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The research on the developmental characteristics and evolution process of pores in dolomite reservoirs is a hot spot in petroleum geology. In this paper, taking the dolomite reservoirs of the Longwangmiao Formation in the Gaoshiti area as an example, the differential distribution and evolution of pore parameters have been systematically studied combined with downhole cores, logging, cast thin sections, and scanning electron microscope data. We used statistical methods and image analysis techniques to quantitatively characterize the pore distribution of the Longwangmiao Formation in the study area. Moreover, the factors controlling the distribution of pores in the dolomite of the Longwangmiao Formation were identified, namely, lithology, sedimentary facies and diagenesis. Finally, the evolution mode of pores of the Longwangmiao Formation was constructed. The results show that the main types of pores developed in the Longwangmiao Formation in the study area include intergranular and intragranular dissolved pores, intercrystalline dissolved pores and mold pores. Among them, the intergranular dissolved pores are the main pore type. The pores with surface porosity higher than 0.5% in the Long 2 Member in the study area account for 46% of the total pores, while those in the Long 1 Member account for 25.5%. Therefore, the degree of development of pores in the Long 2 Member is better than the Long 1 Member. In addition, the granular dolomite in the grain shoal facies is favorable for the formation of large-scale pores, and the oolitic dolomite is the most favorable reservoir type. The most favorable factors for the development of pores are the atmospheric freshwater dissolution and dolomitization in the quasi-contemporaneous period; the former caused the formation of a large number of intergranular dissolved pores, while the dolomitized particles and their ring-edge cements in the latter promoted the retention of residual intergranular dissolved pores. The dissolution, dolomite cementation and hydrothermal action in the burial stage promoted the reformation of pores.
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1 INTRODUCTION
In recent years, breakthroughs have been made in marine carbonate oil and gas exploration in the Sichuan Basin of China. For example, the largest marine carbonate monolithic gas reservoir in China, the Anyue Gas Field, has been discovered in the Gaomo area (Katz et al., 2021; Niu et al., 2022). Fine and quantitative characterization of pore structures is the key to study reservoir performance in gas reservoirs. This research mainly focuses on the type, shape and distribution of pores, pore structures and pore connectivities, as well as the qualitative and quantitative studies on the genesis and evolution mode of pores (Kun et al., 2014). Techniques for qualitative characterization of pores generally include cast thin sections, scanning electron microscopy, cathodoluminescence, and X-ray diffraction analysis (Franziska et al., 2021; Xiangchun et al., 2021; Jiang et al., 2022). They can be used to directly observe and describe the types and morphological characteristics of pores. However, for the quantitative characterization of pores, it generally needs to combine high-pressure mercury intrusion, gas adsorption, nuclear magnetic resonance, CT, image analysis software, etc. (Qiang et al., 2021; Cheng et al., 2022) to finely describe the distribution characteristics of pores with full pore size (Fenshu et al., 1995; Nan, 2020; Qiang et al., 2021; Vafaie et al., 2021).
At present, the research on the Lower Cambrian carbonate oil and gas reservoirs in the Sichuan Basin mainly focuses on the Longwangmiao Formation (Jinhu et al., 2014; Xi et al., 2017). According to previous studies, the shoal facies reservoirs developed in the Longwangmiao Formation are mainly hosted in sandy dolomite and oolitic dolomite, and the reservoir space is dominated by pores, caves and fractures of secondary origin, and its physical properties are characterized by medium-low porosity and low permeability (Da et al., 2022). However, there are still some problems that need to be improved: 1) Existing studies have ignored lithology and sedimentary facies as the main controlling factors of reservoirs (Zitong, 2007); 2) The effects of diagenesis, such as dissolution, dolomitization and dolomite cementation, on the development and evolution of reservoir pores at different diagenetic stages have not been elucidated (Da et al., 2021; Xing et al., 2021). In this paper, taking the dolomite reservoirs of the Longwangmiao Formation in the Gaoshiti area as an example, the differential distribution and evolution of pore parameters have been systematically studied combined with downhole cores, logging, cast thin sections, scanning electron microscope data, statistical methods and image analysis techniques. This study can provide new ideas for hydrocarbon exploration in the dolomite reservoirs of the Longwangmiao Formation.
