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The Lower Jurassic Reservoir (LJR) in the Lenghu area on the northern margin of the Qaidam Basin (NMoQB) has become the most promising target for hydrocarbon exploration. The reservoir has experienced complex diagenesis; however, the porosity evolution and the influence of different diagenesis events on reservoir densification remains unclear. In this study, various analytical methods was first used to clarify the diagenetic stage and sequence, establish a porosity evolution model, quantitatively analyze the time and influence of different diagenesis events on reservoir densification, and illustrate the densification mechanism of tight sandstone reservoir in the Lenghu area. The results showed that the dominant rock types in the LJR were feldspathic litharenite, followed by litharenite, lithic arkose, and a small amount of subarkose and sublitharenite. The reservoir is a typical tight sandstone reservoir (TSR), with average porosity and permeability of 5.5% and 0.08 mD, respectively. The pore types were primarily secondary pores, followed by residual intergranular pores and occasional fractures. Diagenesis of LJR has entered the meso-diagenetic stage A, with minor progression into meso-diagenetic stage B. Quantitative calculation showed that the initial porosity of LJR is 32.2%. In eo-diagenetic stage A, compaction is the main factor for porosity reduction. In eo-diagenetic stage B, the porosity loss rates caused by compaction and cementation were 81.5% and 11.8%, respectively. In this stage, the LJR in the Lenghu area has almost been densified, mainly affected by compaction, calcite cementation and clay minerals cementation. Additionally, cementation is an important factor causing reservoir heterogeneity and is dominated by calcite and clay mineral cementation. After entering the meso-diagenetic stage A, dissolution is the main diagenesis event, which can increase porosity by 6.0%. This stage is the critical period for forming high-quality reservoir of LJR in the Lenghu area, mainly in the 4,400 m depth. In meso-diagenetic stage B, the influence of dissolution gradually decreased. Simultaneously, in this stage, the cementation of iron-bearing calcite further strengthened the densification of the LJR in the Lenghu area.
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1 INTRODUCTION
With the increasing difficulty in traditional oil and gas development, unconventional resources (shale oil, tight oil, etc.) have gradually become important hydrocarbon resources (Law and Curtis, 2002; Zou et al., 2010; Dai et al., 2012; Jia, 2017; Ju and Wang, 2018; Liu et al., 2022; Qin et al., 2022; Liu et al., 2023). Tight oil has become a significant contender for replacing traditional energy resources and supporting the ongoing industrial revolution. Tight oil is generally defined as oil flow in tight reservoirs with permeability ≤0.1 mD (Zou et al., 2012; Sun et al., 2019; Fang et al., 2020). Approximately 66 tight oil basins exist worldwide. Currently, China has many tight oil-scale reserves in Ordos, Sichuan, Songliao, Junggar, Bohai Bay, and the Qaidam Basin (Zhu et al., 2018; Sun et al., 2019; Wu et al., 2022). By the end of 2022, the geological reserves of tight oil in China were 133.7 × 108 t, accounting for 6.3% of the total oil geological reserves, with excellent exploration potential (Wu et al., 2022).
Compared with conventional reservoirs, tight sandstone reservoirs often undergo complex burial processes and strong diagenetic transformation. They have the characteristics of complex reservoir space, narrow pore throat radius, nanoscale pore throat system development, and strong reservoir heterogeneity (Karim et al., 2010; Xi et al., 2015; Wang et al., 2019; Liu et al., 2022; Xu et al., 2022). In the formation process of tight sandstone reservoirs, densification is often a complex process of multiple diagenetic events, and there are significant differences in different stages and locations (Zhang, et al., 2014; Su, et al., 2021; Zhu, et al., 2022). For tight sandstone reservoirs, the study of pore evolution process and reservoir densification mechanism is a hot spot of current research, which can provide a theoretical basis and practical guidance for the efficient exploration and development of tight sandstone reservoirs (Yuan, et al., 2015; Su, et al., 2021; Zhu, et al., 2022; Xiao, et al., 2023).
Predecessors have carried out a lot of research on the densification mechanism of different tight sandstone reservoirs, and the reservoirs densification mechanism in different petroliferous basins are controlled by different diagenetic events (Zhang, 2008; Liu et al., 2011; Guo, et al., 2012; Zhuo, et al., 2015; Lai et al., 2016; Wang et al., 2020; Dai et al., 2021). Now, it can be divided into four categories: a) In low-energy or turbidite sedimentary environments, the matrix content between clastic particles is high, thus forming argillaceous sandstone. Simultaneously, a large amount of mud and matrix fills the intergranular pores, and the pores in the reservoir are almost all micropores, and the reservoir densification is serious; b) In the process of burial, the sandstone with high plastic content is easily compacted under the overlying formation pressure, forming a tight sandstone reservoir; c) During diagenesis, various types of cements precipitated and fill reservoir spaces, such as intergranular pores and dissolved pores, forming tight sandstone reservoirs; d) During the diagenetic process, authigenic clay minerals precipitated, filling the reservoir space or plugging the pore throat, forming tight sandstone reservoirs.
Previous studies on the densification mechanism of tight sandstone reservoirs have primarily focused on qualitatively analyzing the influence of various factors, such as sedimentation, diagenesis, and tectonism, on reservoir properties (Li et al., 2017a; Wu et al., 2019; Cao et al., 2020). However, the stage and controlling factors of reservoir densification remain unclear. To gain a comprehensive and objective understanding of the reservoir densification mechanism, it is crucial to quantitatively analyze the types of diagenetic events occurring in each stage and their contribution to reservoir densification, thus clarifying the determinants and time of reservoir densification formation and illuminating the mechanism.
