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Introduction: Clay minerals are critical components of lacustrine shale systems, where their associated pores govern reservoir properties. The diagenetic transformation of these minerals, particularly illitization, profoundly impacts reservoir quality, yet the mechanisms driving illitization and its influence on pore evolution remain poorly understood. This study investigates the illitization processes and pore characteristics in the Cretaceous Qingshankou Shale (QSK shale) to elucidate their implications for unconventional hydrocarbon storage.Methods: Core samples from the QSK shale in the Gulong Sag, Songliao Basin, were analyzed using a multi-method approach: field-emission scanning electron microscopy (FE-SEM) for pore morphology, QEMSCAN® for mineralogical mapping, X-ray diffraction (XRD) for clay mineral quantification, and nitrogen adsorption for pore-size distribution analysis.Results: Key findings include: (i) Clay minerals in the QSK shale are dominated by illite and illite/smectite mixed layers (average >40% content), with intense illitization yielding >60% illite in clay fractions. (ii) Pores within clay minerals (micropores and mesopores <50 nm in illite/illite-smectite; macropores 50–100nm and elongated pores >800nm in chlorite) constitute primary storage spaces, interconnected by microcracks. (iii) Illitization occurs via two pathways: transformation of illite/smectite mixed layers and albite alteration, with the former dominating. Porosity initially increases with illite content (up to ∼30%) but declines progressively beyond this threshold.Discussion: The threshold effect of illitization on porosity highlights a critical balance between pore generation (via mineral dissolution) and occlusion (from authigenic illite precipitation). These findings provide a mechanistic framework for predicting reservoir quality in lacustrine shale systems, emphasizing the dual role of illitization in enhancing or degrading storage capacity depending on diagenetic maturity.Keywords: clay minerals, illitization, gulong shale, pore characteristics, reservoir performance
1 INTRODUCTION
Lacustrine shale is currently a key focus of exploration in China, with significant breakthroughs achieved in the Ordos Basin, Junggar Basin, and other regions (Fu et al., 2021; Fu et al., 2020; Jianyong et al., 2022; Dongmin et al., 2019; Wang et al., 2019; Yang et al., 2018). Unlike the shale in the Ordos Basin and Junggar Basin, the QSK shale in the Gulong Sag of the Songliao Basin does not contain interlayers or has a small total thickness of interlayers, and pure shale is developed (Wenzhi et al., 2023; Sun et al., 2021; Jin et al., 2023). In recent years, important discoveries have also been made in the pure shale with integrated sources and reservoirs. Many wells have obtained industrial oil flow, and multiple development platforms have been established. Lacustrine pure shale has exploration value (Sun et al., 2021; Jin et al., 2023; Wang Y. et al., 2020; Wang G. et al., 2020; Liyun, 2021; Du et al., 2019). The breakthrough in pure shale exploration is highly significant for lacustrine shale exploration. In terms of distribution area, pure shale is generally distributed in the center of the lacustrine basin, covering a wide area. It has a large development thickness and high exploration value. In terms of lithology, pure shale is a true integrated source and reservoir and is also the most typical representative of lacustrine shale with great research significance.
The QSK shale in Gulong has a high clay mineral content, and the clay mineral pores contribute greatly to the reservoir performance. In addition, the illitization is strong due to the influence of diagenesis. The illite content in the Gulong shale is extremely high. Therefore, the effect of illitization on reservoir performance is worth studying. Previous researchers have conducted in-depth and systematic research on shale reservoir characteristics, but there are relatively few studies on pure shale (Wang Y. et al., 2020; Wang G. et al., 2020; Liyun, 2021; Du et al., 2019; Liu et al., 2021; He et al., 2022), especially the research on clay mineral pores and illitization in shale is relatively weak. Due to the high degree of thermal evolution, the Gulong shale has entered the A-B stage of intermediate diagenesis (Feng et al., 2020; Shao et al., 2021). Most of the clay minerals have been converted into illite. How does the illitization occur? What is the impact of illitization on the shale reservoir performance? There are not many studies on the impact of illitization in shale on the reservoir pore structure. Only a few scholars have studied the relationship between illite and pores, and no unified view has been formed (Afagwu et al., 2022; Nadeau et al., 2005; Jiang et al., 2021). Afagwu and Nadeau et al. believed that illite has weaker adsorption capacity than clay minerals such as chlorite, smectite, and kaolinite, and has smaller pores (Afagwu et al., 2022; Nadeau et al., 2005). Shao et al. proposed that illite has a stronger adsorption capacity than other clay minerals. The transformation of smectite to illite in Gulong shale is a low-energy spontaneous reaction. This process releases interlayer water and structural water, resulting in lattice collapse and clay particle volume shrinkage. The clay mineral micro-nano pores are formed. These pores increase the shale reservoir space and increase the adsorption capacity of the reservoir. In addition, the clay mineral illite/smectite mixed layer is rapidly transformed into illite, and the lamellar clay minerals shrink along the lamellation, forming a large number of lamellar fractures (Shao et al., 2021).
