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By means of thin section authentication, physical characteristics analysis, scanning electron microscopy (SEM), X-ray diffraction, and vitrinite reflectance analysis, this paper, based on regional geological research achievements, studies the sedimentary facies and diagenesis of the southern and northern Silurian Xiaoheba Formation areas of Southeast Sichuan and their relationships with the physical characteristics of the reservoirs. The results indicate that, in the northern study area, the microfacies are mainly deposited in the underwater distributary main channel of the distal shallow-water delta front; while in the south, the microfacies include an estuary bar, sheet sand, distal bar, and interdistributary bay, which are far away from the main channel. The physical characteristics of sandstone are positively correlated with its particle sizes and thickness. The sand body of the underwater distributary main channel microfacies features high porosity, large crack opening, and good connectivity, followed by the sandstone of the estuary bar microfacies regarding those characteristics. By contrast, the physical characteristics of the sandstone reservoirs corresponding to the microfacies including the distal bar, sheet sand, and interdistributary bay are poor. The Xiaoheba Formation reservoir is located in the late diagenetic stage, with the reservoir space dominated by dissolved pores and micro-cracks; the diagenesis and pore evolution in the south are significantly different from those in the north. The Xiaoheba Formation reservoir in the northern area is far away from the carbonate rock platform of the same period in the south but is close to the center of hydrocarbon generation. Besides, the reservoir was sufficiently reformed by organic acid dissolution in the early-medium diagenetic stage, with only a little carbonate cementation formed in the early stage, while the cementation in the late diagenetic stage was weak. Therefore, the reservoir pores were relatively well preserved. However, the Xiaoheba Formation reservoir in the southern area has a large amount of calcite cement that was formed in the early diagenetic stage and the pores were blocked due to the influence of the carbonate platform. Since the dissolution was weak at the same time, the reservoir in the southern area is tight. Based on the understanding above, this paper established the inhomogeneous sedimentation–diagenesis–reservoir formation mode of the northern and southern areas of the study area.
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1 INTRODUCTION
The physical characteristics of a reservoir are usually jointly determined by sedimentary environment, sediment composition, and diagenesis (Ajdukiewicz and Lander, 2010; Li et al., 2018; Zhang et al., 2020; Zhang et al., 2022a; Zhang et al., 2022b); while sedimentation and diagenesis not only go through the whole process of reservoir development and evolution, they also influence the current characteristics of the reservoir. Previous researchers conducted systematic studies from the perspectives of the control of various types of diagenesis on physical characteristics (Ali et al., 2010; Taylor et al., 2010; Cao et al., 2018; Mahmic et al., 2018; Cao et al., 2019; Cao et al., 2020), the effect of factors like mud matrix and sedimentary facies belts on diagenesis, and consequent evolution of physical characteristics. (Tan et al., 2015; Cao et al., 2016; Tan et al., 2016; Haile et al., 2018; Khan et al., 2020; Luo et al., 2020; Bello et al., 2021). Further, with the consideration of the constraint on diagenesis by sedimentary environment and tectonic setting, the research on the systematic process of sedimentation–diagenesis–reservoir formation has become a hot research topic currently.
The Sichuan Basin is rich in oil and gas resources. Up to now, in the field of clastic rock exploration in the Sichuan Basin, good achievements have been made in the Upper Triassic Xujiahe Formation and the Jurassic stratum. Meanwhile, the deep tight clastic rock of the Silurian Xiaoheba Formation is the hot spot for oil and gas exploration as well as one of the critical substitute targets (Zou, 2003; Yang and Ji, 2009; Higgs et al., 2010; Jia and Zou, 2012; Zou et al., 2012; Liu et al., 2015; Feng et al., 2016; Zhu and Zhang, 2016; Olsen et al., 2017; Wu et al., 2017; Zhou et al., 2017; Gao et al., 2018; Pan et al., 2018; Wang et al., 2019). The difference in the process of sedimentation and diagenesis between the northern and southern areas of the study area is mainly demonstrated in rock assemblage, cement types, and development level. Some studies suggested that compaction and cementation would destroy the physical characteristics of the reservoir but dissolution was constructive to them (Cao and Jiang, 2002; Shi et al., 2009). However, due to the difference in sedimentary facies between the northern and southern areas and the complexity and diversity of the diagenesis environment and evolution process in both areas, it will be insufficiently detailed if the sedimentation—diagenesis—reservoir formation is characterized in a generalized way for both of them. Therefore, on the basis of previous achievements on regional structure, sedimentation, and reservoir forming (Hou et al., 2010; Wang et al., 2011a; Wang et al., 2011b; Xie et al., 2011; Zhu and Chen, 2012; Li et al., 2015; Gong et al., 2017; Hu et al., 2017; Zhang et al., 2017; Qiu et al., 2019), the author carried out research into the sedimentary facies and diagenesis and their relationships with the physical characteristics and established an inhomogeneous mode of sedimentation—diagenesis—reservoir formation based on the thin section authentication, SEM analysis, and physical characteristics analysis of the cores in combination with the techniques including particle size analysis, X-ray diffraction analysis, and vitrinite reflectance analysis. It can not only deepen the understanding about the sedimentation—diagenesis—pore evolution of deep marine clastic rock reservoirs, but also is of practical importance for implementing exploration potential and objectives.
