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The high-quality reservoirs in the Shahejie Formation of the Laizhou Bay Sag, Bohai Bay Basin, Eastern China formed in the Paleogene saline lacustrine environment and show complex diagenetic evolutionary processes caused by alternating acid and alkaline fluids. Through observations under an optical microscope and a scanning electron microscope, casting thin sections, and plane porosity measurements, this study investigated the diagenesis differences in the third member of the Shahejie Formation (Es3 Member) in the root and central portions of a fan delta in the E12 structure in the eastern Laizhou Bay Sag, respectively. The Es3 reservoirs in the well A-1 which have no any hydrocarbon shows, are relatively tight, and have high argillaceous content, poor particle sorting, strong mechanical compaction, and intense carbonate cementation due to long-term activities of alkaline fluids. Moreover, they were not altered by organic acid due to the far lateral distance from source rocks. By contrast, the Es3 reservoirs in the well A-2 with hydrocarbon accumulations, contain an anomalously high porosity zone due to the superimposition of five episodes of alternate acid-alkaline fluids. The diagenetic fluids controlling the formation of the high-quality Es3 reservoirs are sourced from connate saline pore waters, gypsum dehydration, salt diapir, and organic acid. Moreover, chlorite coats in the reservoirs in the well A-2 inhibit secondary overgrowth of quartz and, thus, protect primary pores. The chlorite coats and alkaline-acid dissolution alterations are critical to the formation of the high-quality reservoirs in well A-2.
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INTRODUCTION
Secondary pores by diagenesis are crucial to the formation of moderate to deep high-quality reservoirs in sedimentary basins (Bloch et al., 2002). As revealed by many cases, anomalously high porosity zones that deviate from normal compaction trend are frequently visible at one or more depth intervals from the profiles of depth vs porosity of many oilfields (Volkmar and Mc Donald, 1979; Su et al., 2018a; Vafaie et al., 2021). In addition to disequilibrium compaction, secondary dissolution can create a large amount of extra reservoir space, and the resultant high-quality reservoirs are of great practical significance for predicting favorable hydrocarbon accumulation areas (Katz et al., 2021; Jiang et al., 2022; Wang et al., 2022). Numerous previous studies indicated that a number of fluids in sedimentary basins, including organic carboxylic acid and CO2 released from the thermal evolution of organic matter (Surdam et al., 1984), basinal hot fluids (Anna et al., 2009; Su et al., 2021a), meteoric freshwaters infiltrating downward (Ehrenberg, 1993), and deep mantle-derived CO2 (Su et al., 2018b), can cause reservoir dissolution.
In recent years, sec1osited in saline lacustrine settings (Su et al., 2021b), such as the Shahejie Formation in the Dongying Depression of the Bohai Bay Basin—a rifted lacustrine basin in eastern China (Wang et al., 2013; Li, 2017; Meng et al., 2017). Alkaline lakes were formed by the gradual salinization of lake water due to a semi-arid to arid climate, whose salt sources may originate from transgressions, an input of weathered ancient evaporites around lacustrine basins, or deep geothermal brine activities during basin rifting (Yuan et al., 2005). At present, the formation and controlling factors of favorable reservoirs in initially alkaline lacustrine sediments are not yet fully understood. In particular, the diagenetic fluids continuously change during fluid evolution, which creates a main challenge and area of focus to understand the control of high-quality reservoirs by an alternating acid and alkaline diagenetic environments.
Two wells have recently been drilled in the E12 structure in the Laizhou Bay Sag, which has a similar geological setting to the Dongying Depression. The two wells lie in the root and central portions of a fan delta in the Shahejie Formation. However, well testing has shown that they have significantly varying volumes of hydrocarbon accumulations. The previous study revealed that the differential hydrocarbon accumulation may be caused by the quality of reservoirs. Therefore, we collected cores from the Shahejie reservoirs in the two wells in the E12 structure, and systematically compared and analyzed reservoir diagenesis through microscopic observations. The main purpose is to explore the formation of high-quality reservoirs under the control of the diagenetic fluid evolution in a saline lacustrine basin and, thus, to provide a reference for the prediction of excellent reservoirs in other analogous petroliferous basins.
GEOLOGICAL SETTING
The Laizhou Bay Sag is located in the southern portion of the Meso-Cenozoic Bohai Bay Basin (in eastern China) with abundant petroleum resources. This area borders the Laibei uplift in the north and the Weibei uplift in the south and is bounded by the large-scale Tanlu strike-slip fault zones in the east, covering an area of approximately 1,780 km2 and appearing as a rhomboid. As a Cenozoic half-graben developing above the Mesozoic basement, the Laizhou Bay Sag is a dustpan-shaped sag that is faulted in the south and is overlapped in the north and contains a central uplift zone and three sub-sags in the northeast, north, and south (Xue et al., 2022; Figure 1A).