Historical experience in conventional oil and gas exploration focusing on sandstone, carbonate rock, etc. did not pay enough attention to clay mineral pores, which has also led to insufficient understanding of clay mineral pores. Although clay mineral pores are small, they play an important role in the shale reservoir, especially pure shale, because of their large total pore volume. Similarly, the impact of clay mineral transformation, such as illitization, on shale reservoir performance is also worthy of in-depth study. For this reason, this paper takes the QSK shale in the Gulong Sag as the research object, focusing on two aspects: (1) the characteristics of clay mineral pore development and its contribution to the pore size of pure shale; (2) how does illitization affect shale reservoir performance? The study of these two issues provides a reference for the optimal selection of pure shale oil sweet spots and also provides support for the enrichment theory of lacustrine shale oil.
2 STUDY AREA BACKGROUND
The Gulong Sag is located in the northern part of the Songliao Basin, west of the Daqing Changyuan in the central depression area, with an area of about 3,700 km2. The QSK shale and the Nenjiang Formation are lacustrine deposits formed in the late Cretaceous period, during which two large-scale lacustrine progressions occurred and a large area of high-quality mud shale was developed. A set of dark gray and black medium-high maturity shales (Ro ≥ 0.7) were developed in the Qing 1 and 2 Members of the Gulong Sag (Figure 1). In addition, this set of shale has shallow burial depth and a high organic matter content. Industrial oil flows have been obtained from multiple wells, revealing the exploration potential of pure shales. Compared with the Yanchang Formation shale in the Ordos Basin and the Lucaogou Formation shale in the Junggar Basin, this pure shale almostly does not contain interlayers or has thin interlayers. It mainly contains thick mud shale. For the same reason, the clay mineral content is higher.
[image: Figure 1]FIGURE 1 | Location map and the stratigraphic column of the study area. (A) Location map. (B) stratigraphic column. (C) Geological cross-section. 
3 EXPERIMENTAL SAMPLES AND METHODS
3.1 Experimental samples
The research focuses on the black shale of the Gulong QSK shale in the Songliao Basin. The experimental samples were selected drill core samples from typical shale oil wells SL1,SL2 with high clay mineral content in Qingshankou Formation. The samples are divided into two categories include block samples and powdered samples. The block samples are used for scanning electron microscopy (SEM) analysis and high-pressure mercury injection experiments, while powder samples are used for X-ray diffraction (XRD) and low-temperature nitrogen adsorption analyses. These methods provide data on the whole-rock composition and pore structure of the samples.