In recent years, owing to the continuous discovery of industrial oil and gas flows, the northern margin of the Qaidam Basin (NMoQB) has become a popular research area (Ma et al., 2018; Tian et al., 2022). However, the extensive development of TSR has become a key factor limiting further exploration and development of oil and gas reservoirs in the NMoQB. The Lower Jurassic Reservoir (LJR) in the Lenghu area of the NMoQB is a typical TSR (Zhao et al., 2020). The development of the Lenghu IV-V oil fields indicates that this area has high exploration prospects. Predecessors have done a lot of research on the Lenghu area. Xu et al. (2008) believed that hydrocarbon source rocks of the Lower Jurassic Formation in the Lenghu area are mainly low-mature, and some areas have entered a high-mature stage. Guo (Guo et al., 2017) studied the sedimentary diagenesis environment in this area, and clarified that at the early stage of the LJR had a warm and humid climate, dominated by fresh water deposition, and the late climate was gradually dry and hot, dominated by fresh water-brackish water. Sun (Sun et al., 2012) pointed out that the Lenghu area is a fault block uplift in the hydrocarbon generating depression, which is dominated by structural combination oil and gas reservoirs. Through the relationship between structural distribution and reservoir accumulation, Ma (Ma et al., 2018) concluded that the structure controlled the distribution of Jurassic hydrocarbon source rocks in this area, and the fault was the main channel for hydrocarbon migration. Previous studies on Lower Jurassic formation in the Lenghu area mainly focused on geochemistry, structure and oil and gas accumulation, but few research on reservoir. And various unfavorable factors, including deep burial depth, strong denudation, poor seismic quality, and shortage of drilling data further limited our understanding of LJR in the Lenghu area, leaving gaps in our understanding of the diagenesis characteristics, porosity evolution, and the influence of different diagenesis events on reservoir densification. These factors remain unclear, highlighting the need for further research (He et al., 2021).
Therefore, the purpose of this study is to analyse the types and characteristics of different diagenetic events in each diagenetic evolution stage, quantitatively analyse their contribution to reservoir densification, clarify the stage and main controlling factors of tight sandstone reservoir formation in the Lenghu area, and clarify its densification mechanism, so as to provide a theoretical basis for the next exploration and development in this area. For the analysis, we employed a range of techniques, including core observation, physical properties, cast thin section (CTS), grain size analysis, scanning electron microscopy (SEM), X-ray diffraction (XRD) analysis, and vitrinite reflectance (Ro). The specific research objects were as follows:
1) To clarify the petrological characteristics, petrophysical properties, and pore types of the LJR; 2) to investigate the diagenetic characteristics and diagenetic paragenetic sequence; 3) to establish a porosity evolution mode and quantitatively analyse the time and influence of different diagenesis events on reservoir densification; 4) to illustrate the densification mechanism of tight sandstone reservoir in the Lenghu area. This study provides solid theoretical guidance for further exploration and development in this area as well as new insights for the research of similar TSRs.
2 GEOLOGICAL SETTING
Located on the northeastern Qinghai-Tibet Plateau, the Qaidam Basin is an inland intermountain basin with a total area of 12 × 104 km2 (Figure 1A). It is a large Mesozoic and Cenozoic petroliferous basin located in northwestern China (Zhao et al., 2020; Li et al., 2021; Zhang et al., 2022). The Basin is diamond-shaped (Mao et al., 2016; Guo et al., 2019). The north is bounded by the Qilian mountains, the west by the Altun strike-slip fault, and the south by the Kunlun mountains (Tian et al., 2018; Guo et al., 2022; Hou et al., 2022). The entire basin is composed of three tectonic units: the northern fault block (NMoQB), the western depression, and the eastern depression (Fu et al., 2013). NMoQB is located in the northwest of the basin, with an area of 3.34 × 104 km2. It is composed of three secondary structural units (Saikun fault depression, Delingha fault depression, and Mahai-Dahonggou uplift) (Figure 1B) (Tian et al., 2018). The Qaidam Block has undergone multiple tectonic movements, including Caledonian, Hercynian, Indosinian, Yanshan and Himalayan, forming the Qaidam Basin—a composite inland sedimentary basin (Zhang et al., 2009; Cao et al., 2018). Its tectonic evolution can be divided into three stages: a) Pre-Sinian crystalline basement tectonic evolution stage; b) Sinian-Triassic tectonic evolution stage, and c) Meso-Cenozoic tectonic evolution stage of an inland lake basin (Tang et al., 2000).
[image: Figure 1]FIGURE 1 | (A) Location of the Qaidam Basin; (B) The tectonic units of the Qaidam Basin and location of the study area; (C) Top structure map of the LJR in the Lenghu area.
Mesozoic strata (mainly Jurassic and Cretaceous) are widely developed in the NMoQB. From bottom to top, the Jurassic strata successively developed Xiaomeigou Formation (J1x), Dameigou Formation (J2d), Caishiling Formation (J31c), and Hongshuigou Formation (J32h). While the Cretaceous only developed the Quanyagou formation (K1). As for the Cenozoic strata, the Lulehe Formation (E1+2), Xiaganchaigou formation (consist of Lower member of Xiaganchaigou Formation (E31) and Upper member of Xiaganchaigou Formation (E32)), Shangganchaigou Formation (N1), Youshashan Formation (consist of Lower Youshashan Formation (N21) and Upper Youshashan Formation (N22)), Shizigou Formation (N23) and Qigequan Formation (Q1+2) were continuously deposited from old to new (Figure 2; Tian et al., 2022).