2 GEOLOGICAL BACKGROUND
The study area is located in the Gaoshiti area in the central part of the Sichuan Basin. Its geographical location is located in the Ziyang City and the Tongnan County (Guoqi et al., 2015). This area belongs to the Leshan-Longnüsi paleo-uplift area in the central part of the Sichuan Basin (Caineng et al., 2014; Roberts, 2018; Yang et al., 2022) (Figure 1).
[image: Figure 1]FIGURE 1 | Location, structure, well distribution and division of stratigraphic units in the study area.
The Lower Cambrian Longwangmiao Formation in the study area are in integrated contact with the overlying Gaotai Formation and the underlying Canglangpu Formation. From bottom to top, the Longwangmiao Formation is divided into the Long 1 and Long 2 Members. Sandy dolomite, mud (powder) crystalline dolomite, clot dolomite and oolitic dolomite are mainly developed in the Long 1 Member; while the sand dolomite and oolitic dolomite are mainly developed in the Long 2 Member (Xuefei et al., 2015; Benjian et al., 2018). The strata of the Longwangmiao Formation in the study area show a gradually thickening trend from northwest to southeast. The Longwangmiao Formation in this area belongs to the limited platform sediments. The lower part of the Long 1 Member is the thick intra-platform shoal and the inter-shoal sea sediment, and the upper part is shallower and has a tidal flat environment. The lower part of the Long 2 Member is dominated by sandy shoal-oolitic shoal, inter-shoal sea-tidal flat-intra-platform shoal, and tidal flat deposits are mainly developed in the upper part (Genshun et al., 2013; Weiqiang et al., 2022). Pores are mostly developed in the granular dolomite in the upper part of Long 1 Member and the middle and upper part of Long 2 Member, and the pore types are mainly secondary pores (Choquette and Pray, 1974; Lucia, 1995). At present, it is believed that the distribution of Longwangmiao Formation reservoirs is relatively scattered, and most of them are concentrated in the Gaoshi 6∼Gaoshi 102 well area in the middle of the work area (Anjiang et al., 2017; Hongliu et al., 2018).
3 METHODS
In this paper, taking the Cambrian Longwangmiao Formation dolomite in the Gaoshiti area as an example, we carried out core observations, casting thin sections and scanning electron microscope experiments. Cores from the Longwangmiao Formation with a total of 345 m from eight wells in the study area were used for core observations. Cast thin sections were used for observations under polarized light microscopy. Its purpose is to obtain the lithology, pore types, pore size, and surface porosity parameters of pores or cavities. A total of 367 cast thin sections were used for the extraction of pore parameters. The differences in the development and distribution of pores in the Longwangmiao Formation of different wells are compared by combining the constraints of stratigraphy, lithology, natural gamma, resistivity and sedimentary facies type.
The statistical methods and image analysis techniques were used to quantitatively characterize the pore distribution of the Longwangmiao Formation in the study area. Moreover, the factors controlling the distribution of pores in the dolomite of the Longwangmiao Formation were identified, namely, lithology, sedimentary facies and diagenesis. Finally, the evolution mode of pores of the Longwangmiao Formation was constructed.
4 RESULTS
4.1 Pore types
The main types of pores developed in the Longwangmiao Formation in the study area include intergranular dissolved pores, intragranular dissolved pores, intercrystalline dissolved pores, intercrystalline pores, mold pores, and dissolved pores/cavities.
4.1.1 Intergranular dissolved pores
Intergranular dissolved pores are mainly developed in granular dolomite such as sandy dolomite and oolitic dolomite. This type of pores are usually irregular and curved pores with scattered distribution and good pore connectivity, and the pore diameters are distributed between 0.01 mm and 1 mm (Figures 2A,B). Under the microscope, the intergranular dissolved pores formed in the later stage are mostly half or fully filled with asphalt and dolomite.
[image: Figure 2]FIGURE 2 | Development characteristics of different pore types in the Longwangmiao Formation in the study area. (A) Intergranular dissolved pores, oolitic dolomite, Well GS6, 4546.25, single polarized light; (B) Intergranular and intragranular dissolved pores, sandy dolomite, 4662.5 m, Well GS23, single polarized light; (C) Mold pore, sand dolomite, well GS7, 4635.55 m, single polarized light; (D) Intercrystalline pores and intercrystalline dissolved pores, sugar-like fine-crystalline dolomite, Well GS11, 4571.57 m, single polarized light; (E) Intercrystalline dissolved pores, powder crystal dolomite, Well GS11, 4584.22 m, single polarized light; (F) Intracrystalline dissolved pores, giant crystal dolomite, well MX12, 4637.41–4637.84 m, single polarized light.