2 GENERAL GEOLOGICAL CONDITION
The study area, located in the Eastern Sichuan high-steep tectonic zone and the Southern Sichuan low-gentle tectonic zone, belongs to the central area of the Upper Yangtze foreland basin in the south-central Yangtze Plate, including the northern margin of the Qianzhong Uplift, north to the Central Sichuan Uplift in terms of tectonic position (He et al., 2013). The Qiyueshan Fault Zone is located in the area and therefore the area is tectonically complex (Figure 1).
[image: Figure 1]FIGURE 1 | Tectonic position of the study area.
The Xiaoheba Formation sedimentation was formed in the late stage of Early Silurian. Influenced by the Caledonian Movement, the South China Plate was compressed and joined along the direction from southeast to northwest. The Yangtze Plate was raised as a whole, and the Xiaoheba Formation sedimentary center was gradually migrated northwest, with the water becoming shallower upward, finally forming a set of shallow-water delta sedimentation in the study area. This sedimentation is mainly distributed in the Qiliao section of Shizhu—Sanquan section of Nanchuan—Pengshui—Xiushan zone, running through the study area from north to south and with a thickness of 200–300 m. It is longitudinally between the Longmaxi Formation lime muddy shale and the Hanjiadian Formation thick shale, with sufficient hydrocarbon source rocks as the material guarantee and simultaneously extremely thick shale as the capping layer, resulting in a good formation of hydrocarbon generation, reservation, and capping. Multiple sets of silty-fine sandstones were developed at the bottom of the Xiaoheba Formation, but the thickness and scale of the sandstone vary sharply between different areas and the sandstone content at the bottom gradually decreases from bottom to top. Based on the characteristics of the sequence stratigraphy, the Xiaoheba Formation is divided into two sections, respectively Section 1 and Section 2 from the old stratum to the young stratum. They each correspond to two third-order sequences, of which the sequence boundary has strong regional contrast. Additionally, the Shiniulan Formation, located to the south of the study area from Fuling to well JY7 and formed in the same period with the Xiaoheba Formation, is a set of marine carbonate rocks with restricted platform facies, platform edge shallow facies, platform-margin organic reef facies, platform-margin slope facies, and continental shelf facies.
3 SEDIMENTARY CHARACTERISTICS
During the sedimentation stage of the Xiaoheba Formation, the southeastern Sichuan Basin mostly featured the sedimentary setting of gentle slopes, shallow water, and sufficient sources, which was favorable for the formation of the shallow-water delta. Its microfacies are dominated by an underwater distributary main channel, underwater distributary branch channel, and estuary bar, with the sand body distribution clearly controlled by the distributary channels. Therefore, it has the characteristics of multi-branch distributary channels with vast distribution and far extension, and fine particle sizes of sandstone. The developed multiple-stages delta sand bodies are superimposed longitudinally upwards; while in plane, the sand body shows a continuous advance from south-east to north-west.
In the northern part of the study area from Shizhu to well JS1, the Xiaoheba Formation mainly developed the shallow-water delta front underwater distributary main channel facies, with numerous channel sand bodies developed in its Section 1 and Section 2. Those sand bodies are mostly thick-bedded, massive, and lithologically dominated by silty-fine sandstone interbedded with thin-bedded mudstone, with pebbled fine sandstone in local parts and clear down-cutting erosion surfaces at the sand body bottom (Figure 2A). The longitudinal middle of the sand bodies has developed parallel bedding and cross bedding while the top of the sand bodies have symmetric wave ripples (Figure 2B). The particle size of the sand bodies, which are dominated by normal graded bedding, generally becomes finer upwards. According to the characteristics of the particle size probability curves, this area features the typical two-segment characteristics of delta channels, indicating the existence of river deposition with strong hydrodynamic force in this area (Figure 3).
[image: Figure 2]FIGURE 2 | Field sedimentary structure of Xiaoheba Formation (A) The phenomenon of channel erosion and undercutting, SLB, (B) wavy bedding, small lenticular sand bodies can be seen, SLB, (C) Thin—mesomorphic sandstones are developed, HCC; (D) Small cross-bedding HCC.
[image: Figure 3]FIGURE 3 | Composite histogram of Xiaoheba Formation in study area.
The sandstone thickness of the Xiaoheba Formation in the southern part of the study area becomes thinner, with finer particle sizes and high shale content. The sand bodies feature thin-moderate layers in morphology, and are lithologically dominated by siltstone and argillaceous sandstone, with fine sandstone locally distributed and parallel bedding and small cross bedding developed at the same time (Figures 2C,D). They have clear down-cutting erosion surfaces at the bottom and symmetric wave ripples developed on the top sandstone, with normal and abnormal graded bedding simultaneously developed. Therefore, the Xiaoheba Formation in the southern part of the study area features the delta front underwater distributary branch channel facies far away from the main channel in the north.
3 RESERVOIR CHARACTERISTICS
3.1 Petrologic Features
According to the accurate observation and description regarding multiple outcrops in Southeast Sichuan and the thin section authentication of samples, the sand bodies of the Xiaoheba Formation reservoir in Southeast Sichuan generally have fine particle sizes. In the northern area, the particle sizes are relatively coarse and dominated by coarse silt, with a few of the particle sizes at the grade of extremely fine sand. The quartz sandstone is the main rock type (Figure 4A) and accounts for about 41.7%, followed by lithic quartz sandstone accounting for about 36.4%, with the content of lithic sandstone as the lowest, i.e., about 10%. In the southern area, feldspathic quartz sandstone and quartz sandstone are the main rock types (Figure 4B) and feature finer particle sizes than those in the north. The sandstone particles of the Xiaoheba Formation in the study area are subangular—subrounded morphologically and rounded to some extent, and feature medium—good sorting, indicating that they have been transported, screened, and rounded over a long distance. The interstitial materials include matrix and cement, of which the matrix content is high but the maturity of local laminated or lumpy sand bodies is relatively high. Porous cementation is the main cementation type. Due to the strong compaction, the contact between the particles is mainly point-line contact or line contact, with some exhibiting sutural contact. The cement is dominated by carbonate cement, and has a significant difference in content horizontally, with relatively low content in the north.