3.2 Experimental methods
This study was mainly completed in the laboratory of the National Energy Tight Oil and Gas Research and Development Center. According to the research purpose, this experiment is divided into three parts. The specific methods and processes are as follows: (1) Analysis of rock mineral components. The experimental instrument used is the Rigaku X-ray diffractometer to analyze the 200-mesh powder sample. The instrument model used for XRD non-clay soil mineral analysis is Smart Lab. The experiment was completed at a working voltage of 45 kV and a working current of 150mA; The experiment was completed at a working voltage of 48 kV and a working current of 100 mA. It is used to obtain rock mineral components and clay mineral composition analysis; (2) Clay mineral characteristic analysis. A high-resolution scanning electron microscope was used to obtain electron microscope photos of clay minerals. The instrument model used was the high-resolution field emission scanning electron microscope Apreo, FEI Company, United States. The working voltage was 2.00 kV and the working distance was 4.0 mm.Samples for SEM analyses were polished by argon ion. (3) EDS (energy dispersive spectrometry) analysis was used to analyze elements and minerals. (4) Pore structure analysis. Low-temperature nitrogen adsorption instrument and a high-pressure mercury injection experiment were used. The low-temperature nitrogen adsorption experiment was completed at Peking University. The instrument used was an ASAP2020-specific surface area analyzer. The experiment used shale powder samples with a particle size of 200 mesh. The specific surface area used Brunauer-Emmett-Teller (BET) specific surface area. According to the desorption curve determined by the Barret-Joyner-Halenda (BJH) theory, the pore volume was calculated, and the equivalent pore distribution was quantitatively analyzed. The high-pressure mercury injection experiment was completed at China University of Geosciences (Wuhan). The instrument used was a Mack Auto Pore V 9620 high-pressure mercury injection instrument. Before the experiment, the shale was cut into cubes with a side length of 1 cm, and the six faces of the cubic shale sample were polished with a grinder. The sample was then placed in a 60°C oven for more than 48 h until the mass no longer changed. Finally, the sample was placed in a room-temperature drying oven for testing.
4 PORE CHARACTERISTICS OF CLAY MINERALS IN QSK SHALE
4.1 Mineral composition of shale rock
The QSK shale in the Gulong Sag of the Songliao Basin is a set of high-clay, organic-rich shale (Figure 2), with an average TOC content of 2%, a feldspar content of about 5%–37% with an average of 10%, and a quartz content of about 20%–65% with an average of 30%. The clay mineral content is generally high with an average of more than 40% and a maximum of up to 65%. Similar to the lacustrine shales in other basins (Wu et al., 2022; GanLin et al., 2021), affected by sedimentation, astronomical cycles, etc. (Zhu et al., 2024; Zhu et al., 2022; Zhang T. et al., 2023; Jin et al., 2020; Fu et al., 2022; Qingtao et al., 2024; Zhang R. et al., 2023), the QSK shale developed laminae, mainly clay laminae, felsic laminae, and ostracod laminae. Due to the high degree of thermal evolution, the vitrinite reflectance (Ro) of the QSK shale in the Gulong Sag has reached more than 1.3%, and the shale has entered the late stage of intermediate diagenesis. Among the clay minerals, illite is the primary one, accounting for an average of 66% of the clay minerals and a maximum of 82%. The second is the illite/smectite mixed layer, with an average content of about 2.1%. At the same time, a small amount of chlorite is developed, with an average content of about 1.3% (Figure 3).
[image: Figure 2]FIGURE 2 | Core and microscopic photos of QSK shale. (A) core photo, showing felsic and clay mineral lamina. (B) Micrograph of thin Section. (C) SEM-BSE image. (D) Qemscan image.
[image: Figure 3]FIGURE 3 | Mineral and clay mineralogical composition of the QSK shale (I-illite, I/S-illite/smectite mixed layers, C-chlorite). (A) Mineral composition bar chart. (B) Clay mineral composition bar chart.
4.2 Clay minerals and their main pore types
Affected by the high degree of evolution, the main clay minerals in the QSK shale are illite and illite/smectite mixed layers, containing a small amount of chlorite. Due to the small particle size of clay minerals, usually at the micro-nano level, to observe the characteristics of clay minerals, high-resolution scanning electron microscopy must be used for analysis. From the scanning electron microscope photos, it can be seen that illite is gray - dark gray, hair-like, flanking, and fine crystals. The illite/smectite mixed layer is gray-dark gray, leaf-like, and wool-like. Chlorite is relatively light in color, grayish white, plate-like, long strips, and coarse crystals. At the same time, clay minerals develop intragranular/intergranular pores due to their special crystal structure and distribution (Figure 4). Clay mineral pores are the main pore type of Gulong shale, contributing greatly to the shale reservoir. They are mainly inter-crystalline pores and inter-granular pores of illite and illite/smectite mixed layers. Due to the high organic matter content in the Gulong Shale, most of the clay mineral pores are filled with organic matter, and some of the filled organic matter forms new organic pores under hydrocarbon generation (Figures 4B, D).
