasomatized by clay and carbonate minerals. The metasomatic products provided the material basis for the later dissolution. Then, following the dissolution of the clay and carbonate minerals, a large number of pores were left, which promoted the transformation of the reservoirs’ physical properties via dissolution.
5.3.2.3 Chlorite lining cementation
Chlorite lining plays an important role in inhibiting the increases in secondary quartz and feldspar, along with slowing the progress of compaction and pressure dissolution (Dou et al., 2017; Wang et al., 2017). The abnormally high porosity caused by chlorite lining only appeared in the quartz rich sandstone. This was due to the weak cementation of the quartz in the quartz poor sandstone and the easy deformation of the plastic particles, which had no obvious effects on the chlorite lining. In addition, authigenic chlorite, as a mineral crystallized from solution, requires a great deal of fluid activities for its formation. The more developed the pores were, the more conducive the conditions for fluid flow would be. Therefore, the high content levels of authigenic chlorite were considered to indicate high reservoir porosity and good pore connectivity.
6 CONCLUSION

1) The sandstone types in the study area are mainly subarkose, sublitharenite, feldspathic litharenite, and lithic arkose. The composition maturity belongs to a medium-high type. The roundness characteristics are mainly divided into three levels: subangular, subangular to subrounded, and subrounded. The sorting properties are medium-to-good and the structural maturity is medium. The cementation type is mainly pore type. On the whole, the reservoir is classified in this study as having ultra-low porosity and ultra-low permeability, with low porosity and low permeability levels in some areas, and medium porosity and medium permeability levels in a few sections of the Shangshihezi Formation. There is a positive exponential correlation between the porosity and permeability. The types of reservoir spaces mainly include primary intergranular residual pores, dissolution pores, intercrystalline micropores, and microfractures. The pore throat structures of the reservoirs are as follows: Class II accounted for 32%, and Class III for 68%.
2) The diagenesis is mainly compaction, cementation, and dissolution. The diagenetic stages are mainly within the middle diagenetic stages (Stage A and Stage B). The evolution sequence is mainly the compaction-pressure dissolution-alteration of the mica and feldspar, along with the transformation results of the kaolinite-the cementation and metasomatism of authigenic minerals, such as siderite, calcite -increases of the secondary quartz (feldspar)and the cementation and metasomatism of the calcite-dissolution.
3) This study determine that the sedimentary facies, reservoir rock characteristics, and diagenesis are the three main factors controlling the physical properties of the Upper Paleozoic reservoirs in the Dongpu Depression. The delta distributary channel and interdistributary bay of the Upper and Lower Shihezi Formations, as well as the river channel subfacies of the Shiqianfeng Formation, are strata with good reservoir conditions. The content levels of feldspar in the clastic components of the Dongpu Depression is high. There are higher content levels of calcite and kaolinite in the interstitial, and the sorting of the sandstone is generally at a medium level. The rounding types are generally subangular and subrounded. these provide material and spatial basis for the development of secondary pores. The compaction and pressure solution processes are the diagenesis which destroyed the porosity and permeability to the greatest extent. The late carbonate cement, argillaceous cement, and quartz cement occupy the pore spaces, narrow or block the throat channels, and reduce the porosity and permeability levels in the reservoirs. Large amounts of organic acids dissolved the unstable components (such as the feldspar), early cemented carbonates, and tuffaceous, which formed a large number of secondary dissolution pores. As a result, the porosity and permeability levels of the dissolution area were improved.
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