[image: Figure 4]FIGURE 4 | Constituents of the Xiaoheba Formation sandstone types in the study area. (A) Northern, (B) Southern.
3.2 Physical Characteristics of Reservoir Samples and Types of Reservoir Space
3.2.1 Physical Characteristics of Reservoir Samples
Analysis was conducted on the physical characteristics of 286 reservoir samples collected from the outcrop sections of the Silurian Xiaoheba Formation in Southeast Sichuan. The results demonstrate that the Silurian Xiaoheba Formation reservoir features a porosity distribution in the range of 0.04%∼8.67%, with the average value of 2.80%, and a permeability distribution in the range of 0.001∼0.923 × 10–3 μm2, with the average value of 0.028 × 10–3 μm2, and thus is a low porosity and permeability reservoir. Statistics was carried out for the physical characteristics of the outcrop sections in the northern and southern parts of the study area, respectively. In the southern part, the porosity of the outcrop sections is relatively low, with the average of 1.98%, while the permeability is relatively high, with the average of 0.048 × 10–3 μm2, due to the strong compaction and the formation of a certain number of cracks. Meanwhile, in the northern part, the outcrop sections of Shuangliuba and Lengshuixi have higher porosity, with an average of 3.22%, while the permeability is lower, with an average of 0.021 × 10–3 μm2 (Table 1), due to the development of a large number of micropores, which have small diameters but are large in numbers, making more contributions to the reservoir porosity but few contributions to the permeability due to the poor connectivity. The Silurian Xiaoheba Formation in Southeast Sichuan has a poor porosity-permeability correlation, with a low correlation coefficient, and its porosity-permeability relationship varies between the reservoirs in different areas. Generally, the porosity distribution range of the outcrop reservoirs in the northern part is larger than the one in the south, and thus the physical characteristics of the reservoirs in the north are superior to those in the south (Figure 5).
TABLE 1 | Average physical characteristics of the Xiaoheba formation of different areas in Southeast Sichuan.
[image: Table 1][image: Figure 5]FIGURE 5 | Porosity-permeability intersection diagram of the Xiaoheba formation of different areas in Southeast Sichuan. (A) Northern, (B) Southern.
3.2.2 Types of Reservoir Space
As indicated by the analysis on the casting thin sections and SEM, the reservoir space of various sections in Southeast Sichuan, especially the sandstone reservoirs of the Xiaoheba Formation in the northern area, is dominated by secondary pores and cracks. Since the Silurian Xiaoheba Formation in Southeast Sichuan underwent strong compaction integrally, most of the primary pores were filled with other minerals, with only a few of them unfilled (Figures 6A,B). The secondary pores include intergranular dissolved pores, moldic pores, dissolved pores of siderite and bioclast, and dissolved cracks (Figures 6C–F). The intragranular dissolved pores are formed mainly by dissolution of soluble particles like feldspar, and partially with dissolution marks of quartz particles. The morphology of the pores is generally irregular and mostly dissolution residual-like under SEM. The moldic pores are pore space formed by complete dissolution of clastic particles, mineral crystals, and organisms, with the original morphology of the particles preserved. Therefore, the moldic pores of the Silurian Xiaoheba Formation reservoirs in Southeast Sichuan are mostly formed by strong dissolution of feldspar and complete dissolution of clastic rocks.
[image: Figure 6]FIGURE 6 | Pore types of the Silurian Xiaoheba Formation reservoirs in Southeast Sichuan. (A) Primary intergranular pores, SLB, the Xiaoheba Formation, SEM, ×2000; (B) Primary intergranular pores without filling, HCC, the Xiaoheba Formation, SEM, ×2000; (C) Feldspar dissolved pores, SLB, the Xiaoheba Formation, SEM, ×2000; (D) Intragranular dissolved pores, moldic pores, SLB, the Xiaoheba Formation, casting thin section (blue), ×10, (−); (E) Intragranular dissolved pores, moldic pores, SLB, the Xiaoheba Formation, SEM, ×2000; (F) Dissolved cracks, SQ, the Xiaoheba Formation, casting thin section (blue), ×10, (−)
4 RESERVOIR DIAGENESIS FEATURES
4.1 Compaction
Compaction existed in the whole diagenetic evolution process of the Xiaoheba Formation reservoirs in different areas of Southeast Sichuan. The twisting and deformation of the plastic constituents like mica caused by compaction can be observed under microscope, and so is the intergranular filling of clay minerals and mica debris, which show a phenomenon of directional distribution among the particles (Figure 7A). With the increase of depth, the contact between the clastic particles changes gradually from point contact to line contact, while the contact of the clastic particles under intense compaction is line contact—concavo-convex contact (Figure 7B). Meanwhile, brittle particles including quartz and feldspar under compaction will be broken along the weak plane or at the contact between particles and then form pressed cracks.