4.1.2 Intragranular dissolved pores
Intragranular dissolved pores are irregular in shape (curved edges) and mostly exist in the isolated form. Moreover, the isolated intragranular dissolved pores and intergranular dissolved pores with poor connectivity are associated with each other. Together, they constitute the storage space of granular dolomite (Figure 2B). The pore diameter of intragranular dissolved pores is mainly between 0.01 and 0.5 mm, and some of the pores are semi-filled with bright crystal dolomite or asphalt.
4.1.3 Mold pores
Mold pores are usually developed in granular dolomite, and their shape and size depend on the shape of the particles and the degree of dissolution. The mold pores are generally regular oval or circular, and the maximum diameter of the pores does not exceed 0.2 mm. This type of pores are mostly distributed in isolated form, with extremely poor connectivity, and semi-filled asphalt is occasionally seen (Figure 2C).
4.1.4 Intercrystalline pores
Intercrystalline pores mainly appear in sugar-like dolomite whose original rock structures have been destroyed. They have straight boundaries and are mostly developed between dolomite crystals. The pore diameter is mostly less than 0.5 mm. It was observed under the microscope that the larger the dolomite crystal, the higher the degree of eumorphism, and the more developed the intercrystalline pores (Figure 2D).
4.1.5 Intergranular dissolved pores
Intercrystalline dissolved pores coexist with intercrystalline pores. The straight boundaries are partially eroded into irregular curved or microdentate morphologies. In addition, the pore diameter is mostly less than 0.5 mm, and the surface porosity is usually between 0.1% and 0.5% (Figure 2E). Microscopic observation showed that the intergranular dissolved pores were mostly half or fully filled with asphalt.
4.1.6 Intracrystalline dissolved pores
Intragranular dissolved pores are generally isolated on the surface of dolomite crystals. Its morphology is relatively regular and the pores are not connected (Figure 2F). Most of the intragranular dissolved pores have a pore size ranging from 1.5 μm to 4 μm. However, some of this type of pores can also be observed with naked eyes. Under the scanning electron microscope, it was observed that some dissolved pores in the crystals were half filled with nanocrystals, so that the porosity was reduced to a certain extent.
4.2 Longitudinal pore distribution characteristics
The pores of the Longwangmiao Formation in the study area are well developed in the Long 2 Member. They are mainly developed in the oolitic dolomite and sandy dolomite of granular shoal facies, and the pore types are mainly intergranular dissolved pores. From bottom to top, the content of intragranular dissolved pores decreases, the content of intergranular dissolved pores increases, the content of dolomite in the first stage decreases, while that in the second stage increases, and the total surface porosity decreases. For horizons, pores with surface porosity higher than 0.5% in the Long 2 Member account for 46% of total pores, while pores with surface porosity higher than 0.5% in the Long 1 Member account for 25.5% of total pores.
In terms of lithology, the average surface porosity of pores in oolitic dolomite and sandy dolomite is higher, which are 2.8% and 1.5%, respectively. In terms of lithofacies, the average surface porosity of pores in oolitic shoal and sandy shoal is higher, which are 2.8% and 2.7%, respectively. In terms of pore types, intergranular dissolved pores accounted for 74.8% of the pores developed in granular dolomite, and intergranular dissolved pores accounted for 72.6% of the pores developed in granular dolomite.
In the entire Longwangmiao Formation, intergranular dissolved pores account for a relatively high proportion, accounting for about 60% of the total pores in the Long 1 Member, and about 65% of the Long 2 Member. For the fillings inside the pores, the average content of the cement formed in the second stage is 55.6%, and that formed in the first stage is 43.4%. In the case of high quartz content, even if the intergranular dissolved pores and the first-stage cement content are high, the rock face porosity is low (Figure 3).
[image: Figure 3]FIGURE 3 | Development characteristics of pores of the Longwangmiao Formation in Well Gaoshi 23 in the study area.
4.3 Lateral distribution of pores
The surface porosity of the Longwangmiao Formation in the study area is proportional to the thickness of the granular shoal, intergranular dissolved pores and the content of the first-phase cements; however, it is inversely proportional to the second-phase cements and the quartz.