[image: Figure 2]FIGURE 2 | The stratigraphic column of Paleozoic-Mesozoic-Cenozoic in the Qaidam Basin.
The Lenghu area belongs to a secondary anticlinal structure of the Saikun fault depression in the NMoQB (Figures 1B,C). Under the influence of source rock and two tectonic movements (the Yanshan movement and the Himalayan movement), the Lenghu area has become a favorable location for oil and gas accumulation. And it was also one of the earliest discovered areas of the industrial oil flow in the basin (Zhang et al., 2009; Tian et al., 2018; Zhao et al., 2020; He et al., 2021). Jurassic, Paleogene, and Neogene strata are developed from bottom to top in the Lenghu area, with the middle and lower Jurassic mudstone serving as the source rock (Sun et al., 2006; Xu et al., 2008). In addition, the LJR reservoir in this area is the key exploratory stratum of the NMoQB.
The provenance of the Lenghu area comes from the piedmont of the Xiaosaishiteng Mountain (Liu et al., 2022). From the piedmont to the study area, alluvial fan-nearshore subaqueous fan-lake developed in turn, forming a complete sedimentary system from the edge to the center of the lake basin. The LJR in the study area develops nearshore subaqueous fan and sublacustrine fan systems (Sun et al., 2006; Zou et al., 2012). The rock types are mainly dark lacustrine mudstone, carbonaceous mudstone, and gray siltstone interbedded with coal bearing source rocks (Ritts et al., 1999; Zhai et al., 2013; Tian et al., 2018; Han et al., 2020).
3 METHODS AND MATERIALS
In this study, the LJR samples were obtained from 10 wells. Additionally, 69 grain-size analyses of six wells, 32 Rock-Eval pyrolysis data from four wells, and 27 XRD data from three wells were obtained from the Qinghai Oilfield Exploration and Development Research Institute. Overall, 85 samples were used for porosity and permeability measurements. These samples were drilled from six wells and shaped into small cylinders 2.5 cm in diameter. The ultra-Pore 400 porosity tester and a DX-07G permeability tester were used to measure porosity and permeability, respectively. Thirty-five cast thin sections were prepared to count the number of clastic particles and carbonate cement particles. Each thin section contained 350 points. All slices were stained with alizarin red, calcite was stained red, iron calcite was stained purple, dolomite was not stained, and iron dolomite was stained blue. The Ro of the 13 mudstone samples was using a highly precise MPM600 microphotometer. To ensure the accuracy of the data, each sample was effectively measured ten times, and the average value was obtained. SEM was used to identify the type and morphology of authigenic minerals, diagenesis, and pore structure characteristics. In this study, 78 samples from seven wells were used to prepare gold-plated slices for SEM analysis. These slices were observed using a Zeiss-18 scanning electron microscope.
4 RESULTS
4.1 Petrological characteristics
Based on the thin-section observation results, the rock-types of the LJR are diverse. According to the classification of sandstones proposed by Folk (1980), they are dominated mainly by feldspathic litharenite, followed by litharenite and lithic arkose, small amounts of subarkose and sublitharenite, and occasionally arkose (Figure 3). Quartz ranges from 10.11% to 88.51% (avg. 52.63%). Rock fragments varied greatly (0.00–84.27%), with an average of 28.48%. Feldspar is between 2.78% and 62.50% (avg. 18.89%). The lithics components are dominated by metamorphic grains with small amounts of volcanic lithics. The particles are characterized by line and point-line contact, well to medium sorting, and subangular roundness. The cementation between the particles is dominated by pore cementation, with a lesser extent of embedded cementation.
[image: Figure 3]FIGURE 3 | Ternary diagram of sandstones of the LJR in the Lenghu area.
4.2 Pore types
CTS and SEM observations indicated that the pores of the LJR are dominated by secondary pores, with some residual intergranular pores (Figures 4A,C–E) and occasional fractures. Secondary pores are composed of intergranular and intragranular dissolution pores. Thin-section analysis indicates that the pores in the Lenghu area mostly existed in the form of a combination, and samples with intergranular dissolved pores and intragranular dissolved pores are mainly developed (Figure 4B). The characteristics of different pore types are introduced as follows:
[image: Figure 4]FIGURE 4 | Pore types of the LJR in the Lenghu area: (A) residual intergranular pore, intergranular pore, intragranular pore, fracture (L95, 3357.89 m); (B) intergranular and intragranular pores (LK1, 4317.91 m); (C) intragranular pore, residual intergranular pore (LK1, 4315.56 m); (D) intragranular pore, residual intergranular pore (LK1, 4317.91 m); (E) residual intergranular pore (LK1, 4315.56 m); (F) intergranular pore, fracture (S81, 3204.00 m).
The intergranular pores formed by the dissolution of primary intergranular pores around feldspar, quartz, and other grains. The pore size is uneven and the shape is bay-like or irregular (Figure 4A). Intragranular dissolved pores are often distributed in the interior of easily soluble particles such as feldspar and rock fragments, with honeycomb or point-like structures (Figures 4B–D,F). Mould pores formed when the particles dissolved. Furthermore, due to overlying pressure and tectonic movement, few fractures can be observed in thin sections (Figure 4F).
