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Analcime plays a significant role in sandstone reservoirs as an authigenic diagenetic mineral in the Junggar Basin (northwestern China). However, the origin and controls on the reservoirs have received remarkably little attention. This study investigates the formation mechanism of analcime in the Middle Permian strata in the Jinan sag (southern Junggar Basin) through petrography and geochemistry. The results show that analcime is formed through early alkaline hydrolysis of volcanic materials under specific temperature and pressure conditions. The reservoir rocks primarily consist of various lithic sandstones, including volcanic debris such as basalt, andesite, and tuff. Analcime is characterized as rich in aluminium and poor in sodium, classified as low-silica analcime with a low Si-Al ratio (1.98–2.38). Furthermore, various other diagenetic minerals, such as glauconite, chlorite, albite, and calcite have been identified. The primary reservoir space chiefly consists of intragranular dissolved pores of analcime, while secondary pores are formed by intragranular pores of feldspar and lithic, along with some remaining intergranular pores. Cementation of analcime during early diagenesis changes primary pore structures and reduces reservoir properties. The low-silica analcime dissolves due to acidic pore fluids associated with three stages of oil and gas charging, transforming into albite and creating numerous secondary pores, thereby enhancing reservoir quality.
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1 INTRODUCTION
Zeolite Minerals significantly impact on oil and gas reservoirs (Iijima, 2001). During the diagenetic evolution process, diagenesis involving the precipitation, dissolution, and transformation of authigenic zeolite minerals, directly affects the pore evolution of sandstone reservoirs, therefore influencing reservoir performance (Sun et al., 2014; Zhu et al., 2020). Analcime as a common type of zeolite minerals, pervasively occurs in oil and gas bearing basins such as central Australia (English, 2001), northwestern Argentina (Campo et al., 2007), Canada (Gall and Hyde, 2010), Turkey (Varol, 2020), western and eastern China (Lin et al., 2017; Fang et al., 2020).
Despite the causes and formation environments of analcime have been studied, but the results are controversial. Renaut (1993) summarized four formation mechanisms of authigenic analcime in sandstone: 1) alteration of volcanic glass and zeolite precursors; 2) formation from a gel; 3) direct precipitation of interstitial pore fluid or lake water; and 4) reactions of saline, alkali pore water with detrital silicates (e.g., clay and plagioclase). Sheppard and Hay (2001) and Langella et al. (2001) systematically discussed the occurrence, formation conditions and genetic characteristics of authigenic analcime, suggest water chemistry, temperature and pressure composed influenced the formation. Guo et al. (2022) proposed that the lower the concentration ratio of hydrogen ions to alkali metal ions in the formation water, the more conducive it is to the formation of zeolite minerals. In addition, the pH value of the pore water may control the types of zeolites formed: neutral to moderate pH values are conducive to the formation of zeolite with a high Si/Al ratio, while aluminium-rich zeolite (e.g., analcime) is more likely to be formed at a high pH value (Jin and Boles, 1993; Neuhoff, 2002). The larger the silica-to-alumina ratio of zeolite minerals, the stronger the acid resistance; otherwise, the acid resistance is low and zeolite minerals are easily dissolved by it.
Partly scholars suggested that the precipitation and filling of zeolite minerals have a destructive effect on the original pore structure in the early stage, leading to a reduction in primary pores and a decrease in reservoir performance (Taylor and Surdam, 1981; Noh and Boles, 1993; Utada, 2001). However, the presence of analcime cement can also enhance the strength of the reservoir structure, improve its resistance to compaction, and inhibit compaction-induced reduction in porosity. Additionally, the analcime cement can indirectly provide a material basis for later acidic fluids (e.g., organic acids) to cause dissolution (Schmidt and McDonald, 1979; Dutton and Loucks, 2010; Fu et al., 2010; Yuan et al., 2015). Weibel et al. (2019) indicated that thermogenic degradation of early zeolite cementation can create deep-buried sandstone reservoirs with abnormally high porosity and permeability levels. In the middle diagenetic stage, the analcime cement formed in the early stage can undergo widespread dissolution, resulting in the formation of secondary pores, enhanced porosity and permeability, and ultimately improved reservoir quality (Zhu et al., 2011; Meng et al., 2013; Sun et al., 2014).