[image: Figure 7]FIGURE 7 | Typical thin sections of the Xiaoheba Formation under compaction in Southeast Sichuan. (A) Mica directionally distributed, SQ, the Xiaoheba Formation, SEM, ×150; (B) Intergranular line contact—concavo-convex contact, PS, the Xiaoheba Formation, (+)
Based on the test data of particle size analysis, taking the northern area of the study area as an example, according to Scherer’s original porosity recovery formula (Scherer, 1987), the average original porosity of its sandstone is 36.1% and the post-compaction average porosity is 9.40%, with the porosity reduction by compaction deemed as 73%, indicating that the reservoirs have been affected by intense compaction.
4.2 Cementation
The main types of cementation in the sandstone reservoirs of the Silurian Xiaoheba Formation in Southeast Sichuan include carbonate cementation and siliceous cement, associated with clay minerals and authigenic feldspar cement both in small numbers, but the cement types and characteristics in the northern part of this study area are different from those in the south. The carbonate cementation of the sandstone reservoirs in the Silurian Xiaoheba Formation in Southeast Sichuan is dominated by calcite, with siderite generally included at the same time. Within the study area, the southern part close to the carbonate rock platforms has higher content of calcite cement, while the northern part far from the carbonate rock platforms has extremely low content of calcite cement. Meanwhile, siderite cement is low in content in the formations of the southern part, but relatively common in the northern one. It indicates that formation fluids in the sedimentary stage of the southern part close to the carbonate rock platforms are rich in Ca2+ and tend to generate calcite cement, resulting in intense calcite cementation and tight reservoirs in the Xiaoheba Formation of the southern part, while the northern part far from the carbonate rock platform is relatively short of Ca2+, and thus generates siderite cement with CO32- and Fe2+.
The calcite cement in the reservoirs of the southern part is mainly porous cement or basal cement (Figure 8A), fills the space between the particles, and plugs the pores with a large quantity, making the reservoirs tight. Meanwhile, the calcite cement in the northern part is quite low in content, and occasionally shows scattered distribution of tiny-dotted calcite under cathodoluminescence (CL) (Figure 8B). Under SEM, it can be seen that part of the dissolved pores has an extremely low quantity of microcrystalline calcite and none are plugged by calcite cement, with all dissolved pores preserved in a good condition. The reservoirs in the northern area have residual calcite dissolution according to SEM (Figure 8C), indicating that although first calcite cementation existed in the northern area before the dissolution occurred, it became extremely rare or even disappeared after the dissolution. Siderite is distributed among the particles in a scattered way with the morphology of euhedral—subhedral rhomb particles, and silty crystalline siderites are also seen growing along particle rims. The siderite in the formations has been mostly turned into limonite by oxidation or moldic pores by dissolution, well preserving the crystal form of the particles (Figure 8D).
[image: Figure 8]FIGURE 8 | Types and features of carbonate cementation of the Xiaoheba Formation reservoirs in Southeast Sichuan, (A) Porous-basal cementation of calcite, HCC, the Xiaoheba Formation, casting thin section (blue), (+); (B) Orange tiny-dotted distribution of calcite, SLB, the Xiaoheba Formation, CL; (C) Intense dissolution of calcite, siliceous cementation in the dissolved pores, LSX, the Xiaoheba Formation, SEM, ×5000; (D) Siderite scattered in the rhomb particle-like morphology, silty crystalline siderite growing along the particle rims, limonite from siderite oxidation, MW, the Xiaoheba Formation, (−); (E) Secondary enlargement of quartz, LSX, the Xiaoheba Formation, SEM, ×8000; (F) Quartz distributed in the dissolved pores in small quantity, SLB, the Xiaoheba Formation, SEM, ×2000; (G) Dissolved pores filled by illite cement, SLB, the Xiaoheba Formation, SEM, ×10000; (H) Intergranular pores filled by chlorite, LSX, the Xiaoheba Formation, SEM, ×10000.
According to the thin section observation, the siliceous cementation in the sandstone reservoirs of the Silurian Xiaoheba Formation in Southeast Sichuan mainly features the secondary enlargement of quartz and pore filling (Figures 8E,F). Besides, most of the siliceous cement is developed along the rims of clastic quartz particles but is generally low in content. Since the siliceous cement content is higher in the northern part than in the southern part, it was inferred that the formation of a large quantity of calcite cement in the southern part relatively inhibited the formation of siliceous cement, while calcite cement was rarely developed in the northern part and thus siliceous cement was more developed instead.
Samples with obvious cementation were collected from the northern area using the inversion method, and the porosity recovery calculation based on the Borad and Wey’s (Yuan et al., 2017) empirical statistical formula was conducted. According to the calculation results, the porosity of the Xiaoheba Formation reservoirs in the northern area was reduced by about 13.04% due to the siliceous cementation, and further reduced by 5.3% due to the carbonate cementation, indicating that the carbonate cementation in the reservoirs of the north was relatively weak.
The content of authigenic clay minerals in the reservoirs is low, while the clay matrix accounts for the greatest proportion, with illite, illite-montmorillonite mixed-layer, and chlorite as the main types of clay minerals. The illite is mostly scaly or silk thread-like in morphology and fills up the intergranular or intragranular dissolved pores (Figure 8G), while the chlorite is pompon-like or flake-like and fills up the intergranular or intragranular dissolved pores (Figure 8H). Besides, micropores can be seen between the illite and chlorite sections under SEM. Among them, illite has a destructive effect on the reservoirs by reducing the pore connectivity and permeability.