[image: Figure 1]FIGURE 1 | Regional geological location maps of the Laizhou Bay Sag and sub-structural units (A) and sedimentary facies during deposition of the Es3 Formation (B).
Tectonically, the Laizhou Bay Sag was formed by the comprehensive action of the individual and locally superimposed extensional and strike-slip stresses. Normal faults primarily developed in the sag during the early-middle rifting stages (Yang et al., 2021), while strike-slip faults dominated in the sag during the late rifting. The Cenozoic strata deposited in the sag include the Paleocene Kongdian Formation, the Shahejie Formation, the Oligocene Dongying Formation, the Neogene Guantao and Minghuazhen formations, and the Quaternary Pingyuan Formation (Niu et al., 2022). Among them, the Eocene Shahejie Formation contains the most important reservoir and source rock intervals of the Laizhou Bay Sag (Yang et al., 2021). The fourth member of the Shahejie Formation (the Es4 Member) was deposited in an arid to semi-arid climate. Meanwhile, medium-low water level saline lakes developed in this member, wherein large amounts of anhydrite and gypsum-bearing mudstones were deposited (Chen et al., 2019). The Es3 Member was mainly deposited in a transitioning climate from relatively arid to humid. During the deposition of Es3 Member, the water level of the Bohai Bay Basin increased, and the lake water gradually became less saline with an increase in the injected fresh water. As a result, dark mudstones were deposited in the deep lacustrine environment, and large-scale fan deltas and turbidite fan sedimentary systems developed at the margin of the Laizhou Bay Sag. During the deposition of the Neogene Guantao and Minghuazhen formations, salt arches formed in the Laizhou Bay Sag under the influence of the Tanlu strike-slip fault activity (Figure 1B). Furthermore, the salt diapirs penetrated into the north portion of the sag and their penetration depth decreased as the strike-slip weakened.
This study investigated the E12 structure, which lies in the southeast of Laizhou Bay Sag (Figure 1A). The drilling target in the study area mainly includes the fan delta sedimentary system that developed during the deposition of the Es3 Member (Figure 1B). Two exploration wells, A-1 and A-2, were drilled in the study area. Previous sedimentary facies analysis has shown that well A-1 mainly lies in the root of a fan delta while well A-2 is located in the central portion of a fan delta. High-quality reservoirs of the Es3 Member were only encountered in well A-2, indicate the differences in the development of high-quality reservoirs in the E12 structure.
EXPERIMENTS AND TESTING
A total of 75 sandstone core samples were collected from the Shahejie Formation reservoirs at exploration wells A-1 and A-2 in the E12 structure. Polished optical thin sections were prepared for microscopic petrological observations. Polarization microscopes Leica DMRP 551007 and Zeiss Imager A1 equipped with 4×, 10×, and 20× lenses were employed to identify the compositions of sandstone particles as well as the petrological and diagenetic characteristics, aiming to determine diagenetic minerals affecting porosity and permeability, and estimate the cement content and plane porosity. The methods proposed by Longiaru (1987) and Powers (1953) were used to determine the sorting and particle roundness of the sandstone samples. In addition, blue epoxy resin was added to several representative casting thin sections to prepare casting thin sections for the quantitative identification of pore types (e.g., primary intergranular pores and secondary dissolution pores) and plane porosity estimation. Some thin sections were stained with alizarin red and potassium ferricyanide solution to identify different types of carbonate cements in sandstones.
Some polished thin sections with sputtered carbon films were prepared. The detrital sandstone particles, pores, and authigenic minerals were observed and photographed using a ZEISS EVO/MA15 scanning electron microscope (SEM) combined with an X-ray quantitative energy spectrum system in backscattered electrons (BSE) and secondary electron (SE) modes. The instruments operated at a humidity of 50%, a temperature of 25°C, an acceleration voltage of 0.2–30 kV, and a probe current of 0.5 PA to 5 μA.