Terrigenous clastic rock reservoirs are the primary oil and gas reservoirs in western China (Jia, et al., 2016; Zheng, et al., 2019). For instance, in the Junggar Basin (northwest China), clastic reservoirs hold almost all proven oil reserves and over half of the natural gas reserves. High-quality secondary reservoirs of clastic rocks, characterized by intergranular dissolution pores, are closely linked to the cementation of authigenic zeolite minerals (Zhu et al., 2011; Wang et al., 2022; Gao et al., 2023). Various researchers have investigated the formation mechanism of zeolite-based high-quality secondary reservoirs in China’s oil- and gas-bearing basins and discussed the reservoir distribution (Zhang, 1985; Han et al., 2007; Li et al., 2014; Sun et al., 2014; Li et al., 2019; Yuan et al., 2020; Zhu et al., 2020; Li et al., 2022). Zhu et al. (2020) provided a review of the occurrence, composition, and origin of analcime sourced from Permian to Paleogene sedimentary rocks in nonmarine petroleum basins in China. The review indicates that the formation of natural analcime is influenced by factors such as the of parent material composition, temperature during crystallization, chemical properties of fluid, and thermodynamic characteristics of the geological environment. Particularly, the Junggar Basin has developed high-quality secondary reservoirs related to analcime cementation facies (Zhu et al., 2020). Diagenetic analcime, found in forms like pyroclastic sandstone and conglomerate intergranular cement, is the most common type of analcime. Analcime is speculated to form during the burial stage of diagenesis through the alteration of minerals such as volcanic glass, clay, or zeolite precursors. It often occurs together with other authigenic zeolites, carbonates, clay minerals and albite, and plays a significant role in controlling the reservoirs quality (Tang et al., 1997a; Tang et al., 1997b; Zhu et al., 2011).
It was identified through exploration in the new Permian Jingjingzigou Formation in the Jinan Sag (NW China, Junggar Basin). The Jinan Sag, along with high-yield oil and gas, presents a total exploration potential of 100 million tons (Liang et al., 2021). Preliminary research shows that analcime is the most common zeolite mineral in the Permian Jingjingzigou Formation, with paragenetic minerals including chlorite, carbonate, and albite. However, the zeolite-related diagenesis and its impacts on reservoir development have not been thoroughly studied. This study utilizes various methods such as cast thin sections, scanning electron microscopy (SEM), whole rock-clay mineral X-ray diffraction, electron probe, and fluid inclusion analyses to examine the development characteristics and related diagenesis of analcime in the Permian Jingjingzigou Formation reservoirs in the Jinan Sag. The primary objectives of this study are to determine the origins of analcime and to assess the impact on reservoirs.
2 GEOLOGICAL SETTING
The Junggar Basin is one of the main oil and gas-bearing basins in Northwest China. It is an extremely superimposed basin formed by the superposition and composite of several prototype basins with different properties, and it has a complicated evolutionary history. Multiple sets of primary rock-reservoir-caprock assemblages have developed in the basin with very rich hydrocarbon resources. Since the Permian period, the Junggar Block has been in the development and reformation stages of intraplate basins, and it has experienced a complex evolutionary history featuring the early differentiation of uplifts and depressions, the formation of unified basins, and the superposition of later foreland basins (Zhang and Zhang, 2006).
Located in the southern margin of the Junggar Basin, the Jinan Sag is a recently discovered Permian fault depression with an NW-SE direction half-graben structure, similar to the Jimsar Sag. The Jinan Sag is a small sedimentary sag recently discovered in the footwall of the Fukang fault zone’s eastern segment in the Junggar Basin’s south margin. The Jinan Sag adjoins the Guxi uplift to the east and the Santai uplift to the west; it is bounded to the north by the Jinan uplift, it faces the Jimsar Sag and it is adjacent to the hanging wall of the eastern segment of the Fukang fault zone to the south. The Jinan Sag has experienced the superposition and transformation of multiphase tectonic movements, such as the Hercynian, Indosinian, Yanshanian, and Himalaya; faults have developed in the sag with obvious thickness in the east and thinness in the west (Wu et al., 2013; Liang et al., 2021) (Figure 1A).
[image: Figure 1]FIGURE 1 | Structure location (A), stratigraphic column (B) and sandstone distribution (C) of the Permian Jingjingzigou Formation in the Jinan Sag.
The middle and upper Permian wells in the Jinan Sag have developed from the bottom upwards, including the Jingjingzigou Formation (P2jj), the Lucaogou Formation (P2l), the Hongyanchi Formation (P2h), and the Wutonggou Formation (P3wt) (Figure 1B). The Jingjingzigou Formation is the primary clastic rock reservoir in the Jinan Sag, while the Lucaogou Formation serves as a shale reservoir and is in a conformity contact with the overlying Lucaogou Formation. The upper member features thick sandstone and a high sandstone-stratum ratio, whereas the lower member consists mainly of interbedded red mudstone and grey fine-siltstone. The Lucaogou Formation is characterized by a predominance of continuous thick grey-black mud shale, serving as high-quality hydrocarbon source rocks and effective regional caprocks. The geological setting of Jinan Sag is influenced by the provenance area of the Guxi uplift, resulting in the development of an east-west delta plain facies–delta front facies–shallow lacustrine sedimentary system (Figure 1C). In general, the Jingjingzigou Formation of the Permian is a widely distributed far-source new bed-generating and old bed-storing accumulation lithological reservoir, featuring a favorable source rock–reservoir–caprock configuration (Li et al., 2023). The sandstones are main deposited in delta environment, and the distributary channel and river mouth bar are favorable sedimentary facies for the development of sand bodies (Figure 2).