4.3 Dissolution
Dissolution, as the constructive diagenesis for the reservoir characteristics of the Xiaoheba Formation in Southeast Sichuan, mainly features different dissolution degrees of clastic constituents. According to microscopy and SEM, the Xiaoheba Formation dissolution mainly occurred to siltstone and extremely fine sandstone in the early—medium diagenetic stage and supergene stage of the diagenesis process. The dissolving fluids are mainly organic acids and carbon dioxide, while the dissolved constituents also include calcareous cement.
Feldspar particle dissolution and early-stage calcite cement dissolution can be seen under a microscope, and siderite dissolution is relatively common in the northern part of the study area. Regarding feldspar dissolution, there are two types, of which one is the dissolution at the feldspar rim, forming intergranular dissolved pores, and the other occurs inside feldspar, mostly occurring along the cleavage cracks and forming honeycomb intragranular dissolved pores and even moldic pores. Some of the feldspar dissolved pores are isolated and others are connected with each other (Figure 9A). The dissolution of calcite mainly features the dissolution of interstitial materials in part of sand mass, especially in the samples from the northern area, which show the residual of calcite dissolution under a microscope. Besides, some of the calcite dissolution pores show the siliceous constituent and albite cemented in the late stage, indicating that calcite cementationoccurred to the Xiaoheba Formation reservoirs once in the northern area in the early stage, and then the calcite was dissolved during diagenesis. The siderite was mostly turned into moldic pores by dissolution (Figure 9B), or limonite by oxidation. The dissolution phenomena as mentioned above demonstrate that the Xiaoheba Formation in the northern part of the study area has undergone relatively intense dissolution and diagenesis.
[image: Figure 9]FIGURE 9 | Types and features of dissolution in the Xiaoheba Formation reservoirs in Southeast Sichuan; (A) Feldspar dissolution pores connected with each other, HL, the Xiaoheba Formation, SEM, ×1800; (B) Moldic pores formed by siderite dissolution, LSX, the Xiaoheba Formation, casting thin section (blue), ×20, (−).
The porosity of the reservoirs increased after dissolution basically equals the dissolved secondary pores preserved to date. According to the calculation, the porosity of the Xiaoheba Formation in the northern area was increased by 4.8% or so by dissolution, effectively improving the physical characteristics of the reservoirs. The post-dissolution average porosity was about 5.92%, close to the porosity at present.
5 EVOLUTION OF RESERVOIR DIAGENESIS
5.1 Diagenetic Stage Classification
Based on the systematic research in the diagenesis features of the Xiaoheba Formation in Southeast Sichuan in combination with the diagenetic stage classification in Oil and Natural Gas Industry Standard of the People’s Republic of China (SY/T 5477—2003) and the paleogeotemperature restoration, with the clay mineral combination, illite-montmorillonite mixed-layer ratio (I/S value), characteristics of authigenic minerals, and vitrinite reflectance (Ro) as the main basis, this paper classified the diagenetic stages of the reservoirs in different parts of the Xiaoheba Formation in Southeast Sichuan.
The main clay minerals in the sandstone reservoirs of the Xiaoheba Formation in the northern area are illite and chlorite, with the content of 45–55% and 20–32%, respectively, and the average content of 50.8% and 20.2%, respectively, followed by kaolinite, with the content of 8–22% and the average content of 15.6%. The chlorite-smectite mixed layer has basically disappeared, while the illite-montmorillonite mixed-layer exists in content at 6–13%, with an average of 8.2% (Figure 10A). The Ro value is high, with the MIN value at 2.2% and the MAX value at 3.13%, and the average value at 2.65%, and thus the thermal evolution is in the over-mature stage. The secondary enlargement margin of quartz has been extensively developed and features a large width. When measuring the homogenization temperature of the brine inclusion in the siliceous cement of various samples, it found that the inclusion homogenization temperature featured double peaks (Figure 11A), indicating that two phases of massive quartz enlargement have occurred during Periods A and B of the medium diagenetic stage. It illustrates that the diagenetic evolution of the Xiaoheba Formation reservoir in the northern area has reached the late diagenetic stage (Figure 12A).
[image: Figure 10]FIGURE 10 | Relative content percentage of clay minerals in the Xiaoheba Formation; (A) Northern; (B) Southern.
[image: Figure 11]FIGURE 11 | Histogram of aqueous inclusion homogenization temperature of the Xiaoheba Formation; (A) Northern; (B) Southern.
[image: Figure 12]FIGURE 12 | Diagenetic stage classification of the Xiaoheba Formation in Southeast Sichuan; (A) Typical diagenetic sequence of the MW section of the Xiaoheba Formation in the northern area; (B) Typical diagenetic sequence of the HCC section of the Xiaoheba Formation the southern area
The main clay minerals in the sandstone reservoirs of the Xiaoheba Formation in the southern area are illite, with the average content of 48.5%, followed by chlorite, with the average content of 20.0%. Besides, the illite-montmorillonite mixed-layer ratio (I/S value) is about 15.6%, and the mixed layer is located in the ordered mixed layer of illite/montmorillonite, with illite + illite-montmorillonite mixed-layer + chlorite as the common clay mineral combination (Figure 10B). The vitrinite reflectance is generally higher than 1.7%, and therefore the thermal evolution is in the over-mature stage. According to the measurement of the fluid inclusion temperature, the homogenization temperature of fluid inclusion inside the secondary enlargement margin of quartz has two peak values, i.e., 120°C–130°C and 140°C–150°C, respectively, representing that the secondary enlargement has occurred twice (Figure 11B). The pores in the sandstone are dominated by secondary pores and cracks, of which most are filled with calcite or asphalt. It illustrates that the sandstone of the Xiaoheba Formation in the southern area has reached Period B of the medium diagenetic stage—the early stage of the late diagenetic stage (Figure 12B).