From west to east, the stratigraphic thickness of the granular shoal in the Longwangmiao Formation tends to decrease, while the proportion of the intergranular dissolved pores tends to decrease. At the same time, in the pore-developed section, the content of cements in the first stage decreased, while the cements in the second stage increased, and the surface porosity gradually decreased from 1.6% to 0.6%. From south to north, the granular shoal shows a thickening trend, and the proportion of dissolved pores between grains shows an upward trend. At the same time, in the pore-developed section, the content of cements in the first stage increased, while the cements in the second stage decreased, and the surface porosity gradually increased from 1.2% to 1.9% (Figure 4). It is revealed that the surface porosity of the pores of the Longwangmiao Formation in the study area is closely related to the content of grains, intergranular dissolved pores, two-phase cements, and quartz.
[image: Figure 4]FIGURE 4 | Comparison of pore development characteristics of the Longwangmiao Formation in the study area through Wells Gaoshi 17-Gaoshi 23-Gaoshi 7-Gaoshi 001-X24 -Gaoshi 11.
5 DISCUSSION
5.1 Influence of lithology on differential distribution of pores
The pore distribution is related to the content, size and shape of the particles. Granular dolomite is the main reservoir rock type of the Longwangmiao Formation in the study area. Among them, the development degree of pores in the oolitic dolomite is higher than that in sandy dolomite (Figure 5), and the thickness of the granular dolomite in the Long 2 Member is thicker than that of the Long 1 Member. The pore distribution of the Longwangmiao Formation dolomite has significant vertical differences.
[image: Figure 5]FIGURE 5 | Microscopic characteristics of different types of granular pores in the Longwangmiao Formation in the study area. (A) Oolitic dolomite pores, GS6, 4546.78–4546.88 m, single polarized light; (B) Sandy dolomite pores, GS17, 4505.2 m, single polarized light.
At the same time, in the granular dolomite, the oolitic dolomite samples with a surface porosity greater than 0.5 accounted for 69%, the sandy dolomite samples with a surface porosity greater than 0.5 accounted for 52%, and the oolitic dolomite had a higher surface porosity than the sandy dolomite (Figures 6A,B). In the grain dolomite, the samples with a surface porosity greater than 0.5 accounted for 36% of the total samples; in the crystalline dolomite, the samples with a surface porosity greater than 0.5 accounted for 4% of the total samples; the grain dolomite had a higher face porosity than the crystalline dolomite (Figure 6). The proportion of oolitic dolomite in the Long 2 Member with a surface porosity greater than 0.5% is 62%; while the samples with a surface porosity greater than 0.5% in the Long 1 Member is 7%. The proportion of sandy dolomite samples with surface porosity greater than 0.5% in the Long 2 Member is 44%; while the samples with surface porosity greater than 0.5% in the Long 1 Member is 8%.
[image: Figure 6]FIGURE 6 | Histogram of surface porosity distribution of various lithologies of the Longwangmiao Formation in the study area. (A) Sandy dolomite; (B) Oolitic dolomite; (C) Fine-crystal dolomite; (D) Powder-crystal dolomite; (E) Micrite dolomite; (F) Histogram of surface porosity distribution in the Longwangmiao Formation.
The average total surface porosity of various lithologies is arranged in descending order: oolitic dolomite1.9%, sandy dolomite 1.51%, fine crystal dolomite 0.93%, powder crystal dolomite 0.38% and micrite dolomite 0.2% (Figures 6A–F). According to the above analysis, most of the high-porosity reservoirs of various lithologies are distributed in the Long 2 Member, so the development of pores in the Long 2 Member is good. In the same horizon, the proportion of surface porosity of different lithologies is significantly different. Granular dolomite is the main reservoir rock in the Longwangmiao Formation in the study area, and oolitic dolomite has the best development of pores.
5.2 Influence of sedimentary facies on differential distribution of pores
The distribution of pores is controlled by sedimentary facies. The granular shoal is the main reservoir lithofacies of the Longwangmiao Formation in the study area. Among them, the oolitic shoal is the most developed, and its development thickness in the Long 2 Member is higher than that of the Long 1 Member. Therefore, the development of pores has an obvious horizon differences.