The sandstone samples collected from well A-2 was measured to determine their plane porosity. Meanwhile, the content and types of clay minerals in multiple mudstones collected from well A-2 were analyzed using X-ray diffraction (XRD). First, large mudstones were crushed and ground into 300 mesh powders, from which organic matter and carbonate components were then removed. Afterward, the mudstones were air dried, mixed with ethylene glycol, and heated to 300°C and then to 550°C. Finally, the composition of clay minerals with particles <2 μm was analyzed qualitatively and semi-quantitatively. A more detailed testing procedure is described in Peltonen et al., 2009. The XRD test was conducted using a D/Max 2500 Powder X-Ray Diffractometer supplied by Rigaku, which operated at a temperature of 20 ± 5°C, voltage of 40 kV, and current of 200 mA.
TYPES AND CHARACTERISTICS OF DIAGENESIS
Tight reservoirs in the Es3 member in well A-1
The observations under a microscope show that the Es3 reservoirs in well A-1 have poor physical properties overall, which were identified by three main characteristics. 1) The reservoirs have a high argillaceous content, with abundant intergranular argillaceous fillers frequently visible (Figure 2A). 2) The grains are poorly sorted, with a wide grain size range of 500–50 μm (Figures 2B–E). 3) Carbonate cements have developed, and ferrodolomite cements are widely present in intergranular pores, intragranular pores, and fractures (Figure 2D). In addition, the Es3 reservoirs in well A-1 have experienced strong mechanical compaction, leading to widely distributed micro-cracks (Figures 2C,D) and the flexure of plastic mica fragments (Figure 2F). Therefore, the diagenetic facies of Es3 reservoirs generally feature strong compaction combined with alkaline cementation. Since well A-1 is located in the root of a proximal fan delta, the reservoir grains contain too many argillaceous matrixes and block pores, are poorly sorted, and have a low granule structure maturity, resulting in poor inherent reservoir conditions of the Es3 Member. At present, this member has a burial depth of approximately 2000–2300 m and is still in the mechanical compaction stage. Moreover, the lack of rigid quartz grains causes weak resistance on compaction. Accordingly, many argillaceous fillers are compacted under the strong force of the overlying load, resulting in a rapid reduction in primary pores. These account for the tightness of the Es3 reservoirs. In addition, dolomite precipitation is widely distributed in the reservoirs, resulting in further tightness of the reservoirs. The possible reasons are as follows. Well A-1 is located in the fan root near faults (Figure 1B), and strong carbonate cementation might have occurred under the influence of long-term alkaline fluids. However, this member still has poor physical properties overall due to the lack of acid dissolution.
[image: Figure 2]FIGURE 2 | Diagenetic facies of strong compaction combined with alkaline cementation in the Es3 reservoir sandstones in well A-1. Note: (A) Orthogonal light, 2199 m, high argillaceous content; (B) orthogonal light, 2367 m, poor grain sorting; (C) orthogonal light, 2281 m, poor grain sorting, compaction-induced micro-cracks developing; (D) orthogonal light, 2253 m, compaction-induced micro-cracks developing and filled with dolomites; (E) transmission light, 2360 m, high argillaceous content; (F) orthogonal light, 2360 m, bent micas.
Diagenetic characteristics of the Es3 reservoirs in well A-2
Distribution of anomalously high porosity zone
Core samples were systematically collected from the reservoirs at a burial depth of 1100–2400 m in well A-2. Casting thin sections were prepared using the core samples, the pore types and plane porosity were tested, and accordingly, the porosity-depth evolution profile of the well was established (Figure 3). As indicated by this profile, a zone with anomalously high porosity exists at a burial depth of approximately 2000–2400 m in the Shahejie Formation reservoirs in well A-2, with a maximum porosity of 28%. The relationships of intergranular pores and secondary dissolution pores with the depth (Figure 3) show that the anomalously high porosity zone mainly results from both intergranular pores and secondary dissolution pores, with the former making more contributions. According to the XRD results, the illite/smectite mixed layers in mudstones corresponding to the anomalously high porosity zone have smectite content lower than 20% and thus are at the stage of superlattice ordered mixed layers. According to the Chinese petroleum industry standard SY/T5477-2003 The division of diagenetic stages in clastic rocks, the reservoirs at a burial depth of 1100–2400 m are at the middle diagenetic stage (A2).
[image: Figure 3]FIGURE 3 | Plots of depth vs total plane porosity, intergranular porosity, secondary dissolution porosity, and smectite content in the illite/smectite mixed layers in well A-2.