[image: Figure 4]FIGURE 4 | Electron microscope backscatter images of clay minerals and pores (A) Hair-like illite is developed, and a large number of honeycomb-like nanopores are formed between illite particles, with a pore size of 20–50 nm. (B) Illite/smectite mixed layers are developed, the pores are filled with organic matter, and organic pores are developed. (C) The illite/smectite mixed layer is inlaid with chlorite. The illite/smectite mixed layer has a small particle size and a pore size of less than 100 nm. The framework pores formed by chlorite minerals are large and mostly narrow and long with microcracks. Illite/smectite mixed layers, chlorite, and organic matter are developed in combination. (D) The intergranular pores of the illite/smectite mixed layers and chlorite are filled with organic matter. (White arrows represent pores, yellow arrows represent organic matter; I-illite, I/S-illite/smectite mixed layers, C-chlorite, OM-organic matter).
4.3 Pore size distribution characteristics of clay minerals
4.3.1 Pore size distribution characteristics
To better study the pore structure of clay minerals, clay mineral laminae were selected for research, ensuring data representativeness and statistical significance. These laminae consist primarily of clay minerals, where clay mineral pores are well-developed. The clay mineral laminae were stripped out by wire-cutting technology to conduct nitrogen adsorption experiments. The study found that the clay mineral pores are mainly mesopores and micropores less than 50 nm. The pores are mostly developed in the two intervals of 50 nm and 3 nm. Regarding pore quantity, it can be seen that there are many small pores around 3 nm (Figure 5). By comparing the pores of felsic laminae and ostracod laminae, it is not difficult to find that clay mineral pores have a larger specific pore volume and specific surface area.
[image: Figure 5]FIGURE 5 | Microscopic photos and pore distribution histograms of different types of laminae. (CLL-clay mineral lamina, FQL-feldspar-quartz lamina, OLL-ostracoda lamina).
Scanning electron microscope Maps image analysis found that clay mineral lamina have better porosity than felsic laminae and ostracod laminae. In Map analysis, it should be noted that, approximatively take the plane porosity as the porosity, meanwhile, the pores with length-width ratio greater than 10 were defined as fractures. Through the study of different laminae samples, it was found that the total porosity of clay mineral lamina is 1.2%, of which pores account for 98.6% and fractures account for 1.4%. The total porosity of felsic laminae is 0.65%, of which pores account for 99.7% and fractures account for 0.3%; the total porosity of ostracod laminae is 0.4%, of which pores account for 97% and fractures account for 3% (Figure 5). Therefore, it can be seen that the total pore volume of clay laminae is larger, and micro-fractures are developed. It also proves that clay mineral micro-fractures are more developed.
4.3.2 Three-dimensional characteristics of pores in different clay minerals
Through the analysis of the pores of samples with different clay mineral contents, it was found that the specific pore volume and specific surface area are proportional to the clay mineral content (Figure 5). It has been previously mentioned that the pore size and morphology of different types of clay minerals are different. To further explore the pore contribution of different types of clay minerals, the correlation between pore parameters and clay mineral content was studied. The study showed that, for illite, the nitrogen adsorption BJH pore volume is proportional to the illite content, while the mercury injection (MIP) porosity is not strongly correlated with the illite content. For chlorite, the mercury injection porosity is proportional to the chlorite content, but not strongly correlated with the nitrogen adsorption BJH pore volume. At the same time, the nitrogen adsorption BJH pore volume and mercury injection porosity are not strongly correlated with the illite/smectite mixed layer content (Figure 6). It is known that the effective pore size characterization ranges of nitrogen adsorption and mercury injection are different. The effective pore characterization range of nitrogen adsorption is 2 nm–100 nm, while the effective pore characterization range of mercury injection is 100 nm-900 μm. Therefore, we can analyze that the pores developed in illite are mainly within the characterization range of nitrogen adsorption, that is, 2 nm–100 nm pores. However, the pores of chlorite are relatively large, with pore sizes ranging from tens of nanometers to micrometers.