4.3 Porosity and permeability
Based on the results of approximately 85 sandstone samples of reservoir property data from the study area, the porosity of the sandstones ranges from 0.3% to 14.3% (avg. 5.5%). According to the reservoir classification standard of China (SY/T6285-2011), the porosity was dominated by ultra-low porosity (42.3%), followed by extra-low porosity (40.0%) (Figure 5A); Permeability varies between 0.01 and 13.17 mD (avg. 0.08 mD) (Figure 5B). It is dominated by ultra-low permeability, accounting for more than 86.9%.
[image: Figure 5]FIGURE 5 | Physical properties of the LJR in the Lenghu area: frequency distribution histogram of (A) porosity and (B) permeability, (C) the crossplots of porosity and permeability.
The correlation between porosity and permeability is complex. Figure 5 shows that the physical properties of most coring well samples have a large span and show strong heterogeneity (Figure 5C). In addition, some samples had a low porosity, but the corresponding permeability was high, indicating the development of fractures. Some samples have high porosity, but the related permeability was very low, meaning poor pore structure (Figure 5C).
4.4 Diagenesis
Diagenesis is a crucial factor that affects the reservoir quality. Based on the CTS and SEM observations, the diagenesis of LJR mainly consisted of mechanical compaction, chemical compaction, cementation, and dissolution, as discussed below.
4.4.1 Compaction
The LJR in the study area was deeply buried; the maximum buried depth was 5,200 m and the compaction intensity was high. The CTS analyses revealed four compaction types (Figure 6): a) particles were mainly in line and point-line contact (Figure 6A); b) due to the pressure of the overlying formation, plastic particles (such as mica) appeared in a directional arrangement (Figures 6B,C) or extrusion deformation (Figure 6C); c) rigid particles (feldspar, quartz, etc.) deformed or broke under the influence of the overlying pressure (Figures 6D,E); d) Chemical pressure solution is observed and some particles are in concave-convex contacts, and a stylolite structure could be observed (Figures 6A,F).
[image: Figure 6]FIGURE 6 | Compaction in LJR in the Lenghu area: (A) line contact, concave-convex contact (LK1, 4311.63 m); (B) directional arrangement of mica (L95, 3358.45 m); (C) directional arrangement of mica, mica extrusion deformation (L95, 3357.79 m); (D) quartz breaks to form fracture (LK1, 4316.06 m); (E) quartz breaks to form fracture (LK1, 4321.43 m); (F) line contact, concave-convex contact (LK1, 4317.91 m).
4.4.2 Dissolution
Dissolution can effectively improve the reservoir properties and is prevalent in the Lenghu area. CTS observations show that the dissolution characteristics of the LJR can be divided into four groups: a) the edge of soluble particles (feldspar, rock fragment, etc.) was dissolved, forming bay-like or irregular intergranular dissolution pores (Figure 7A); b) the interior of the particles (feldspar, rock fragment and calcite, etc.) was dissolved by acidic fluid, forming point-like or honeycomb-like intragranular dissolution pores (Figures 7B–D); c) feldspar or quartz grains were dissolved along their cleavage fractures (this type of dissolution can effectively improve reservoir permeability) (Figure 7E); and d) strong dissolution caused the particles to completely dissolve and led to the formation of mould pore (Figure 7F).
[image: Figure 7]FIGURE 7 | Dissolution of the LJR in the Lenghu area: (A) intergranular dissolution pores (LK1, 3483.75 m); (B) intragranular dissolution of feldspar (LK1, 4315.56 m); (C) intragranular dissolution of feldspar (LK1, 3482.25 m); (D) intragranular dissolution of feldspar (LK1, 3482.25 m); (E) particles dissolve along cleavage fractures (L95, 3357.89 m); (F) particles are completely dissolved to form mold pore (LK1, 4314.68 m).
4.4.3 Cementation
According to the CTS analyses and SEM observations, Cements in the LJR are predominantly composed of carbonate, clay, and a small amount of siliceous cement.
4.4.3.1 Carbonate cementation
Carbonate is the most common cement type found in the TSR (Zhu et al., 2019). In the Lenghu area, carbonate cementation is dominated by calcite, which can be observed in more than 60% of the thin sections. Based on the CTS observations, three different phases of calcite cement were identified: a) the first phase of calcite cementation occurred in the eo-diagenesis stage. Under the observation of cast thin sections, the crystal morphology of early calcite cement usually presents small particles, which are hexagonal or prismatic. And the connectivity between crystals is relatively poor (Figure 8A); b) the second phase of calcite developed among the skeleton particles in the form of crystals, and its content was relatively high. This type of calcite was formed in the meso-diagenetic stage A (Figure 8B); c) The third phase of calcite formed in the meso-diagenetic stage B and was characterized by the development of iron-bearing calcite, distributed in dissolution pores (Figure 8C).
[image: Figure 8]FIGURE 8 | Cementations of the LJR in the Lenghu area: (A) the first phase of calcite cementation (L95, 3357.89 m); (B) the second phase of calcite cementation (LS1, 2832.1 m); (C) iron-bearing calcite filled the intergranular pores (T1, 4435.77 m); (D) book-like kaolinite filling the intergranular pores (LK1, 4316.06 m); (E) quartz overgrowth, filamentous and flaky illite (LK1, 4315.56 m); (F) flaky illite (LK1, 4382.10 m); (G) I/S mixed layer (LK1, 4310.83 m); (H) chlorite film (LK1, 4316.26 m); (I) quartz overgrowth (LK1, 4383.75 m).