Statistics show that the samples with a surface porosity greater than 0.5% in the granular shoal accounted for 36% of the total samples; the samples with a surface porosity greater than 0.5 in the dolomitic flat and the intershoal sea accounted for 4% of the total samples (Figure 7E). At the same time, the proportion of samples with oolitic shoal facies greater than 0.5 was 69%; while the proportion of samples with sandy shoal facies greater than 0.5% was 52% (Figures 7A,B).
[image: Figure 7]FIGURE 7 | Histogram of surface porosity distribution of various lithofacies of the Longwangmiao Formation in the study area. (A) Histogram of surface porosity distribution of sandy shoals facies; (B) Histogram of surface porosity distribution of oolitic shoals facies; (C) Histogram of surface porosity distribution of dolomite flat facies; (D) Histogram of surface porosity distribution of shoal interfacies; (E) Histogram of surface porosity distribution in the Longwangmiao Formation.
The average total surface porosity of each lithofacies is arranged in descending order: oolitic shoal 1.9%, sandy shoal 1.22%, dolomitic flat 0.38% and shoal interfacies 0.2% (Figures 7A–E). According to the analysis, most of the high-porosity reservoirs of various lithofacies are distributed in the Long 2 Member, so the Long 1 Member reservoir has a good degree of pore development. In the same horizon, the proportion of face porosity of different lithofacies is obviously different. The granular shoal is the main reservoir lithofacies in the Longwangmiao Formation in the study area, and the oolitic shoal, as the main reservoir lithofacies in the Longwangmiao Formation, has the best degree of pore development.
5.3 Influence of diagenesis on differential distribution of pores
The dolomite of the Longwangmiao Formation in the study area has experienced a complex diagenetic system during the long burial process (Mindong et al., 2014; Haas et al., 2017; Mengyan et al., 2017; Pajdak et al., 2017; Qiang et al., 2021).
Among them, the main diagenesis controlling the development of pores is the dissolution of atmospheric fresh water between dolomite particles, dolomitization, dolomite cementation and hydrothermal action (Feifei, 2018). Tectonic activities promote the formation of tectonic fractures. These fractures aremostly filled with siliceous minerals such as dolomite and quartz and asphalt in the late diagenetic stage (Jingjie et al., 2020; Lingfang et al., 2020; Ying et al., 2019; Ke et al., 2022).
5.3.1 Dissolution
The dissolution of the dolomite in the Longwangmiao Formation in the study area includes the atmospheric freshwater dissolution in the paracontemporaneous period and the burial dissolution in the mesodiagenetic stage. Atmospheric freshwater dissolution is the main factor controlling the development of intergranular and intragranular dissolved pores in granular dolomite. They are positively correlated with the surface porosity (Figures 8C,D), and the positive correlation between the intergranular dissolved pores and the surface porosity is better. Intercrystalline and intracrystalline dissolved pores are developed in crystalline dolomite, and the correlation between these two types of dissolved pores and surface porosity is not obvious (Figures 8A,B). Therefore, dissolution in crystalline dolomite is not the main factor controlling pore distribution. Burial dissolution usually results in enlarged dissolution of structural fractures, but they are usually partially or fully filled with bitumen (Figure 9C). Therefore, the correlation between tectonic fractures and surface porosity is poor (Figure 8E).
[image: Figure 8]FIGURE 8 | Surface porosity distribution under various diagenesis of the Longwangmiao Formation in the study area. (A) Relationship between intercrystalline dissolved pores and surface porosity; (B) Relationship between intracrystalline dissolved pores and surface porosity; (C) Relationship between intergranular dissolved pores and surface porosity; (D) Relationship between intragranular dissolved pores and surface porosity; (E) Relationship between tectonic fracture and surface porosity; (F) Relationship between intergranular pores and surface porosity; (G) Relationship between phase I dolomite and surface porosity; (H) Relationship between phase Ⅱ dolomite and surface porosity; (I) Relationship between hydrothermal quartz and surface porosity.
[image: Figure 9]FIGURE 9 | Diagenesis types and characteristics of the Longwangmiao Formation in the study area. (A) The first-stage annular dolomite cement developed around the grains, Well GS6, 4545.49 m, single polarized light; (B) Pores filled with medium and coarse-grained cements from the second stage, Well GS23, 4691.65 m, single polarized light; (C) Structural dissolving fracture nearly completely filled with dolomite and asphalt, Well MX16, 4755.47 m, single polarized light; (D) Pore filled with hydrothermal quartz, well GS001-X24, 4580.27 m, single polarized light.