[image: Figure 6]FIGURE 6 | Correlation diagrams between specific BJH pore volume, mercury injection porosity, and different clay minerals (MIP-mercury injection porosity). (A1, A2) Correlation diagram between porosity and illite content. (B1, B2) Correlation between porosity and illite/smectite mixed layer content. (C1, C2) Correlation between porosity and chlorite content.
Based on the study of pore size, FIB-SEM was used to carry out three-dimensional characterization of the pores of different clay minerals. The analysis results show that the pores of illite and illite/smectite mixed layers are mainly composed of pores with a pore size of less than 50 nm (Figure 7), which is consistent with the research of S Kaufhold et al. that about 80% of the pores of clay minerals in shale are 30 nm in size (Kaufhold et al., 2016). The width of micro-fractures is typically greater than 800 nm. The pores of chlorite are relatively large, with macropores of 50–100 nm and narrow pores greater than 800 nm. In general, the pore space connectivity of clay minerals is poor and relies on micro-fractures for communication.
[image: Figure 7]FIGURE 7 | FIB-SEM 3D analysis results of pores in different types of clay minerals. (A1, B1, C1) SEM image of clay mineral pores. (A2, B2, C2) 3D photo of pores,the red areas represents pores, and the continuous red patchy area represents cracks. (A3, B3, C3) 3D micro-scale map of the rock sample showing different components: gray indicates the matrix, yellow represents pyrite, black denotes organic matter, and red highlights pores. (A4, B4, C4) Distribution of pore volume percentage as a function of pore size (A5, B5, C5) Distribution of pore number as a function of pore size.
As the research findings above indicate, shale porosity is positively correlated with the content of illite and chlorite in clay minerals, and since illite dominates the clay mineral composition, it is crucial to investigate the process of illitization.
5 DISSCUSSION
5.1 The mechanism of illitization
Based on the basic theory of diagenetic mineral transformation, combined with energy distribution spectrum (EDS) analysis, two illitization processes were discovered: the transformation of illite/smectite mixed layer to illite and the transformation of feldspar to illite.
5.1.1 Transformation of illite/smectite mixed layer to illite
Illite is not a single mineral but a group of clay minerals with a mica structure, which was called hydromica in the past. Illite is rich in potassium, high in aluminum, and low in iron. The molecular formula of illite is K<1(Al,R2+)2 [(Si,Al)Si3O10][OH]2·nH2O, of which R represents divalent metal cations, mainly Mg2+, Fe2+, etc. The formula of smectite is Na, Ca)0.33(Al, Mg)2 [Si4O10](OH)2·nH2O, which contains a small amount of Na, Ca, Mg. Compared with illite, smectite lacks potassium and has a low aluminum content. Experimental studies have also shown that when the temperature is 100°C–130°C and the ratio of K+ to H+ is close to that of normal seawater, smectite loses interlayer water and transforms into illite. However, smectite cannot be simply transformed into illite through ion exchange, because smectite is a typical 3:1 clay mineral with hydrated cations and water molecules as interlayers. With the increase of burial depth, temperature, and pressure, part of the interlayer water of smectite will be released, causing some interlayer collapse and leading to the rearrangement of the lattice and the adsorption of alkaline cations. It forms a smectite/illite mixed layer mineral, namely, an illite/smectite mixed layer. Then, it further transforms into illite. It is generally believed that the depth range of smectite to illite/smectite mixed layer transformation should be between 1,200 and 3,500 m (Xia et al., 2018; Hower et al., 1976; Zhao and Zhang, 1990; Ren, 1992).
Under acidic conditions, potassium feldspar dissolves, providing potassium ions to stimulate the transformation of the illite/smectite mixed layer into illite, and generating chlorite at the same time (molecular formula: (Mg.Fe.Al)6 [(Si.Al)4O6](OH)8) and micro-crystalline quartz (Equation 1). The particle size of these micro-crystalline quartz particles is generally less than 3 microns, and they are semi-automorphic or anthropomorphic. The particles often exist in the form of many micro-crystalline quartz aggregates. Since interlayer water is removed during the transformation of the illite/smectite mixed layer into illite, new pores are formed during the transformation. Meanwhile, since the unit structural height is reduced from 1.5 nm to 1 nm the smectite structure collapses when smectite is transformed into illite. Therefore, micro-fractures–fractures (Xingyuan and Dongbo, 2016) are generated. Through EDS element analysis, evidence was found that the transformation of illite/smectite mixed layers to illite in the Gulong QSK shale (Figure 8). According to EDS element analysis (Figure 8B), the distribution of different minerals was clarified (Figure 8A). In the blue circle area of Figure 8C, hair-like illite can be seen, which is transformed from the illite/smectite mixed layers. In addition, many micro-pores can be seen in the illite (Figure 8D).