4.4.3.2 Clay mineral cementation
The SEM and XRD results showed the development of various types of clay minerals, including kaolinite, illite, I/S (illite/smectite) mixed layer, and smectite. Among these, the kaolinite content was relatively high, followed by the I/S mixed layer and illite. Chlorite is relatively scarce, and smectite is occasionally observed. Smectite is found only at a depth of around 3350 m; The I/S mixed layer, illite, and kaolinite contents are relatively high at 4,150 m and 4,320 m depths; The chlorite content is higher at 3,350 m, which gradually decreases with the increase in depth (Figure 9). The morphology of the kaolinite crystals is well-developed. Single kaolinite crystals are pseudo-hexagonal, plate-like, and the aggregates have a book-like structure. This type of kaolinite is generally formed by direct precipitation in the pore fluid or gradual evolution from the early smaller kaolinite. Kaolinite is often observed in the intergranular or dissolution pores (Figure 8D). Illite is filamentous or flaky with bridging or pore filling between the particles (Figures 8E,F). The I/S mixed layer mainly developed in pores with a curled shape (Figure 8G). Chlorite is relatively scarce in the study area, predominantly present as a chlorite film growing vertically along the surfaces of clastic particles (Figure 8H).
[image: Figure 9]FIGURE 9 | XRD analysis of authigenic clay minerals in LJR in the Lenghu area.
4.4.3.3 Siliceous cementation
Quartz overgrowth was the main siliceous cementation of LJR, and its degree of enlargement was grade Ⅱ (Figures 8E,I). When observed under an SEM, quartz overgrowth typically appears as a hexagonal crystal shape. The crystal plane is usually flat with a clear planar structure. Additionally, quartz overgrowth shows good reflection, reflecting the fine electron beam and producing a bright image. Quartz overgrowths can occupy part of the intergranular pores, thus reducing the reservoir properties to a certain extent. Quartz overgrowth was relatively undeveloped in the LJR.
4.5 Organic matter maturity
The Ro and Rock-Eval pyrolysis are commonly used to determine the maturity of organic matter. The test results of 13 mudstone samples show that the Ro of LJR is between 0.575 and 0.882 (avg. 0.767) (Supplementary Table S1). Rock-Eval pyrolysis data showed that the organic matter of LJR was mainly mature, and a small part was highly-mature (Supplementary Table S2).
5 DISCUSSION
5.1 Diagenetic stages and sequence
Particle contact, pore type, and authigenic mineral characteristics can generally determine the diagenetic stage. The diagenetic characteristics of the LJR were as follows: a) particles were mainly in line and point-line contact; b) quartz overgrowth developed, and its degree was predominantly grade II; c) pore types were dominated by secondary pores, followed by some residual intergranular pores and occasionally fractures; d) the clay minerals are dominated by kaolinite and an I/S mixed layer, followed by illite, and a small amount of chlorite. Kaolinite is mainly observed in the form of book-like structures, while, the I/S mixed layer was mostly curved and illite appeared filamentous or flaky; e) the proportion of smectite in the I/S mixed layer is between 5% and 18% (avg. 7.78%); f) RO is between 0.575 and 0.882 (avg. 0.767) (Supplementary Table S1); g) dissolution developed both in feldspar and rock fragments, with the feldspar dissolution more common; h) the development of dark organic matter indicated that the organic matter in the reservoir has matured; i) Rock-Eval pyrolysis data showed that the organic matter of LJR was mainly mature, and a small part was highly-mature (Supplementary Table S2). All these phenomena suggest that LJR entered meso-diagenesis A, with minor progression into meso-diagenetic stage B.
The diagenetic sequence of the LJR was complex. Based on the CTS and SEM, the paragenetic sequence can be clarified by analyzing the morphology and distribution of authigenic clay minerals at different diagenetic stages. The results are as follows: a) Chlorite film developed vertically on the surface of clastic particles, which indicates that the early compaction occurred earlier than the formation of chlorite film (Figure 10A); b) The first phase of calcite cement could be observed in intergranular pores, and the adjacent particles were surrounded by chlorite film. This suggests that the first phase of calcite cement was formed after the development of the early chlorite film (Figures 10B,C); c) quartz overgrowth often occurs around quartz with no chlorite film, indicating that chlorite had a certain inhibitory effect on quartz overgrowth and that chlorite film formed earlier than quartz overgrowth (Figure 10D); d) clay minerals (book-like kaolinite, filamentous illite, etc.) were observed in the dissolution pores of feldspar, which means they precipitated after the dissolution of feldspar (Figures 10E,F); e) some iron-bearing calcite filled in the intergranular dissolution pores, indicating that the iron-bearing calcite precipitated after dissolution (Figure 10G); f) some dark organic matter developed in dissolution pores, indicating that hydrocarbon charging occurred after dissolution (Figures 10H,I). During the complex diagenetic evolution process, various events occurred alternately and repeatedly.
[image: Figure 10]FIGURE 10 | Characteristics of paragenetic sequence in LJR in the Lenghu area: (A) chlorite film on the surface of clastic particles (LK1, 4315.56 m); (B) calcite filled the intergranular pores formed by particles which surrounded with chlorite film (LS1, 2832.10 m); (C) calcite filled the intergranular pores formed by particles which surrounded with chlorite film (L95, 3357.89 m); (D) quartz overgrowth occurred around quartz without chlorite film (T1, 4433.64 m); (E) book-like kaolinite and filamentous illite filled the dissolution pores (LK1, 3482.25 m); (F) book-like kaolinite, filamentous illite, and I/S mixed layer filled the dissolution pores (LK1, 4307.58 m); (G) iron-bearing calcite filled the intergranular dissolution pores (LK1, 4312.03 m); (H) dark organic matter (LK1, 4317.91 m); (I) dark organic matter (LK1, 4433.99 m).