5.3.2 Dolomitization and dolomite cementation
The dolomite developed in the target layer in the study area is generally the product of dolomitization and dolomite cementation. This study shows that dolomitization and dolomite cementation have different effects on pore development at different diagenetic stages (Dawei et al., 2021): ① Quasi-contemporaneous evaporative seawater stage: This stage represents the main stage of dolomitization. Affected by strong evaporation and reflux infiltration, dolomitization occurs in high-porosity, high-permeability limestone. A large number of intercrystalline pores are developed in crystalline dolomite (Lianqiang et al., 2019), but according to statistics, there is no correlation between intercrystalline pores and surface porosity (Figure 8F). At the same time, in granular dolomite, dolomitization led to the replacement of calcite cements around intergranular dissolved pores with dolomite. Therefore, the first-phase powder-fine-grained dolomite metasomatism has a good positive correlation with surface porosity (Figure 8G). They support and protect the residual pores (Figure 9A); ② In the early diagenetic stage, the cementation of dolomite resulted in the formation of the second-stage fine-medium crystalline dolomite cements in the intergranular dissolved pores, and some of the pores were filled (Figure 9B). The content of fine-medium crystalline dolomite cements in the second stage is negatively correlated with the surface porosity (Figure 8H); ③ In the middle diagenetic stage, dolomite cementation continued, and coarse-megacrystalline dolomite was occasionally seen.
5.3.3 Hydrothermal action
In the late diagenetic stage, the dissolution of the deep burial environment promotes the expansion dissolution of the fractures and dissolved pores. Afterwards, siliceous minerals such as quartz are formed through hydrothermal action and fill the pores. According to statistics, quartz composition is negatively correlated with surface porosity (Figure 8I). Therefore, siliceous minerals such as quartz formed by hydrothermal action severely block the pores, thereby reducing the porosity of the rock (Figure 9D).
5.4 Diagenetic sequence and pore evolution
According to the analysis of the pore development characteristics and controlling factors of the Longwangmiao Formation, the diagenetic evolution of the reservoir and the development law of pores are obtained (Chilingar and Bissell, 1966; Davies and Smith, 2006; Mindong et al., 2014).
(1) Normal seawater stage of quasi-contemporaneous period: The Longwangmiao Formation carbonate rocks in the study area were formed in a seawater diagenetic environment. The earliest bright-crystalline fibrous calcite cements were formed under the action of cementation. They grow ring-like around the grain edges and destroy the primary intergranular pores, leading to a dramatic drop in porosity (Figure 10A).
(2) Quasi-contemporaneous atmospheric freshwater stage: It represents a sedimentary environment in which the sea level is gradually decreasing. At this time, the sediments of the granular shoal such as sandy shoal and oolitic shoal on the sedimentary high landform were briefly exposed to the atmospheric sedimentary rock environment. The reservoir is subjected to selective dissolution by freshwater leaching, and a large number of intergranular dissolved pores and a small amount of intragranular dissolved pores are formed. The development of dissolved pores improves the overall porosity of the study area (Figure 10B).
(3) Quasi-contemporaneous evaporating seawater stage: Evaporation causes the magnesium-rich fluids to permeate and flow downward, and all the interstitials and particles are dolomized. At this stage, the early calcite cement was replaced by dolomite, and the first-stage dolomite began to form in the intergranular dissolved pores. The edges of the intergranular pores began to precipitate clean straight euhedral powder-crystalline dolomite, and fine-grained rhombic dolomite cements were partially visible (Figure 10C). The dolomite developed at the edge of the first-stage ring grains can support and protect the residual pores to a certain extent.
(4) Early diagenetic stage: At this stage, the reservoir begins to enter a shallow burial environment. However, due to the support and protection of the first-stage dolomite, the pore structures were not destroyed. But at this time, dolomite cementation occurs again, so that fine-medium-crystalline euhedral rhombic dolomite cements are generally formed in the pores. They continue to fill intra-particle, inter-particle pores and cause a dramatic reduction in porosity. In addition, weak structural rupture also occurred, and a small number of structural fractures were formed (Figure 10D).