[image: Figure 2]FIGURE 2 | Profile of sedimentary facies of the Permian Jingjingzigou Formation in the Jinan Sag. (Line P1-P2 is shown in Figure 1B).
3 SAMPLES AND METHODS
Based on core observations and descriptions, thin sections (30 samples) were cast from seven drilled wells (S101, S102-2-2H, S103, S104, S104-1-3H, S4 and S6) for observation and quantitative statistics. For mored detailed descript the petrography and highlight difference of reservoirs which bearing analcime, we preferred choose samples of high porosity sandstones, and consider the siltstones with high porosity and relative dense sandstones.The experimental instrument used was an Olympus BX53M reflected polarizing microscope. The thin sections were cast with blue epoxy resin to identify rock pores, stained with alizarin red + potassium ferricyanide mixture to differentiate authigenic carbonate minerals qualitatively, and the thin section porosity, pore size, and pore distribution were measured (12 samples) using Tiger 3000P polarizing image processing software. The fluid-inclusion measurement (10 samples) of Goldstein and Reynolds (1994) was employed for experimentation at Southwest Petroleum University, which involved the use of a Linkam THMSG600 system. Scanning electron microscopy observations (5 samples) were conducted on pore development in the reservoirs and the paragenetic assemblage of authigenic minerals, while electron probe analysis (5 samples) was completed with 60 points on authigenic minerals, such as clays, zeolites, and carbonates in reservoir pores. Both scanning electron microscopy and electron probe analyses were carried out at the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Southwest Petroleum University. For scanning electron microscopy, the specimens were made into block samples and sprayed with gold on their surfaces, while for electron probe analysis, the specimens were ground into polished thin sections and sprayed with carbon on their surfaces. The experimental instruments included an FEI Quanta 650 FEG field emission scanning electron microscope (configured with Qemscan software for minerals recognition) and JXA-8230 electron probe analyzer. The electron probe created spectra after testing the contents of nine common elements in carbonate minerals. The accuracy of spectrum analysis exceeded 1% (major element content >5%) and 5% (minor element content 1%–5%); it could automatically identify elements above 0.1 wt%, and the detection limit was 0.01 wt%. The State Key Laboratory of Oil and Gas Reservoir Geology and Development Engineering conducted an analysis of 20 samples using X-ray diffraction on both whole-rock and clay minerals. The analysis was performed with an X'Pert PRO analyzer, where the detection criterion was set to a maximum current of 60 mA and a pressure of 60 kV. The temperature range was maintained at 23–30°C, while the humidity level was kept above 70% to ensure accurate results.
4 RESULTS
4.1 Reservoir characteristics
Observations and statistics of the cast thin sections show that the reservoir rocks in the study area are mainly lithic sandstone, with a small amount of feldspar lithic sandstone in some wells (Figure 3 left). The general content of debris is between 55% and 70%, and the types include extrusive rock debris, such as basalt, andesite, and tuff, a small amount of sedimentary rock debris, such as siltstone and mudstone, and metamorphic rocks, such as quartzite and phyllite. The plastic debris is significantly transformed into pseudo matrix. The quartz is mainly monocrystalline quartz, with a small amount of polycrystalline quartz, and the secondary enlargement of quartz does not occur. The plagioclase is mainly intermediate acid plagioclase with developed polysynthetic twin, and the potassium feldspar is mainly orthoclase and striated feldspar, with the surface generally kaolinized. The results of whole-rock X-ray diffraction analysis show that the quartz content in the rocks is between 23.8% and 33.3% (Table 1), which is consistent with the detrital quartz content obtained from microscopic thin section statistics, indicating that quartz mainly occurs in the form of detrital quartz and is rarely seen in debris. The potassium feldspar content in the rocks is between 2.7% and 4.8%, and the plagioclase content reaches 46.3%–64.5%. The Qemscan images and statistical results show that, in addition to the single-crystal quartz in the rocks, a small amount of fine-grained quartz is observed in the chert and siltstone debris (red circle in Figure 3 right). The plagioclase is mainly composed of albite feldspar with a relatively small content of potassium feldspar; the phenomena of calcite replacing the potassium feldspar in the striped feldspar and retaining albite stripes can be found (yellow circle in Figure 3 right). The particle size analysis shows that the mean value of the debris particle size is between 0.1 mm and 0.6 mm; the median particle size is 0.18–0.27 mm, and the average particle size is 0.16–0.24 mm. The sorting index (σ1) is 1.61–1.89, indicating that the sample is fine-medium sandstone with poor sorting. The roundness of particle size is mainly subangular, which is generally supported by grains, with the main line contact between grains and local point contact (Figures 3, 4).
[image: Figure 3]FIGURE 3 | Ternary diagram of rock classification (Left) and distribution of the mineral components (Right) of the Jingjingzigou Formation. I- quartz sandstone; II- feldspar-quartz sandstone; III- lithic quartz sandstone; IV- feldspar sandstone; V- lithic feldspar sandstone; VI- feldspar lithic sandstone; and VII- lithic sandstone cement. Q-quartz, F-feldspar, R-rock fragments. Detrital compositions are mainly composed of quartz, feldspar and debris. A large amount of calcite cement was found at Well S104, 3440.16 m.