Acid dissolution diagenetic facies
Specific typomorphic minerals and their genetic assemblages form by the changes in the acidity and alkalinity of aqueous media in the diagenetic environment. Therefore, they become important factors in determining the diagenetic environment (Wang et al., 2020). The casting thin sections show that the with anomalously high porosity zone at a burial depth of 2000–2400 m in well A-2 exhibit significant acid dissolution, which is typical of constructive diagenesis. The commonly visible dissolution includes the secondary pores by the dissolution of the feldspar grains or volcanic lithoclasts in the reservoir sandstones, as well as the dissolution of intergranular calcite cements. Among them, the intragranular dissolution pores of feldspars predominate (Figure 4A). Some feldspar grains have been dissolved completely, leaving behind moldic pores (Figure 4B), while some have only been partially dissolved along cleavage planes (Figure 4C). The lithic grains are mainly dissolved inward from the edges, generally forming a “bay” (Figure 4D). Secondary dissolution micropores of feldspar grains (Figure 4E) were also observed under a scanning electron microscope, with euhedral quartz and book-shaped kaolinite crystals frequently visible near the corroded feldspars (Figure 4F). The assemblage consisting of secondary dissolution pores, authigenic quartz, and kaolinite is typical acid dissolution diagenetic facies. With the inflow of acidic fluids and the feldspar dissolution, potassium ions flow away with the fluids, leaving the precipitation of authigenic quartz and authigenic kaolinite crystals (Zhang et al., 2017). These acidic fluids are likely the organic acids released from the evolution of organic matter in adjacent source rocks.
[image: Figure 4]FIGURE 4 | Acid dissolution diagenetic facies of the anomalously high porosity zone of the Es3 reservoirs in well A-2. Note: (A) Casting thin section, 2164.2 m, feldspar dissolution pores; (B) Casting thin section, 2168.4 m, moldic pores; (C) Casting thin section, 2147.5 m, feldspar dissolution along cleavage planes; (D) Casting thin section, 2168.4 m, lithic dissolution; (E) SEM, 2162.2 m, feldspar dissolution micropores; (F) SEM, 2162.2 m, book-shaped kaolinite and euhedral quartz.
At present, the content of the illite/smectite mixed layers shows that the anomalously high porosity zone is at the middle diagenetic stage (A2) and has entered the phase of organic acid release. The well A-1, located at the root of a fan delta, occur in the vicinity of fault zones. It is noteworthy that, the fault has long acted as a channel for the upward flow of deep alkaline fluids. However, the reservoirs of this well have not been altered by the acid fluids laterally expelled from multiple sets of source rocks due to the far distance.
Alkaline dissolution diagenetic facies
Quartz dissolution
Quartz grains in the anomalously high porosity zone were frequently dissolved by extensive alkaline fluids, many of which were dissolved into the shape of irregular sawteeth and bays (Figure 5A), significantly increasing the intergranular pores. Quartz grains are dissolved when the pH of pore water is greater than 9. In fact, quartz dissolution is common in many geological processes (Su et al., 2020), such as sponge activities, tectonic shear stress zones, and alkaline hydrothermal activities (Hippertt, 1994; Bavestrello et al., 1995). A significant feature of the study area is that clastic quartz grains are mainly dissolved by alkaline fluids, with no overgrowth boundary observed.
[image: Figure 5]FIGURE 5 | Alkaline dissolution of quartz grains, chlorite coats, and weak compaction in the anomalously high porosity zone of the Es3 reservoirs in well A-2. Note: (A) Casting thin section, 2174.5 m, dissolution of quartz grains; (B) casting thin section, 2174.5 m, a chlorite coat attached on the surface of dissolved quartz grains; (C) SEM, 2175 m, acicular chlorite; (D) casting thin section, 2273.5 m, unbent micas.