Overall, the paragenetic sequence of LJR in the study area can be reconstructed as follows: Early mechanical compaction → Formation of early chlorite film → Precipitation of early smectite → Cementation of the first phase of calcite → Occurrence of quartz overgrowth → Precipitation of kaolinite → Precipitation of I/S mixed layer → Cementation of second phase calcite → Slight dissolution in feldspar and rock fragment → Precipitation of illite → Dissolution of calcite cement → Hydrocarbon charging → Precipitation of some iron-bearing calcite → The occurrence of chemical compaction → The occurrence of a small number of fractures (Figure 11).
[image: Figure 11]FIGURE 11 | Paragenetic sequence in the LJR in the Lenghu area.
5.2 Porosity evolution model
Clarifying the porosity evolution is essential for characterizing the densification of the TSR. The initial porosity of the LJR is determined using an empirical formula proposed by Beard and Weyl in the 1970s (Beard and Weyl, 1973). Moreover, thin-section observations were used to quantitatively analyze porosity evolution. The parameters and equations used in this calculation are listed in Supplementary Table S3.
The results of the quantitative analysis indicate that the initial porosity of LJR was 32.2%, which is much lower than the conventional 40% for similar sediments (Houseknecht, 1989; Wang et al., 2020) (Supplementary Table S4). Based on the regional burial history (Zhou et al., 2019; Pang et al., 2022), para-diagenetic sequence, CTS, and SEM observations, combined with the results of quantitative analysis, this study established an evolution model of the LJR porosity (Figure 12).
[image: Figure 12]FIGURE 12 | Porosity evolution model of the LJR in the Lenghu area.
In the early burial stage, diagenesis had little influence on reservoir properties. The particles floated, with no contact between them; therefore, the primary intergranular pores were the main pore types. The deeper the burial, the greater the intensity of compaction. The contact between the particles was mainly point contact with a small amount of point-line contact. During this process, mechanical compaction rapidly decreased the reservoir properties. In addition, early cementation had a destructive effect on the reservoir properties. The early chlorite film appeared to have a certain resistance to early compaction. In addition, a small amount of smectite, the first phase of the calcite cement, and quartz overgrowths could also be precipitated (Figure 12).
In the eo-diagenetic stage B, mechanical compaction intensified, leading to the directional arrangement of mica and line and point-line contact between particles. This stage marked the peak impact of mechanical compaction on the reservoir properties. Quantitative analysis results showed a reduction of porosity with residual porosity of 6.0% after compaction, indicating a porosity loss rate of 81.5% during the process. At this stage, slightly acidic fluid dissolved the soluble substances forming intergranular and intragranular dissolution pores. With the evolution of diagenesis, cementation gradually intensified. The second phase of calcite precipitated as crystals among the particles and filled the intergranular pores. Observations indicated kaolinization of feldspar and precipitation of a small amount of kaolinite. In addition, a small amount of illite was observed. As diagenesis continued, a lot of I/S mixed layers and illite precipitated. And the third phase calcite (iron-bearing calcite) can also be observed. During this stage, cementation had the greatest influence on reservoir properties. According to quantitative analysis results, the loss rate of porosity after cementation was 11.8% (Figure 12).
After entering meso-diagenesis stage A, the mechanical were no longer the main factors affecting reservoir quality. Chemical compaction occurred during this time, and the stylolite structure was observed under the microscope. At this stage, many organic acids were released during the conversion of organic matter to hydrocarbons. The intrusion of acidic fluids caused the dissolution of soluble substances, forming dissolution pores. Dissolution also occurred inside the calcite particles, forming intergranular dissolution pores. In addition, acidic fluids dissolved the cleavage fractures to form microfractures. This stage was dominated by dissolution, which can significantly improve the reservoir properties. According to quantitative calculations, the reservoir porosity increased by 6.0% after dissolution (Figure 12).
In meso-diagenetic stage B, the influence of dissolution gradually decreased, and a small number of fractures were observed. Fractures were relatively undeveloped in the LJR and had little impact on reservoir properties (Figure 12).
Quantitative analysis of porosity evolution has demonstrated that, affected by different diagenesis, the calculated porosity of these analyzed samples was 8.1%, and the measured porosity was 8.2%; the error between them was only 1.3, which fell within the acceptable margin of error (Supplementary Table S4).
5.3 Control of diagenesis on reservoir properties
For TSR, diagenesis is an important factor causing reservoir densification and strong heterogeneity. Diagenesis can directly change reservoir pore structure and determine the preservation of primary pores and the formation of secondary pores (Li et al., 2005; Wu et al., 2017; Zhang et al., 2021).
5.3.1 Compaction
Among all the types of diagenesis, mechanical compaction is usually the most important factor for pore reduction and mainly affected by burial depth (Lai et al., 2016; Wang et al., 2020; Lv and Li, 2021). Previous studies have shown that mechanical compaction can usually reduce porosity from 45% to 10% at a depth of 4,000 m (Ramm and Bjørlykke, 1994; Hong et al., 2020). According to the CTS observations, the contact between particles is a line, point-line, and occasionally concave-convex. In addition, the plastic particles (mica, etc.) underwent directional arrangement and extrusion deformation, indicating that the compaction of the LJR was strong. Based on the quantitative calculation above, the initial porosity (Φ1) of LJR is between 29.6% and 33.3% (avg. 32.2%). According to the relationship between intergranular pore volume (IGV) and cement content first proposed by Houseknecht, 1989, it can be seen that both compaction and cementation lead to the loss of porosity, confirmed by the associated porosity loss rates of 81.5% and 11.8%, respectively. For the LJR, compaction was the most critical factor affecting reservoir densification (Figure 13).