TABLE 1 | Mineral composition of the Permian Jingjingzigou Formation in the Jinan Sag (%).
[image: Table 1][image: Figure 4]FIGURE 4 | Microscopic images of petrography and reservoir space. (A) Lithic sandstone, chlorite encapsulated clastic grains, partially filled intergranular pores, developed intergranular analcime dissolution pores, occasional authigenic albite feldspar in the dissolution pores, and additional observed residual intergranular pores (Well S101, 3255.07 m, single polarized light). (B) Lithic sandstone, chlorite encapsulated clastic grains, partially filled intergranular pores, developed intergranular analcime dissolution pores, authigenic albite feldspar in the dissolution pores, and a small amount of residual intergranular pores (Well S101, 3262.52 m, single polarized light). (C) Feldspar lithic sandstone, weak chlorite film development, locally enriched chlorite, a large amount of filled intergranular analcime, developed analcime dissolution pores, and a small amount of residual intergranular pores (Well S4, 2399.59 m, single polarized light). (D) Detritus sandstone, chlorite film-calcite sequentially filled intergranular pores, complete chlorite film, developed analcime dissolution pores, calcite-filled intergranular pores in continuous crystals, and local weak corrosion (Well S104-1-3H, 3478.20 m, single polarized light). (E) Detritus sandstone, typical basalt debris, chlorite film developed on grain edge, intergranular pores filled with analcime, dissolution pores partially filled by calcite (red) and residual intergranular pores filled with ferrocalcite (purple-red) (Well S101, 3043.58 m, single polarized light). (F) Lithic sandstone, sequentially filled intergranular pores with chlorite-calcite (red)-ferroan calcite (purple-red)-ferrocalcite (blue-purple), intact analcime crystal form, and partially corroded calcite forming secondary dissolution pores (Well S104, 3440.16 m, single polarized light). (G) Lithic sandstone, strong dissolution, chlorite film detached from the clastic grains and locally enriched, intergranular pores filled with authigenic albite and partially calcite, calcite-encapsulated albite feldspar, and local phenomenon of authigenic feldspar (Well S102-2-2H, 3334.30 m, single polarized light). (H) Lithic sandstone, intensive corrosion, locally enriched chlorite, intergranular pores filled with authigenic albite and partially calcite, calcite-encapsulated albite, and local authigenic feldspar (Well S6, 3343.15 m, single polarized light). (I) Feldspar lithic sandstone, strong corrosion, various developed corrosion pores, undeveloped chlorite, and intergranular pores filled with authigenic albite and partially wrapped in authigenic sphene (Well S6, 3421.50 m, single polarized light). Cal: calcite; Fc: ferrocalcite; Chl: chlorite; Ab: albite; (F): feldspar; Spn: sphene; Anl: analcime; Anl-P: analcime dissolution pores; Cal-P: calcite dissolution pores; FP: feldspar dissolution pores; RP: debris dissolution pores; D-P: intergranular dissolution pores; and P: residual intergranular pores; BD: basalt debris; Qz: quartz.
4.2 Mineral characteristics of analcime
Based on the observations of cast thin sections, scanning electron microscopy, electron probe, and X-ray diffraction analyses, authigenic mineral analcime is commonly present in the reservoirs of the Jingjingzigou Formation. In particular, analcime is known to fill intergranular pores with varying degrees of dissolution (Figures 4A–F; Figures 5A–G). Within these pores, analcime may either dissolve, creating a harbor-like structure, while coexisting with albite, or exhibit a complete/hollow equiaxed granular form, occasionally wrapped by calcite minerals. The particle size of analcime ranges from 20 μm to 60 μm, with a maximum size of 100 μm, and a content exceeding 15% (Figures 4A–F; Figures 4A–G). Quantitative electron probe analysis indicates that analcime has an average SiO2 content of 58.16% (above the standard value of 54.58%), Al2O3 concentrations ranging mainly between 23.46% and 24.30% (slightly above the standard value of 23.16%), and an average Na2O content of 11.12% (considerably below the standard of 13.5%) (Table 2). The calculated average Si/Al ratio of analcime in the study area is 2.14, with values ranging from 1.98 to 2.38, indicating it is a low-silica analcime (Table 2).