5.2 Diagenetic Evolution Process
In the early diagenetic stage, the Xiaoheba Formation in Southeast Sichuan had its stratum depth continuously increasing, and had its original porosity quickly decreased by compaction, which severely damaged the primary pores. Meanwhile, the carbonate cement including calcite and siderite began to deposit. The dissolution of calcite and siderite in the early stage can be observed through thin section authentication and SEM, while the early-stage carbonate cement resisted the compaction and the formation of quartz secondary enlargement to some extent, conducive to the preservation of the reservoir pores. In the medium diagenetic stage, when the dissolution mainly occurred, the organic acids generated after the maturation of the source rocks in the underlying Longmaxi Formation entered the strata in large numbers, dissolving feldspar and carbonate cement, and producing a great number of secondary dissolved pores. The dissolution in the Xiaoheba Formation reservoirs in the northern area was relatively intense, showing bay-like or honeycomb particle rims and insides caused by dissolution and also the asphalt inclusion on residual orthoclase, which indicated that the reservoirs had been reformed by dissolution of the organic acids related to the oil and gas generation in the early—medium diagenetic stage. In the late diagenetic stage, the diagenesis was dominated by cementation, with a difference between the northern and southern areas. Since the calcite cement occupied the space in the dissolved pores, the pores were sharply reduced, making it unfavorable for reservoir development. The siliceous cement, mostly existing in the form of quartz secondary enlargement, filled up part of the original pores, and was relatively hard to dissolve at the same time, also damaging the reservoirs. Nano-scale and micron-scale micropores were extensively distributed in the clay minerals, making certain contributions to the physical characteristics of the reservoirs. In the southern area, the cementation was dominated by calcite cementation and formed tight caliche, and thus the calcite cementation was the main reason for the deterioration of the physical characteristics of the reservoirs. Meanwhile, in the northern area, the cementation was dominated by quartz secondary enlargement, which extensively occurred but was underdeveloped, with low content. It can be observed through thin section authentication and SEM that most of the dissolved pores have not been plugged by cement that was generated later, thus the reservoir pores are well preserved.
6 DISCUSSION
6.1 Sedimentary Facies—Physical Characteristic Relationship in Different Parts of the Study Area
The sediment of the Xiaoheba Formation in the study area is generally fine, and the sedimentary microfacies have relatively weak control on the reservoirs, but inhomogeneity exists between different microfacies. The Xiaoheba Formation in the northern area of the study area has mainly developed the sedimentary microfacies of the underwater distributary main channel of the distal shallow-water delta front. The sediment here has relatively coarse particle sizes, and is dominated by medium-bedded—thick-bedded fine-grained quartz sandstone and siltstone, which are interbedded with thin-bedded mudstone, and locally distributed with pebbly fine sandstone, with low content of interstitial materials. Through the observation of a lot of thin sections, it was found that, in the sandstone-mudstone interbedded reservoir, the effective pores were mainly developed in the fine sandstone and coarse siltstone with higher thickness and coarser particle sizes, and that the porosity would go up with the increase of both the sand body thickness and the particle size (Figure 13A). Additionally, it is easier for the lithological combination of medium-bedded—thick-bedded sandstone + thin-bedded mudstone to form cracks and thereafter connect the reservoirs to each other (Figures 14A–C). Therefore, the porosity and permeability of the medium-bedded—thick-bedded fine sandstone reservoirs in the sedimentation of the underwater distributary main channel microfacies in the northern area are best (Figure 13B), with large crack opening, good connectivity, and tendency to form favorable reservoirs.
[image: Figure 13]FIGURE 13 | Relationship of physical characteristics respectively with lithology and sedimentary microfacies of the Xiaoheba Formation in the northern area; (A) Relationship between lithology and physical characteristics; (B) Relationship between sedimentary microfacies and physical characteristics
[image: Figure 14]FIGURE 14 | Schematic of reservoir crack development models of the lithological combinations corresponding to various sedimentary microfacies.
The Xiaoheba Formation in the southern area of the study area has mainly developed the sedimentary microfacies of an estuary bar, sheet sand, distal bar, and interdistributary bay of the distal shallow-water delta, which are far from the main channel and weak in hydrodynamic power. The sediment has fine particle sizes and is dominated by medium-bedded—thin-bedded siltstone and argillaceous siltstone, with higher content of interstitial materials than that of the sand bodies in the underwater distributary channel, and underdeveloped effective pores. Further, the lithological combination of medium-bedded—thin-bedded sandstone + relatively thick-bedded mudstone of the Xiaoheba Formation in the southern area features small crack opening, low porosity, and poor connectivity (Figures 14D–F). Therefore, the reservoirs in the southern area feature poorer physical characteristics than those in the northern area, and are tight reservoirs with low porosity and permeability.