[image: Figure 13]FIGURE 13 | The effect of compaction and cementation on porosity of the LJR in the Lenghu area.
5.3.2 Dissolution
Dissolution significantly enhances the porosity of the TSR (Osborne and Swarbrick, 1999; Hong et al., 2020). According to the CTS observations, dissolution pores have a good relationship with thin section porosity (R2 = 0.94) (Figure 14A), core porosity (R2 = 0.55) (Figure 14B), and core permeability (R2 = 0.53) (Figure 14C). These results indicate that dissolution not only greatly improves the porosity but also improves the permeability of the LJR.
[image: Figure 14]FIGURE 14 | The crossplots of secondary dissolution pore and (A) thin section porosity, (B) core porosity, and (C) core permeability of LJR in the Lenghu area.
The study area provided suitable conditions for the occurrence of dissolution for the following reasons. Soluble substances (feldspars, rock fragments, calcite cement, etc.) dissolved under the influence of acidic fluids and formed dissolution pores. The rock types in LJR were mainly feldspathic litharenite, litharenite, and lithic arkose. The rock fragments were mainly soluble lithics (such as metamorphic and volcanic lithics). Therefore, the study area had a good material basis for dissolution. Furthermore, many organic acids were released during the maturation of organic matter (Yin et al., 2020). The LJR is a coal-bearing unit, thus its organic acid content is several times that of general hydrocarbon source rocks (Jiang et al., 2004; Han et al., 2020). Therefore, it provided sufficient organic acids for the early diagenesis of sandstone and laid a material foundation for later dissolution.
According to the cross-plot between the dissolution pores and the burial depth, an apparent dissolution zone developed near 4,400 m (Figure 15A). Thin section observation shows that samples with dissolution pores (black dots) account for 90.6% of the total samples at this depth (Figure 15). Based on the CTS observations, the correlation between dissolution pores and feldspar was poor in this study (R2 = 0.12) (Figure 15B); however, the connection showed an excellent negative correlation at depth of 4,400 m (R2 = 0.50) (Figure 15B). In addition, soluble particles (feldspar, metamorphic lithics, volcanic lithics, etc.) in all samples had a nil correlation with the dissolution pores, at R2 = 0.04 (Figure 15C). Still, in the dissolution zone, the correlation was moderately good (R2 = 0.42) (Figure 15C). Overall, dissolution in the Lenghu area was dominated by feldspar dissolution, followed by rock fragment dissolution.
[image: Figure 15]FIGURE 15 | The crossplots of the secondary dissolution pore and (A) depth, (B) feldspar, and (C) feldspar + rock fragment of LJR in the Lenghu area.
5.3.3 Cementation
The cementation of LJR in the Lenghu area was dominated by carbonate and clay mineral cementation. Details are as follows.
5.3.3.1 Calcite cementation
Based on the CTS observations, the calcite content in the study area had an obvious negative correlation with porosity (R2 = 0.70) (Supplementary Figure S1A), and the correlation between calcite content and permeability was complex. When calcite content is less than 5%, the correlation between calcite content and permeability is weak; however, when its content exceeded 5%, calcite content and permeability showed a significant negative correlation (R2 = 0.63) (Supplementary Figure S1B). The results show that calcite mainly degrades reservoir properties by filling intergranular or dissolution pores. When the calcite content reaches a certain value (>5%), it significantly affects the reservoir permeability.
5.3.3.2 Clay mineral cementation
The presence of clay minerals is an essential factor affecting the reservoir properties of TSR. Authigenic clay minerals often develop in pores, occupy a certain space, and degrade reservoir properties. As shown in the cross-plot of Supplementary Figure S2, the correlation between reservoir properties (porosity and permeation) and clay mineral content is weak. However, the reservoir properties show a slightly decreasing trend with the increase of clay mineral content. This means that the clay minerals of LJR have a destructive influence on the reservoir properties, and their effects differ owing to differences in the morphology and composition of the clay minerals. The details are as follows.
Kaolinite was found to be the main clay mineral in the LJR, and the relationship between its content and reservoir properties is complex. When the kaolinite content was less than 40%, it was positively correlated with reservoir properties; however, when it was higher than 40%, porosity and permeability showed a significant negative correlation with kaolinite content. (Supplementary Figures S3A, B). This is because kaolinite often directly fills pores and occupies a certain reservoir space (Worden and Morad, 2003; Li et al., 2017b; Wang et al., 2019). Feldspar dissolution is an important mechanism for kaolinite formation. At the beginning of kaolinite precipitation, the dissolution of feldspar was relatively strong. Kaolinite is too small to crystallize and precipitate in situ, so the pore fluid can easily remove it. This process increases the porosity and permeability. Subsequently, feldspar dissolution gradually weakened with the consumption of acidic fluids. At this time, the kaolinite content progressively improved and precipitated in situ. During this process, the pores produced by feldspar dissolution were not sufficient to offset the pore loss caused by kaolinite filling, which decreased the porosity and permeability.
I/S mixed-layer content in the study area was slightly lower than that of kaolinite. It mainly developed in the form of filaments and flakes and occupies a certain reservoir space. Filamentous and flaky I/S mixed layers can divide the pore space and decrease reservoir connectivity. The I/S mixed layer content has a moderate correlation with porosity (R2 = 0.35) (Supplementary Figure S3C) and a very correlation with permeability (Supplementary Figure S3D).