[image: Figure 5]FIGURE 5 | Characteristics of analcime and paragenetic minerals under Scanning electron microscopy (SEM) (A–D) and Backscattered electron (BSE) (E–H). (A) Chlorite encapsulates clastic grains and fills the pores in a plate-like morphology. Equiaxed granular analcime occupies the intergranular pores and undergoes a certain degree of dissolution. Plate-like albite is observed filling the intergranular pores. Authigenic quartz particles are situated between chlorite crystals (Well S101, 3255.07 m, SEM). (B) The chlorite film is partially detached from the clastic particles. Analcime is locally dissolved. Dissolution pores are filled with plate-like albite. Authigenic quartz particles are sporadically detected between the chlorite crystals (Well S101, 3255.07 m, SEM). (C) Chlorite encases clastic grains. Analcime is evidently dissolved and appears hollow. Plate-like albite is present in the dissolved pores. Authigenic quartz particles are intermittently found between the chlorite crystals (Well S101, 3262.52 m, SEM). (D) The chlorite crystal structure is poorly developed. The intergranular analcime is subject to localized dissolution. The intergranular dissolution pores are filled with albite, as exhibited in laumontite (Well S101, 3262.52 m, SEM). (E) Significant corrosion of chlorite film and analcime is observed. Intergranular pores are evident (Well S101, 3043.58 m, backscattered electron (BSE)). (F) The chlorite is corroded and detached from the detrital grains. The analcime dissolves into a harbor shape and is enveloped by calcite (Well S101, 3261.40 m, BSE). (G) Analcime corrosion is not readily apparent. The intergranular pores are filled with encapsulated calcite (Well S6, 3421.50 m, BSE). (H) The intergranular dissolution pores are filled with authigenic albite and partially enclosed by authigenic sphene (Well S104-1-3H, 3692.00 m, BSE). Cal: calcite; Chl: chlorite; Ab: albite; Spn: sphene; Anl: analcime; Lmt: laumontite; Qz-quartz; and Anl-p: dissolution pores of analcime.
TABLE 2 | Electron microprobe analysis of analcime, albite and sphene (unit: wt%).
[image: Table 2]4.3 Minerals paragenetic with analcime
In the study area, the reservoirs within the Jingjingzigou Formation commonly contain paragenetic minerals such as analcime, along with clay minerals, albite, calcite, and other minerals. Dissolution processes vary across different areas, leading to transformations where analcime can convert to albite or be replaced by calcite or other minerals (Figures 4A–F; Figures 5A–G). Therefore, analyzing these paragenetic minerals can elucidate the mineral paragenetic sequence, providing a basis for investigating the genetic mechanism of analcime.
Firstly, authigenic albite has been developed in the study area, mainly appearing as lath-shaped crystals filling intergranular pores under the microscope, showing a negative low protrusion. The highest interference colour is off-white in the first order (Figures 4A,B,G–I). When observed under the scanning electron microscope, albite is primarily seen in plate-shaped forms occupying intergranular or analcime dissolution pores, displaying a good euhedral degree (Figure 5). Electron probe analysis reveals that albite mainly consists of Ab, ranging from 98.98% to 99.61%, with only trace amounts of potassium feldspar (Or) and anorthite (An) components present.
In addition, chlorite is mainly distributed along the margins of the pores (encapsulated debris grains) in the form of a film-like pore liner cement with varying degrees of development (Figures 4A,F). In the intergranular dissolution pores of some well sections, the chlorite film is obviously separated from the clastic grains and exists as pore fillings (Figures 4G, 5B,F), indicating that it undergoes a certain degree of corrosion after formation. X-ray diffraction results of clay minerals show that the total amount of clay minerals is between 5.2% and 6.4%, with chlorite accounting for 55.4%–60%, and the mixed chlorite/smectite layer (C/S%) accounting for 37.5%–42.6%. The ratio of smectite (S%) in the chlorite/smectite mixed layer (C/S %) is 40% (Table 1).
Besides, calcite is relatively abundant in some intervals. Based on the staining of the cast thin sections, calcite can be categorized into three types: calcite, ferroan calcite, and ferrocalcite. Calcite appears mainly as microcrystalline grains filling the analcime dissolution pores or as continuous crystals. The mixed solution turns red when intergranular pores are filled; ferroan calcite and ferrocalcite mainly fill the intergranular pores and partial corrosion pores in the shape of continuous crystals, with the mixed solutions stained purple and blue, respectively (Figures 4D–H). It is imperative to acknowledge that the time of calcite formation and the subsequent dissolution during the later phases of diagenesis play a vital role in their influence on the reservoir. According to the quantitative analysis results of the electron probe, it is evident that calcite can be classified into three distinct stages. During these stages, there is a noticeable and consistent increase in the MnO content. In contrast, the FeO content is lowest during the first stage, while the SrO content is highest in the third stage (Figures 6A,B). It can be inferred that calcite undergoes partial dissolution during the first two stages, indicating an earlier formation time. Furthermore, ferrocalcite, the most recent cement, exhibits less dissolution (Figures 5D–H).
[image: Figure 6]FIGURE 6 | Relationship of between MnO-FeO content (A) and MnO-SrO content (B) the stage division of calcite.