[image: image]
[image: Figure 8]FIGURE 8 | Evidence of illite/smectite mixed layer to illite transformation under EDS. (A) EDS element fusion diagram. (B) EDS single element distribution diagram. (C) SEM electron microscope photo. (D) SEM processed photo, the black areas represent pores.
5.1.2 Feldspar transformation to illite
Potassium feldspar and albite are the main types of feldspar in Gulong Shale, with albite being the main type. Both types of feldspar have the possibility of transforming into illite.
5.1.2.1 Transformation of potassium feldspar to illite
The molecular formula of potassium feldspar is KAlSi3O8. Since shale is different from sandstone in clastic rock and is a closed system, there is generally no additional source of K+. Potassium feldspar can be converted into illite in two ways. One way is that Potassium feldspar first transforms into kaolinite and then further converts into illite. The other way is that it converts directly into illite. The former does not require the consumption of H+ (Cai et al., 2023; Sijing et al., 2009), while the latter does. According to the mineral composition of Gulong shale, there is almost no kaolinite and the potassium feldspar content is also very small. It is mainly the coexistence of illite and quartz. It is speculated that if potassium feldspar is converted into illite, it should be a clay mineral conversion that occurs where the content of potassium feldspar and kaolinite is almost the same.
5.1.2.2 Albite transformation to illite
The molecular formula of albite is: NaAlSi3O8, The content of albite in Gulong shale is high, with an average of more than 10%. Under acidic conditions, potassium feldspar dissolves, providing potassium ions and stimulating the transformation of albite to illite. However, a large number of illite/smectite mixed layers will be generated during the process, and then the illite/smectite mixed layers will be transformed into illite. In this process, silica will also precipitate to form authigenic quartz and form micro-nanopores. Through EDS elemental analysis, evidence of the transformation of albite to illite was found (Figure 9). It can be seen that the reddish part in the albite area in Figure 9A is the transformation of albite to illite.The yellow areas in the image represent residual albite. Clearly, it is challenging to identify albite based solely on SEM analysis, as its granular structure is highly degraded, and the original grain boundaries have become indistinct. Fortunately, we have discovered more definitive evidence of albite illitization (Figure 10). In Figure 10, illitization is observed within an albite grain. The illitized zones exhibit significant depletion of sodium (Na) (indicated by black arrows in Figures 10–a2) and numerous secondary quartz grains have been identified in adjacent regions. (represented by scattered green dots in Figures 10–a2). Due to the limited extent of illitization in these areas, the amount of quartz generated is relatively small. In contrast, regions with more extensive illitization (Figures 10–b1) show a greater quantity of quartz formation (represented by green areas in Figures 10–b2), Interestingly, illitization of albite appears to preferentially initiate along grain margins.
[image: Figure 9]FIGURE 9 | Evidence of Albite-to-Illite Transformation under EDS. (A) EDS element fusion diagram. (B) EDS single element distribution diagram. (C) SEM electron microscope photo. (D) SEM processed photo, the black areas represent pores.
[image: Figure 10]FIGURE 10 | Differential illitization patterns observed within albite grain SEM electron microscope photo. (a1, b1) Magnified SEM micrograph of image (a2, b2) Element fusion diagram of EDS. (a3, b3) single element distribution diagram of EDS.the black arrow represent the illitization area.
To better understand the illite formation process, the correlation changes in mineral content were further studied. It was found that the illite content increased to varying degrees with the decrease of the illite/smectite mixed layer and albite content, and had no obvious relationship with potassium feldspar, which proved that the possibility of direct illitization of potassium feldspar was small. It also confirmed the transformation of illite/smectite mixed layer and albite to illite (Figure 11).