Illite content and porosity exhibited a specific positive correlation (Supplementary Figure S3E). This is because a large amount of K+ is required for illite formation, most of which originates from the dissolution of potassium feldspar. Simultaneously, the dissolution of potassium feldspar can promote illite formation, and the reaction does not stop until potassium feldspar is completely depleted (Berger et al., 1997). Although the precipitation of illite will occupy a certain pore space, previous studies have demonstrated that during the dissolution of potassium feldspar to form authigenic illite, the overall performance is volume loss and pore space increases, which can create approximately 10.7% of the additional space (Huang et al., 2009). However, filamentous or flake illite increased the curvature of the pores and led to a slight decrease in permeability. Overall, porosity slightly increases with illite content (R2 = 0.15), while permeability slightly decreases (R2 = 0.03) (Supplementary Figures S3E, F).
Chlorite exists in the form of chlorite films. The chlorite film can resist compaction, thus protecting primary pores. In addition, it can inhibit quartz overgrowth (Ajdukiewicz and Larese, 2012; Azzam et al., 2022). Therefore, chlorite content is positively correlated with porosity (R2 = 0.60) (Supplementary Figure S3G). Because it is undeveloped in the LJR, it has little effect on permeability (R2 = 0.03) (Supplementary Figure S3H).
5.4 Reservoir densification mechanism
By establishing a porosity evolution model and quantitative analysis of the influence of different diagenesis on reservoir properties, this study has clarified the densification mechanism of tight sandstone reservoirs in the Lenghu area. The details are as follows:
The initial porosity of unconsolidated sandstone in Lenghu area is 32.2%. In the early stage of diagenesis, diagenesis has little effect on reservoir physical properties. A large number of primary intergranular pores are developed, and compaction is an essential factor in reservoir pore reduction. The reservoir properties are good at this stage, and the tight sandstone reservoir has not yet been formed. In addition, the development of chlorite film is significant for preserving primary pores (Ajdukiewicz and Larese, 2012; Wang et al., 2020). Reservoirs with well-developed chlorite film are favorable zones for developing high quality-reservoir in later stages.
In the eo-diagenetic stage B, the compaction intensity increased gradually as the buried depth increased. At this stage, the porosity loss rate caused by compaction is as high as 81.5%. Additionally, the cementation is also gradually enhanced. Calcite occupied some reservoir space by filling intergranular pores; at the same time, many authigenic clay minerals (such as I/S mixed layer and illite) precipitated and blocked the pore throat system. In this stage, the LJR in the Lenghu area has almost been densified, mainly affected by compaction, calcite cementation and clay minerals cementation.
After entering the meso-diagenetic stage A, the influence of compaction on reservoir properties is relatively weak. Dissolution has become the main diagenetic event in this stage. Soluble particles (such as feldspar, debris and calcite) are dissolved under the action of acidic fluid, thus forming a large number of secondary dissolution pores. The dissolution can significantly improve the reservoir properties. The quantitative calculation above showed that the porosity increased by 6.0% after the dissolution. This stage is the critical period for forming high quality-reservoir in tight sandstone reservoirs in the Lenghu area, mainly in the 4400 m depth.
In the meso-diagenetic stage B, the influence of dissolution on the reservoir gradually weakened. Although few fractures appeared, they had little effect on reservoir properties. Simultaneously, the cementation of iron-bearing calcite further strengthened the densification of the LJR in the Lenghu area.
6 CONCLUSION

(a) The sandstone types of the LJR in the Lenghu area are diverse and are mainly composed of feldspathic litharenite, followed by litharenite and lithic arkose, small amounts of subarkose and sublitharenite. The particles were characterized by line and point-line contact, good-medium sorting, and subangular roundness. The pore types were dominated by secondary dissolution pores, followed by residual intergranular pores and occasional fractures. The LJR is a typical TSR, with average porosity and permeability of 5.5% and 0.08 mD, respectively.
(b) The LJR has entered the meso-diagenetic stage A, with minor progression into meso-diagenetic stage B. Quantitative estimations suggest shows that the initial porosity of LJR is 32.2%. In the early stage of diagenesis, cementation and dissolution are weak. Compaction is an important factor for reservoir porosity reduction, and compaction intensity increases with the increase of buried depth. At the eo-diagenetic stage B, the influence of compaction and cementation on porosity reached their peak, and the porosity loss rates were 81.5% and 11.8%, respectively. In this stage, the LJR in the Lenghu area has almost been densified, mainly affected by compaction, calcite cementation and clay minerals cementation. After entering the meso-diagenetic stage A, dissolution is the main diagenesis event, which can increase porosity by 6.0%. In meso-diagenetic stage B, the influence of dissolution gradually decreased, and a small amount of fracturing occurred. Simultaneously, the cementation of iron-bearing calcite further strengthened the densification of the LJR in the Lenghu area.
(c) Cementation played an important role in the quality and heterogeneity of LJR, and it is dominated by calcite cement. The correlation between porosity and calcite content was very good (R2 = 0.7). Calcite content and permeability showed no obvious correlation when calcite content was <5%; when the calcite content exceeded 5%, it showed a significant negative relationship. Kaolinite is the most abundant clay mineral of LJR. Reservoir properties were positively correlated with kaolinite content when it was <40%, but have a significant negative correlation when it was higher than 40%. Dissolution can significantly improve reservoir properties, which are mainly developed at 4400 m.
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