Based on the occurrence and paragenetic mineral characteristics of analcime minerals, four paragenetic evolution sequences related to analcime diagenetic minerals can be summarized as follows: ① chlorite → analcime → ferroan calcite (minor quantity). This sequence is mainly observed in Well S101 and Well S4. ② chlorite → analcime → calcite → ferroan calcite → ferrocalcite. This sequence is predominantly found in Wells S101, S104, and S104-1–3H. ③ chlorite → analcime → albite → ferroan calcite (minor quantity). This sequence is mainly identified in Well S101. ④ chlorite → albite → (sphene) → calcite (minor quantity). This sequence is primarily noted in Wells S6 and S102-2-2H. In the above sequences, when the chlorite film has a low development level and the clastic grains are not completely wrapped, small amounts of secondary authigenic quartz enlargement and authigenic feldspar can form on the edges of quartz and feldspar grains (Figures 4G,Q).
4.4 Fluid inclusions
Fluid inclusion analysis is mostly used as an effective tool to investigate the formation condition of analcimes. 10 fluid-inclusion analyses of the analcimes in Well S101 are measured (Table 3; Figures 7A,B). The fluid inclusions from analcimes have homogenization temperatures ranging from 78.5°C to 85.1°C, with a comparatively low average of 81.9°C (Figure 7C). The ice melting temperatures ranging from −1.3 to −0.8°C, with an average of −1.1°C. The salinities of the primary fluid inclusions with an average of approximately 1.82 wt% (Figure 7D).
TABLE 3 | Analytical data: Fluid inclusion homogenization temperatures (Th), ice temperatures (Tm) and salinity of the Permian Jingjingzigou Formation.
[image: Table 3][image: Figure 7]FIGURE 7 | Characteristics of fluid inclusion in analcime of the Permian Jingjingzigou Formation in the Jinan Sag. (A) and (B) are photographs of fluid-inclusion in analcime cement. (C) Histogram of fluid-inclusion homogenization temperature (Th). (D) Crossplots of fluid inclusion homogenization temperature against salinity for analcime cement. The red circle are typical fluid inclusions. Anl: analcime; Qz: quartz.
5 DISCUSSION
5.1 Origin of analcime and paragenetic minerals
The types of fragments in the Jingjingzigou sandstones in the Jinan Sag varied. The fragment components were mainly intermediate–basic volcanic rocks. Moreover, there were sedimentary tuff layers with smectite contents greater than 90% in some well intervals (Figure 8A). Between these layers, a large amount of analcime mineral was replaced by calcite, and euhedral dolomite grew coaxially along the bioclasts (Figure 8B). The analcime content in the sandstone above this layer could reach 15%, suggesting that the formation of zeolite minerals was closely related to the genesis of volcanic materials. Based on the mineral assemblage paragenetic associated with analcime, the diagenetic environment of the Jingjingzigou Formation rocks should be a freshwater–brackish water environment (Ji, 2016). The glauconite clastic mineral was commonly found in the sandstone reservoir and appeared emerald green under the microscope (Figure 8C). Glauconite of nonmarine origin is generally considered to be formed under weakly alkaline conditions, with a pH value of 7–8, and its formation is closely related to biological and biochemical processes. Based on the previous understanding of the sedimentary environment of the area, a comprehensive analysis revealed that the glauconite in the Jingjingzigou Formation could be the product of the gradual salinization of the lacustrine, weakly alkaline water medium and the weakening of hydrodynamic conditions during the epidiagenetic stage (Xing et al., 1982; Li et al., 1996).
[image: Figure 8]FIGURE 8 | Other minerals associated with analcime formation in the study area. (A) Granular analcime was replaced by calcite and dolomite along the bioclastic edge developed in the tuffite (Well S4, 3221.33 m). (B) The intergranular filling of analcime did not undergo significant corrosion. Columnar mineral crystals (laumontite) were replaced by calcite, and the residual pores were filled with ferroan calcite (Well S104, 3435.90 m). (C) Emerald green glauconite spherules were found in lithic sandstone, and crescent-shaped analcime and lath-shaped analcimes were dissolved in the intergranular pores filled with albite (Well S101, 3261.40 m) (red in ab is alizarin red staining, blue in c is epoxidized resin). Chl: chlorite; Anl: analcime; BD: basalt debris; Dol: dolomite; Ab: albite; Cal: calcite; Fc: ferrocalcite; Lmt: laumontite; Glt: Glauconite.
Moreover, the results of fluid inclusions indicate that analcime were formed in relatively low temperature and brackish water environments (Figure 7D). In terms of results chemical composition, the analcime was slightly rich in aluminium and poor in sodium. The Si/Al ratios fell within the typical range for analcime of lacustrine origin (Si/Al ratio between 1.95 and 2.80). This indicates that the analcime was formed through the interaction of moderate volcanic substances and alkaline water, with the containing low level of SiO2 activity (Han et al., 2007; Karakaya et al., 2013; Zhu et al., 2020).