Chlorite coats
Another major feature of the anomalously high porosity zone is the well-developed authigenic chlorite coats, covering the outer edges of dissolved quartz grains (Figure 5B). The SEM observations show that acicular chlorites adhere to the grain surfaces (Figure 5C), suggesting that the quartz dissolution occurred earlier than or simultaneously with the growth of chlorite coats. As a special type of clay minerals, chlorites are rich in iron and magnesium and are typically deposited in alkaline environments. In the Es3 reservoirs of the study area, the detrital quartz grains are encapsulated in chlorite coats, without quartz overgrowth boundary. The secondary overgrowth of quartz grains in sandstones is considered controlled by thermal dynamics, and the quartz sedimentation rate generally starts to increase significantly at temperatures greater than 80–100°C (Lander et al., 2008). Accordingly, deep reservoirs are often cemented by siliceous materials, significantly increasing the likelihood of low porosity and permeability conditions. Based on the present geothermal gradient of the Laizhou Bay Sag, the geotemperature corresponding to the anomalously high porosity zone is above 80°C, which is within the onset temperature for the secondary overgrowth of quartz grains. Therefore, the absence of quartz overgrowth boundary in the study area is likely because the growth of chlorite coats inhibited the formation of quartz cements during the burial process. Consequently, the frequent contact between quartz grains and pore water has been restricted. This effect has been reported in many studies worldwide (Qu et al., 2015; Cao et al., 2022). In addition, the high-quality Es3 reservoirs in well A-2 have a burial depth of 2000–2400 m and are already in the stage of strong mechanical compaction. However, unbent micas were frequently observed on the casting thin sections (Figure 5D), indicating that chlorite coats may have resisted compaction to some extent. Authigenic chlorite content was detected in the mudstones near the high-quality Es3 reservoirs (Figure 6), indicating that the chlorite coats in the reservoirs may be a major contributor to the preservation of primary intergranular pores in the sandstones. The chlorites in the study area may be derived from the reactions of alkaline pore water rich in iron and magnesium with other minerals.
[image: Figure 6]FIGURE 6 | Profiles of depth vs chlorite content of mudstones and depth vs primary intergranular porosity of sandstones in well A-2.
Carbonate cementation
As shown by the casting thin sections stained with alizarin red, strong carbonate cementation has occurred at some depths in the high-quality reservoirs in well A-2. In addition, early calcite cements closely adhere to the grain surfaces of the grains coated with a chlorite film (Figure 7A), indicating that two episodes of alkaline fluid activities occurred and that the quartz dissolution and chlorite coats occurred after the sedimentation of early calcite. However, late acidic dissolution has created marks on the calcite cements. Moreover, a large number of intergranular and intragranular pores (e.g., the moldic pores of feldspars formed by acid dissolution) are filled by late dolomite cements (Figure 7B). These observations indicate that at least one episode of acidic fluid activity occurred in the reservoirs after the precipitation of early calcite, followed by another episode of alkaline fluid activity. We argue that the Fe and Mg ions needed for the sedimentation of ferrodolomites may be released during the conversion of clay minerals.
[image: Figure 7]FIGURE 7 | Carbonate cements in the anomalously high porosity zone of the Es3 reservoir sandstones in well A-2. Note: (A) Casting thin section, 2175 m, the secondary pores formed due to the dissolution of early filled calcite were filled with ferrodolomites; (B) casting thin section, 2175 m, the moldic pores of feldspars formed by acid dissolution were filled with ferrodolomites.
ALTERNATING ACID AND ALKALINE DIAGENESIS
As revealed by diagenetic observations of the high-quality reservoirs in the anomalously high porosity zone in the Es3 Member in well A-2, the reservoirs have undergone multiple episodes of alternating activities of acid and alkali fluids. Different types of diagenesis created both alkaline diagenetic facies (e.g., the dissolution of quartz grains, chlorite precipitation, and the cementation of calcite and ferrodolomite) and acidic diagenetic facies (e.g., the dissolution of feldspars and lithics, the precipitation of authigenic kaolinite and quartz, and the dissolution of calcite cements). The Es3 reservoirs underwent the superposition of these multiple episodes of diagenesis, forming the high porosity zone. Based on the contact relationships between various mineral assemblages in the reservoirs, the diagenetic sequence of the Es3 reservoirs in well A-2 can be qualitatively established. The alternating acid and alkaline dissolution processes of the high-quality reservoirs are as follows (Figure 8).
[image: Figure 8]FIGURE 8 | Diagenetic sequence and diagenetic fluid evolution in the anomalously high porosity zone of the Es3 reservoirs in well A-2.