6.2 Diagenesis and Physical Characteristics in Different Regions of the Study Area
The diagenesis process of the Xiaoheba Formation reservoirs in the northern area of the study area can be summarized as four major stages: compaction—early-stage weak cementation of calcite—intense dissolution—late-stage weak cementation of quartz secondary enlargement. According to the statistics of the apparent compaction rates and porosity of the sandstone samples from the study area and the intersection diagram of apparent compaction rate—porosity (Figure 15A), the compaction of the Xiaoheba Formation in the study area is generally medium, and has caused the original porosity to decrease rapidly and severely damaged the primary pores in the initial stage of deep burial. Under the influence of the compaction, the sandstone volume shrank, while the reservoirs became tight and had their physical characteristics deteriorated since the original intergranular pores continuously disappeared. In the early burial stage, since the carbonate platform was far away, the carbonate cementation was weak and plugged a few primary sandstone pores. Therefore, the influence of carbonate cement on the reservoirs was mainly destructive, with a large number of primary pores preserved due to the low content of carbonate cement. Cementation can further reduce the number of pores, but the pore reduction caused by cementation is reversible compared to that caused by compaction. Carbonate cementation can be dissolved under acidic conditions, while siliceous cementation can be dissolved under alkaline conditions, and they both then produce secondary pores, degrading the tightness of the reservoirs to some extent. Dissolution is a kind of ameliorative diagenesis and the apparent dissolution intensity is positively correlated with the porosity to some extent based on the projected point figure of them (Figure 15B). The dissolution of the Xiaoheba Formation in the northern area mainly occurred in feldspar, carbonate cement, and the inside of clastic particles, forming many dissolved pores that achieved certain improvement of the physical characteristics of the reservoirs. Moreover, the higher the intergranular dissolution intensity, the higher the porosity and the better the corresponding reservoir characteristics. In the reservoirs in the northern area, the siliceous cementation in the late diagenetic stage was relatively weak and mostly existed in the pores in the way of quartz secondary enlargement, but its destructive effect on the physical characteristics of the reservoirs is negligible due to its low content.
[image: Figure 15]FIGURE 15 | Relationship between diagenesis parameters and reservoir porosity of the Xiaoheba Formation in the northern area; (A) Apparent compaction rate—porosity; (B) Intense apparent dissolution—porosity.
The diagenesis process of the Xiaoheba Formation reservoirs in the southern area of the study area can be summarized as four major stages: compaction—early-stage intense cementation of calcite—weak dissolution—late-stage intense cementation of calcite. According to thin section observation under a microscope, the compaction of the Xiaoheba Formation reservoirs in the southern area is to a medium—intense degree mainly because the mineral particles are directionally arranged after compaction, and mica particles, at the same time, are bent and deformed in the setting of sedimentary compaction and intense tectonic compression, with the intergranular contact changing from point contact to line contact or even concavo-convex contact. The diagenesis process in the northern and southern areas of the study area is different from each other mainly in the types of cement and the development degree of cementation, which are also the main reasons for the difference in the physical characteristics between the reservoirs in the northern and southern areas. The Xiaoheba Formation in the southern area has significant carbonate cementation in the lower part and significant siliceous cementation in the upper part. Since it is close to the carbonate platform, the calcite cementation was intense in the early burial stage, with cement plugging primary sandstone pores, forming tight caliche, and reducing the reservoir porosity. According to the projected point figures of porosity and the apparent carbonate cementation rate and apparent siliceous cementation rate drawn by taking the points with the porosity > 1%, the porosity generally decreases with the increase of apparent carbonate and siliceous cementation rates and content (Figures 16A,B). Meanwhile, the Xiaoheba Formation reservoirs in the southern area make it difficult acidic fluids to enter due to the intense carbonate cementation, and thus have weaker dissolution than the reservoirs in the northern area, which are mainly concentrated in the layers with particle mass enrichment and high feldspar content. The dissolved pores in the layers with the development of particle mass enrichment are mostly intergranular dissolved pores that are further formed on the basis of primary intergranular pores, while the dissolved pores in the layers with high feldspar content are mainly intragranular dissolved pores formed by dissolution of unstable constituents including feldspar, generally featuring poor reservoir characteristics. In addition to the influence of the carbonate platform in the late diagenetic stage, the calcite cementation was intense, leading to further deterioration of the physical characteristics of the reservoirs and the formation of tight sandstone reservoirs.
[image: Figure 16]FIGURE 16 | Relationship between diagenesis parameters and reservoir porosity of the Xiaoheba Formation in the southern area; (A) Apparent cementation rate (carbonate)—porosity; (B) Apparent cementation rate (siliceous)—porosity
6.3 Inhomogeneous Sedimentation—Diagenesis—Reservoir Formation Mode
The sandstone type, which is controlled by the nature of the parent rock, as well as transport and deposition, together with lithological constituent characteristics, have influence over the types and characteristics of water-rock reaction products and the evolution of the diagenetic pore (Gong et al., 2003; Xiao et al., 2003; Su et al., 2006; Yu et al., 2007; Yuan et al., 2007; Wood, 2013; Wan et al., 2014; Zheng and Liu, 2015), which in turn has an impact on the reservoir properties. With the research above, combined with the regional geological research achievements, the inhomogeneous sedimentation—diagenesis—reservoir formation mode for the Xiaoheba Formation in the northern and southern areas of Southeast Sichuan was established (Figure 17).
[image: Figure 17]FIGURE 17 | Inhomogeneous sedimentation—diagenesis—reservoir formation mode of the Xiaoheba Formation in Southeast Sichuan; (A) Northern area; (B) Southern area.