Based on the 1) analcime mainly filling the intergranular pores, 2) resulting in a significant weakening of the sandstone compaction (Figure 4C), and 3) the relatively low temperature and salinity of fluid inclusions, it can be concluded that analcime is a product of the early diagenetic stage. During this stage, the volcanic substances present in large amounts in the rocks were hydrolysed by the formation water, releasing large amounts of sodium, aluminium, and silicon ions. This process increased the pH and salinity of the solution, leading to the formation of analcime under appropriate temperature and pressure conditions. Additionally, the precipitation of calcium ions facilitated the subsequent precipitation of calcite (Zhu et al., 2011). In addition to analcime, there were euhedral columnar minerals that were entirely replaced by calcite. Some intervals showed a symbiosis relationship between analcime and intact crystals filling the intergranular pores (Figure 8B). It is possible that a zeolite mineral formed without the influence of obvious acidic fluids during diagenetic evolution and was completely replaced by calcite. Under the scanning electron microscope, laumontite was observed to be paragenetic with analcime, though it was not completely replaced in certain intervals (Figure 5D).
During the diagenesis process, albite was mainly formed in the following manners (Yang et al., 2003; Zhu et al., 2011): 1) Albitization related to replacement. As the burial depth increased, the temperature and pressure also increased, leading to ion exchange between pore water and clastic substances. 2) Authigenic albite associated with the dissolution of feldspar grains. In the early stage of diagenesis, sodium ions released by the dissolution of feldspar clastic grains reached saturation levels, causing them to grow and adhere to the feldspar clastic grains, forming secondary enlarged edges. Later, as diagenesis intensified, the feldspar clastic grains further dissolved, resulting in the formation of albite. 3) During the alteration process of zeolite, under the influence of chemical factors in the formation water, the SiO2 activity significantly increased, leading to the replacement of analcime by albite under specific conditions of temperature, pressure, and burial depth conditions (Fathy et al., 2023). In the reservoirs of the Jingjingzigou Formation in the study area, albite was produced as metasomatized plagioclase clastic grains, secondary enlargement edges, or analcime-filled dissolution pores, and authigenic albite was linked to feldspar particle dissolution. The albite filling the intergranular pores in Well S101 and other wells was paragenetic with analcime, originating mainly from the diagenetic transformation of analcime. The albite in Well S6 and other wells, not paragenetic with analcime but authigenic sphene, could be influenced by various factors. Sphene is a diagenetic product of the middle and late diagenetic stages in a freshwater to brackish water environment (Ji, 2016), and its occurrence significantly predates the precipitation of ferrocalcite in this well, indicating an earlier diagenetic period product. Earlier studies revealed that SiO2-rich hydrothermal fluid activity during the Late Jurassic–Early Cretaceous (middle Yanshanian) induced the precipitation of albite and hydrothermal sphene in the secondary pores of the carboniferous pyroclastic rocks in the Kelamei area in the hinterland of the basin, leading to improved reservoir performance. The sphene from neighboring areas of the Jinan area and the Kelamei area exhibited similar composition characteristics (Table 2) and was found concurrently with albite in intergranular pores, potentially affected by higher temperatures, SiO2-rich thermal fluid activity, and hydrocarbon charging during this period (Liu et al., 2022a, 2022b).
5.2 Burial diagenetic evolution sequence related to analcime
The burial thermal evolution history restoration results indicated that during the middle Permian, despite the overall subsidence of the Zhundong area, the southern Jinan area experienced minimal subsidence, preventing the hydrocarbon source rocks from reaching the hydrocarbon generating threshold (Figure 9). In the Early and Middle Jurassic, following a significant tectonic uplift in the Indosinian period at the end of the Late Triassic, the strata in the southern Jilin area continued to subside, leading the hydrocarbon source rocks to advance to the low mature–mature stage. Despite the subsequent uplift during the Yanshanian and Himalayan periods, resulting in substantial uplift of the hanging wall of the Fukang fault zone, the hydrocarbon source rocks remained stagnant during hydrocarbon formation. Conversely, the Jinan Sag was within the buried zone of the footwall of the fault zone, allowing the hydrocarbon source rocks to stay deeply buried and evolve to the mature stage during the Cenozoic. The Jingjingzigou Formation underwent three periods of oil accumulation during the middle and late Permian, middle and late Jurassic, and the late Neogene. The first accumulation phase occurred due to the lateral long-distance migration of mature crude oil from the neighboring Bogda rift (which includes the hanging wall of the Fukang fault zone). Towards the end of reservoir formation, crude oil generated by the hydrocarbon source rocks in the Jinan Sag collected towards the eastern and northern high points (Li et al., 2023).
[image: Figure 9]FIGURE 9 | Burial diagenesis and pore evolution diagram of the Jingjingzigou Formation in the well S101.
Based on the characteristics of sandstone pore development and the relationship between mineral paragenesis assemblage, the Jingjingzigou Formation in the study area went through three stages of calcite filling after early chlorite and analcime mineral cementation. Additionally, it underwent at least three stages of dissolution of diagenetic minerals to varying degrees: 1) dissolution of chlorite and analcime; 2) initial dissolution of calcite; and 3) secondary dissolution of calcite. The first stage of dissolution occurred during the immature stage of hydrocarbon source rocks and could be linked to the early phase of hydrocarbon charge through lateral long-distance migration. The third stage of dissolution was observed in sections where calcite had not developed, characterized by significant corrosion of clastic feldspar, debris, and early chlorite and analcime cement, accompanied by the precipitation of authigenic albite minerals. Based on the fabrics of sandstone, pore types, degree of clay mineral evolution, and relationship between mineral paragenesis, in addition to burial thermal evolution history and hydrocarbon charging history, the diagenetic stages of the Jingjingzigou Formation reservoirs in the study area could be classified as middle diagenesis stage A (Figure 9).