First, the earliest episode of alkaline fluids (likely weak alkaline pore waters) in the Es3 reservoirs in well A-2 caused the dissolution of quartz grains, which was possibly accompanied by the growth of chlorite coats. Previous studies have shown that salt lakes mainly developed during the deposition of the Es4 Member in the Bohai Bay Basin and that the lake water gradually became less saline during the deposition of the Es3 Member. Therefore, it is likely that the connate saline sedimentary water was discharged from the underlying Es4 Member under compaction and entered the Es3 reservoirs along faults. Subsequently, the pH of pore water gradually decreased as alkaline dissolution proceeded. Meanwhile, as the second episode of slightly acidic fluids, CO2 formed by the biodegradation of organic matter in nearby source rocks under increased burial temperature entered the Es3 reservoirs. As a result, the alkaline dissolution of quartz ceased, and the pore waters gradually became slightly acidic. Afterward, the third episode of alkaline fluids flowed into the Es3 reservoirs, resulting in extensive calcite intercrystalline cementation. These alkaline fluids are probably related to the large-scale dehydration (starting at approximately 45°C) of the gypsum deposited in the Es4 Member at the early diagenetic stage, i.e., CaSO4·2H2O → CaSO4·1/2H2O+3/2H2O. With an increase in the burial, organic matter gradually matured and released large quantities of organic acid fluids. The fourth episode of acid fluids caused the massive dissolution of the early calcite cements originally precipitated in the reservoirs, creating a large number of secondary dissolution pores. Meanwhile, authigenic kaolinite and quartz precipitated. During the deposition of the Neogene Guantao and Minghuazhen formations, the salt diapir activities were triggered by the activity of the Tanlu strike-slip fault zones. The upwelling alkaline waters, representing the last episode of alkaline fluids, entered the reservoirs and caused the precipitation of ferrodolomite cements, leading to the reduction of reservoir physical properties to a certain extent.
For the Es3 reservoirs in well A-2, the multiple episodes of alternating dissolution of acid and alkali fluids have different effects on the formation of the high-quality reservoirs. The first episode of alkaline fluids, represented by the connate saline sedimentary waters, is the most critical to the formation of the high-quality reservoirs. This is because the early alkaline fluids dissolved numerous detrital quartz grains. More importantly, chlorite coats were formed during the early diagenetic stage, effectively impeding the subsequent secondary overgrowth of quartz and resisting the compaction to some extent. Therefore, the chlorite coats protected the primary intergranular pores, which is evident from the relationship between porosity and depth. The second episode of slightly acidic fluids containing biodegradable CO2 has limited effects on the anomalously high porosity zone due to the limited amount of CO2 produced from the organic matter biodegradation. The third episode of alkaline fluids formed by the large-scale dehydration of gypsum led to massive calcite cementation, which severely blocked pores. Nevertheless, the calcite cementation actively maintained the pores for the formation of the high-quality reservoirs because the early calcite cements not only inhibited the reservoir compaction but also provided a material basis for the late dissolution of organic acids. The fourth episode of organic acid fluids, leading to the dissolution of minerals such as calcites and feldspars, caused a significant and favorable alteration. The last episode of large-scale alkaline fluids, which originated from the salt diapirism induced by late strike-slip faulting, caused massive ferrodolomite cementation in the reservoir and thus reduced the physical properties of the reservoirs.
With high mud content and poor sorting property, the Es3 reservoirs in well A-1 drilled at the root of a fan delta have poor congenital physical properties. Moreover, carbonate cementation occurred in the reservoirs in well A-1 under the long-term action of alkaline fluids, causing the reservoirs to be tighter. Compared with the reservoirs in well A-2 drilled at the central portion of a fan delta, the reservoirs at well A-1 are far away from source rocks and lack access to the acidic fluids. This is likely an important reason for the present-day low porosity.
CONCLUSIONS

(1) The Es3 reservoirs in well A-1 drilled in the root of a fan delta in the Laizhou Bay Sag have poor physical properties and no hydrocarbon shows. The Es3 reservoir sandstones in well A-1 have high argillaceous content, are poorly sorted, and underwent strong compaction. Moreover, massive ferrodolomite cementation occurred under the long-term activities of alkaline fluids. In addition, owing to the far lateral distance from source rocks, the Es3 reservoirs could not effectively communicate with the organic acid fluids and, thus, lacked access to the acid dissolution.
(2) An anomalously high porosity zone has developed at a burial depth of 2000–2400 m in the Es3 member of well A-2. The high-quality reservoirs underwent the diagenesis of five episodes of alternating acid and alkali fluids. The first episode of alkaline fluids originated from the connate saline pore waters from the underlying Es4 member due to compaction. These fluids are critical to the formation of high-quality reservoirs and caused the dissolution of quartz grains and precipitation of chlorite coats on the outer edges of the quartz which impeded the overgrowth. The second episode of slightly acid fluids were derived from CO2 formed by the biodegradation of organic matter and had limited effects on the reservoirs. The third episode of alkaline fluids from the dehydration of Es4 gypsum, leading to massive calcite cementation and thus resisting compaction. The fourth episode of organic acid fluids released from the lateral source rock caused the acid dissolution, greatly favoring the physical properties. The last episode of alkaline fluids from the salt diapirs associated with strike-slip fault activity led to the blockage of partial pores by ferrodolomites, lowering the reservoir physical properties.
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