(5) Middle diagenetic stage: As the depth increases, the reservoir enters a medium-deep burial environment. Further dolomite cementation occurs at this stage, and coarse-crystalline and giant-crystalline dolomite cements are formed. At this stage, pressure-dissolution begins to occur, and a large number of sutures begin to develop. A small number of fractures were formed by tectonic action, but the fractures were mostly filled with dolomite or asphaltene at a later stage (Figure 10E). Therefore, fractures have little effect on the reservoir performance of the reservoir. Overall, the porosity at this stage continued to decrease.
(6) Late diagenetic stage: In deep burial environments, intergranular dissolved pores, structural fractures and their internal fillings will further develop under the action of hydrothermal fluids and acidic fluids (Qilong et al.,2020). However, cements such as euhedral saddle-shaped dolomite and euhedral quartz formed by hydrothermal action and asphalt formed by oil and gas cracking are partially or fully filled (Figure 10F). At this stage, the porosity reaches a minimum value.
[image: Figure 10]FIGURE 10 | Schematic diagram of the burial history, diagenesis sequence and pore evolution of the Longwangmiao Formation in the study area. (A) is the Normal seawater stage of quasi-contemporaneous period, (B) is the Quasi-contemporaneous atmospheric freshwater stage, (C) is the Quasi-contemporaneous seawater stage, and (D) is the Early seawater stage. (E) is Middle stage, (F) is Late stage.
6 CONCLUSION

(1) The factors controlling the distribution of pores in the dolomite of the Longwangmiao Formation in the Gaoshiti area were identified, namely, lithology, sedimentary facies and diagenesis, and in turn, the pore evolution model of the Longwangmiao Formation was constructed.
(2) The main types of pores developed in the Longwangmiao Formation in the study area include intergranular dissolved pores, intragranular dissolved pores, intracrystalline dissolved pores and mold pores\. Among them, intergranular dissolved pores are the main pore type.
(3) The proportion of pores with surface porosity greater than 0.5% in the Long 2 Member in the study area is 46%, while that in the Long 1 Member is 25.5%. Therefore, the degree of development of pores in the Long 2 Member is better than that of the Long 1 Member. In addition, the grain dolomite in the grain shoal facies is favorable for the formation of large-scale pores, and the oolitic dolomite is the most favorable reservoir type.
(4) The development of pores in the Longwangmiao Formation in the study area is controlled by lithology and sedimentary facies. The average porosity of various lithologies is: oolitic dolomite 1.9%, sandy dolomite 1.51%, fine crystal dolomite 0.93%, powder crystal dolomite 0.38%, and micrite dolomite 0.2%. Moreover, the average porosity of different sedimentary facies is: 1.9% for oolitic shoals, 1.22% for sandy shoals, 0.38% for dolomitic flats, and 0.2% for shoal interfacies.
(5) The development of pores in the Longwangmiao Formation in the study area is controlled by different diagenesis in different stages: ① In the normal seawater stage of the quasi-contemporaneous period, seawater cementation caused the formation of calcite cements at the edge of the earliest ring grains, and the destruction of primary pores led to a sharp decrease in porosity; ② In the atmospheric freshwater stage of the quasi-contemporaneous period, the granular shoal sediments were leached by freshwater in the atmospheric sedimentary environment, and a large number of intergranular dissolved pores were formed; ③ During the evaporative seawater stage of the quasi-contemporaneous period, the dolomitization caused by strong evaporation and reflux infiltration resulted in the formation of dolomite cements at the edge of the ring grains. Under the support of cements, a large number of residual pores are retained; ④ In the early diagenetic stage, the dolomite cementation promoted the formation of the second-stage fine-medium crystalline dolomite cements in the shallow burial environment, and then, a large number of pores were filled and the porosity decreased sharply; ⑤ In the middle diagenetic stage, further dolomite cementation in the middle-deep burial stage resulted in the formation of coarse-megacrystalline dolomite. At this time, almost all the pores are filled, and the porosity continues to decrease; ⑥ In the late diagenetic stage, the saddle-shaped dolomite, quartz and other minerals are formed under the action of deep burial environment and hydrothermal fluids, and the pores and fractures are partially or fully filled with bitumen formed along with oil and gas migration, and the final reservoir porosity reaches the lowest level.
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