6.3.1 Northern Area
In the sedimentation period of the Xiaoheba Formation, the provenance of Xuefeng Mountain in Southeast Sichuan were transported to and unloaded in the dominant accommodation space in the Sichuan Basin along the gentle-slope ravines from southeast to northwest, and then formed the thick-bedded sandstone sedimentation of the underwater distributary main channel of the distal shallow-water delta front in the northern part of the study area, with good original physical characteristics of the reservoirs. From the contemporaneous period to early Period A of the early diagenetic stage, the rocks were weakly consolidated—semi-consolidated, producing mechanical compaction, which reached its peak in Period B of the early diagenetic stage. With the continuous increase of the sedimentation burial depth, the sediment began to enter the medium diagenetic stage, in which the organic matter in the underlying Longmaxi Formation gradually entered the maturation stage, with strongly acidic pore fluid. The most important diagenesis at this stage was the dissolution of early-stage calcite cementation and feldspar, which produced a certain number of dissolved pores. Meanwhile, the feldspar dissolution and the organic acids from source rocks provided a great number of siliceous sources for the quartz secondary enlargement, and quartz began growing spontaneously in part of the remaining intergranular pores until the late diagenetic stage. When the late diagenetic stage began, since the acid discharge capacity of the organic matter began to descend, the pH value of the pore water gradually increased and became alkalescent, while ferrocalcite and ankerite started to deposit, occupying most of the primary and secondary pores. At the same time, due to the tectonic effect, the Silurian strata in the study area began to rise, producing a certain number of broken cracks, which had some improvement effect on the reservoir permeability but contributed little to the porosity. Therefore, the Xiaoheba Formation in the north is a delta front main channel—acidic dissolution—relatively high porosity-permeability reservoir (Figure 17A).
6.3.2 Southern Area
In the sedimentation period of the Xiaoheba Formation, the southern area of the study area experienced the interactive development of thin-bedded sandstone, argillaceous siltstone, and mudstone. As a result, underwater distributary channel, sheet sand, and distal bar deposition formed in the distal shallow-water delta front that were far from the main channel. These deposits have relatively fine particle size and high shale content, thus serving as the material basis for the tight reservoirs in this area. The Xiaoheba Formation reservoirs in this area also underwent intense compaction. Additionally, since they are close to the carbonate platform and have sufficient calcareous sources, the carbonate cement like calcite cement began to sediment as early as in Periods A and B in the early diagenetic stage with the increase of the rock burial depth and the variation of the diagenetic environment, and filled up most of the residual primary space. The formation of calcite cement in a large amount lasted even up to the late diagenetic stage and finally plugged a great deal of pore space. Meanwhile, the intense carbonate cementation made it hard for acidic fluid to enter the reservoirs, leading to insufficient dissolution. Generally speaking, the Xiaoheba Formation in this area is a delta front distal bar/sheet sand—carbonate cementation—low porosity-permeability reservoir (Figure 17B).
7 CONCLUSION

1) In the sedimentation period of the Xiaoheba Formation in Southeast Sichuan, the provenance of Xuefeng Mountain was transported to and discharged in the dominant accommodation space in the Sichuan Basin along the gentle-slope ravines from southeast to northwest, and then formed the sedimentary microfacies of the underwater distributary main channel of the distal shallow-water delta front in the northern part of the study area, while forming the microfacies of an estuary bar, sheet sand, distal bar, and interdistributary bay in the southern area. The physical characteristics of the sandstone are positively correlated with the thickness and particle sizes. The microfacies sandstone of the underwater distributary main channel dominated by medium-bedded—thick-bedded sandstone has high porosity, large crack opening, and good connectivity, followed by the microfacies sandstone of an estuary bar with medium-bedded sandstone interbedded with mudstone featuring medium porosity, crack opening, and connectivity. Meanwhile, the microfacies of distal bar and sheet sand correspond to the sandstone reservoirs with high mudstone content, low porosity, and poor connectivity.
2) The Xiaoheba Formation in the study area is generally in the late diagenetic stage, and has main reservoir space types including various kinds of dissolved pores, micro-cracks, and pore-crack reservoir space systems, with evident inhomogeneity in the diagenetic evolution between the northern and southern areas.
3) The difference in the diagenesis process between the northern and southern parts of the study area is mainly reflected in the cement types and development degree, which are the main reasons for the inhomogeneity of physical characteristics between the reservoirs in the two areas. For the northern part, the geological conditions for the formation of relatively superior reservoirs are better, and acidic dissolution plays a major role in the improvement of the physical characteristics of the reservoirs. In addition, since the northern area is far from the carbonate platform, soluble minerals including early-stage cement and feldspar have formed pore space through the reformation by dissolution. Besides, the late-stage cementation is dominated by quartz secondary enlargement in a small amount. Therefore, the dissolved pores are well preserved, with relatively good physical characteristics. However, the southern area is close to the carbonate platform and has a great amount of calcite formed in the early and late diagenetic stages both due to the sufficient calcareous sources, resulting in plugged pores, tight reservoirs, and poor physical characteristics.
4) The Xiaoheba Formation in the study area features two different sedimentation—diagenesis—reservoir formation modes, namely being the northern area—delta front main channel—acidic dissolution—relatively high porosity-permeability reservoirs, and the southern area—delta front distal bar/sheet sand—carbonate cementation—low porosity-permeability reservoirs.
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