[image: Figure 11]FIGURE 11 | Scatter plot of correlation between illite content and different mineral contents. (A) Correlation between illite content and illite/smectite mixed layer content. (B) Correlation between illite content and albite content. (C) Correlation between illite content and potassium feldspar content.
In addition, through the study of the mineral composition of the clastic rocks in the Gulong Sag, it was found that the content of potassium feldspar was low, and the feldspar was mainly plagioclase (Table 1). It was inferred that the content of potassium feldspar in the sedimentary parent source was originally low, but was mainly plagioclase. Therefore, it was believed that the illitization of feldspar was mainly the transformation of plagioclase to illite. The Qemscan analysis showed that plagioclase was mainly albite, that is, albite was transformed into illite.
TABLE 1 | Mineral composition of clastic rocks in the study area.
[image: Table 1]Although potassium feldspar can undergo albitization under certain conditions, previous studies have suggested that the degree of albitization should be less than 7%–10% (Cai et al., 2023). In addition, as mentioned earlier, the potassium feldspar content in the QSK shale sedimentary parent rock in the Gulong Sag is not high, so the possibility of potassium feldspar albitization is even smaller. Albite is mainly the primary albite in the sedimentary parent rock.
5.2 Illitization influence on reservoir performance
By reviewing a large number of domestic and international literature, it was found that previous understandings of the impact of illitization on porosity vary. Most scholars believe that illitization reduces reservoir porosity (Tang et al., 1994; Higgs et al., 2007; Andras et al., 2016; Lahann, 2004; Finlayson et al., 2017; Cheng, 2006). Only a few scholars believe that illitization can improve reservoir properties (Schicker et al., 2021; Lin-Gang et al., 2012; Liu, 2009; Dong, 2017; Huo et al., 2019). However, this study reveals that the illitization process leads to an initial increase followed by a decrease in the porosity of shale reservoirs.
As mentioned above, the pores of illite and illite/smectite mixed layers are mainly composed of pores with a pore size of less than 50 nm, and pores with a pore size of 50 nm and 3 nm are developed. To further investigate the impact of illitization on the pore structure of shale reservoirs, three samples were selected for analysis. The information of these three samples is shown in Table 2. The clay mineral content of samples SL2-40, SL2-03, and SL2-42 increases sequentially, and the illite content also increases accordingly (Table 2). Nitrogen adsorption results indicate that the pore size distribution exhibits two peaks at 40–50 nm and 3 nm (Figure 12). From sample SL2-40 to SL2-03, the clay mineral content increases from 34.5% to 45.6%, and the absolute illite content increases from 22.3% to 33.29%. Correspondingly, nitrogen adsorption analysis shows that the total pore volume increases from 0.058 cm3/g to 0.080 cm3/g, indicating an overall increase in porosity. The increased porosity is primarily attributed to pores with sizes of 40–50 nm, with the proportion of 40–50 nm pore volume increasing from 19% to 27%. From sample SL2-03 to SL2-42, the clay mineral content increases from 45.6% to 61.5%, and the absolute illite content increases from 33.29% to 44.90%. However, nitrogen adsorption analysis reveals that the total pore volume decreases from 0.080 cm3/g to 0.077 cm3/g, indicating a reduction in total porosity. The decrease is mainly observed in pores with sizes of 40–50 nm, with the proportion of 40–50 nm pore volume decreasing from 27% to 24%, although the volume of 3 nm pores increases from 4% to 9%. From this, it can be observed that as the clay mineral content and the absolute illite content increase, the porosity of the shale reservoir exhibits a trend of initially increasing and then decreasing.
TABLE 2 | Mineral composition and Pore characteristics data.
[image: Table 2][image: Figure 12]FIGURE 12 | Pore size distribution of samples with different illite contents. (A1, B1, C1) Pore size distribution histograms from nitrogen adsorption analysis, (A2, B2, C2) Mineral composition diagrams, (A3, B3, C3) Clay mineral composition diagrams.cI-clay minerals, Fel-feldspar,Qtz-quartz, I-illite, I/S-illite/smectite mixed layers, Chl-chlorite.