5.3 Impact of analcime related diagenesis on reservoir quality
In summary, during the epidiagenetic stage, the formation of the chlorite film partially hindered the compaction and pressure solution processes. This film also preserved some primary intergranular pores, and reduced the occurrence of secondary quartz enlargement (Surdam et al., 1989; Worden et al., 2020). In the early stage of diagenesis, the precipitation and filling of analcime disrupted the primary pore structure of the sandstone, resulting in a decrease in reservoir porosity. In the middle and late stages of diagenesis, low-silicon analcime readily dissolved in organic acids or acidic pore fluids, transforming into albite. The secondary pores formed by the dissolution or transformation of analcime significantly enhanced the physical properties. The filling of calcite, which formed slightly later than the third stage of dissolution, greatly reduced porosity. Early calcite dissolution could enhance reservoir performance to some extent, but the degree of corrosion was generally not significant, and the improvement effect on the reservoir was not significant either. As a result, the pore formation and evolution of the Jingjingzigou Formation reservoirs in the study area have been determined, as illustrated in Figure 10. The formation of high-quality reservoirs related to analcime can be attributed to three crucial diagenetic processes: 1) moderate dissolution (Figure 10①), 2) relatively intense dissolution (Figure 10②), and 3) intense dissolution (Figure 10③).
[image: Figure 10]FIGURE 10 | Diagram of the high-quality reservoir formation related with analcime in the study area. Three typical diagenetic evolution processes (①②③) are proposed.
Chlorite was the earliest cement formed in the reservoir, and its cementation preserved part of the primary pore space (Figures 10A,B). Subsequently, the precipitation of analcime caused a reduction of pore (Figure 10C). The release of mature organic acids from hydrocarbon source rocks led to partial dissolution of analcime, but some pores subsequently being filled with ferroan calcite, resulting in moderate dissolution (Figures 10D1, E1). In contrast, areas with partially intensive dissolution experienced extensive dissolution of analcime followed by burial. Under appropriate temperature and pressure conditions, authigenic albite formed, leading to relatively intense dissolution (Figure 10C, D2, E2). Furthermore, in certain wells, reservoirs were clearly influenced by deep hydrothermal fluids and organic acids associated with the second stage of hydrocarbon charging. The dissolution of analcime and precipitation of albite occurred nearly simultaneously. Moreover, the analcime was completely dissolved, and the intergranular space was primarily composed of authigenic albite. Subsequently, some pores were filled with ferroan calcite, and the pores further dissolved under the influence of acidic fluids in the later stage, resulting in intense dissolution (Figures 10D3, E3, F3).
In comparison to other petroliferous basins rich in analcime worldwide, whether unconventional shale oil/gas of fine-grained sediments (Eocene Green River Formation in North America) or tight sandstone reservoir (western and eastern China) (Wang et al., 2022), porosity is mainly proportional to analcime content. However, it is important to know that the formation of high-quality reservoir is closely related to analcime, heavily influenced by factors such as volcanism, sedimentary environment, and diagenetic stage configuration. Furthermore, the development of dissolution pores within analcime has a certain degree of zoning. It is necessary to consider the limitations of being controlled laterally by sedimentary facies and provenances, and vertically by deep-buried diagenesis.
6 CONCLUSION

(1) The sandstone reservoirs of the Permian Jingjingzigou Formation in the Jinan sag (Junggar Basin, northwest China) primarily consist of lithic sandstone. The dominant debris present in these reservoirs is intermediate to basic extrusive rock. Analcime, clay, albite, and calcite are commonly found in these reservoirs, exhibiting differential dissolution. They either transform into albite or are replaced by other minerals. The main types of pores observed are intragranular dissolution pores of analcime.
(2) Analcime is characterized by its high aluminium content, low sodium content, and low Si/Al ratio. It forms during the early diagenetic stage when there is a significant presence of volcanic material in the rocks. This formation occurs under the influence of alkaline formation water, along with suitable temperature and pressure conditions. During the early diagenetic stage, analcime precipitates and fills the intergranular pores, which can result in damage to the structure of the primary pore and a reduction in porosity. The middle diagenetic stage is characterized by the formation of secondary pores through the dissolution of chlorite, analcime, and certain carbonate minerals. This process enhances the reservoir properties.
(3) In sandstone reservoirs with abnormally developed secondary pores at the similar sedimentary environments, it is essential for identify whether the presence of early analcime cement. Besides, to effectively distinguish the controlled factors requires combination of the mineral paragenesis relationship and experiments, it is helpful for quantitatively assess the effects of analcime precipitation-dissolution of deep clastic reservoirs during burial stage.
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