To further understand the trend, statistics were conducted on shales with different clay mineral contents. It was found that with the increase of illite content, the pores increased to a certain extent and then there would be an inflection point to decrease. The porosity began to decrease after the absolute illite content reached about 30% (Figure 13).
[image: Figure 13]FIGURE 13 | Relationship diagram between BJH pore volume and illite content.
Since there are numerous factors influencing shale reservoir properties—such as diagenetic environment, fluids, and others, in addition to mineral composition—and given that clay minerals constitute only a portion of its composition, the 30% threshold may not be an exact inflection point. For instance, it could also be 38%, as indicated by the blue line in Figure 13. However, based on current research findings, this value is highly significant and serves as a valuable reference. Further clarification of this issue may be achieved by conducting additional experiments with more samples in the future.
The reasons for the initial increase and subsequent decrease in shale porosity due to illitization are explored as follows. In the early stages of diagenesis, the degree of illitization is low, and the illite content is minimal. During this stage, the rock is characterized by relatively high amounts of rigid minerals such as feldspar, quartz, and carbonate, which provide strong support to the rock framework. Concurrently, the illitization process is observed to generate some micropores, thereby contributing to an increase in total porosity. As diagenesis progresses and illitization intensifies, a reduction in the total porosity of the reservoir is noted, primarily attributed to two factors. First, the continuous increase in illite content is accompanied by a corresponding decrease in non-clay minerals such as quartz and feldspar, which weakens the rock’s resistance to compaction and reduces pore space. Second, as illustrated in Figure 12, the increase in illite content is correlated with a decrease in chlorite content. As previously discussed, chlorite is associated with the development of relatively larger pores compared to illite. Therefore, the reduction in chlorite content leads to a decrease in larger pores, resulting in an overall decline in porosity.
Due to the limited scope of this research, several issues remain that warrant further investigation. Firstly, the impact of secondary quartz generated during the illitization process on porosity remains unclear. It is yet to be determined whether secondary quartz tends to block pores or supports the rock framework, thereby mitigating porosity reduction caused by compaction. Secondly, it is suggested that the effects of illitization on reservoirs vary depending on the lithology. Specifically, differences are expected between sandstone and shale reservoirs, as the former represents an open system while the latter is a relatively closed system. These two systems exhibit distinct fluid environments, which directly influence the elements and PH conditions required for the illitization process. To date, only a limited number of studies have addressed this aspect (Guanghui et al., 2015; Ehrenberg, 1990). Further work and more in-depth research are required to fully elucidate these issues.
6 CONCLUSION

(1) The QSK shale has a high clay mineral content, with an average of more than 40%, among which, illite accounts for more than 60%. Illite has a great influence on the reservoir porosity of shale.
(2) In paticular, clay mineral pores are the main pore type in the QSK shale and contribute greatly to the overall porosity of shale reservoir. The pore morphology and pore size of different clay minerals are different. The pores of illite and illite/smectite mixed layers are mainly with a size less than 50 nm, while those in chlorite are relatively large, with macropores in the range of 50–100 nm and elongated pores larger than 800 nm. Micro-fractures are developed in clay minerals, and the width of micro-fractures is generally greater than 800 nm. Micro-fractures effectively connect the pores of clay minerals and improve reservoir property.
(3) Two types of illitization processes were revealed in the QSK shale: illitization of illite/smectite mixed layers and albite illitization. The illitization of illite/smectite mixed layers is the dominant process. The illitization process increases the pores in clay minerals and the total porosity, thus improving the reservoir performance to a certain extent. However, the porosity decreases with illite content when it is larger 30%.
(4) The results from this study bring at least two challenges to traditional understanding.(i) clay mineral pores dominate the pore system. For many different types of reservoirs, pores developed in brittle minerals such as quartz and feldspar were the main pore types while the clay minerals was generally considered detrimental to reservoir property; (ii)Illitization processes improve the pore system. Illitization was believed to reduce the porosity in sandstone. However, this study confirmed a positive effect of illitization with illite content up to 30%, subsequently increase in illite would lead to porosity reduction. Certainly, more works are merit for a deep understanding of this process.
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