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Lower Permian Fengcheng Formation is considered to be a high-quality alkaline lacustrine shale oil resource in the Junggar Basin, NW China. Based on core and thin section observation, X-ray diffraction, scanning electron microscope, low-pressure N2 adsorption, and high-pressure mercury intrusion porosimetry, different shale lithofacies, and pore structures were examined. According to the mineral composition, shales in well My 1 are divided into five types: dolomitic mudstone, calcareous mudstone, siliceous mudstone, tuffaceous mudstone, and argillaceous mudstone, each of which shows its pore structure distribution. Intragranular pores, inter-crystalline pores associated with clays and pyrites, dissolution pores, and microfractures were commonly observed. There are three segments of pore structures including <50 nm, 50 nm-4 μm, and >4 μm. Clay minerals mainly contribute to mesopores, especially in argillaceous mudstones. The dissolution of carbonate minerals and feldspars is significant for macropores predominantly in dolomitic mudstones and tuffaceous mudstones, respectively. Micron-scale microfractures associated with laminae dominate in dolomitic mudstones. Therefore, the dolomitic mudstones, especially with lamination, and tuffaceous mudstones are proposed to be favored shale lithofacies with great exploration potential in the Mahu Sag.
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1 INTRODUCTION
Lacustrine shale oil in China has proven to show tremendous potential for exploration and development, which are strategically crucial for increasing the nation’s hydrocarbon reserves and production (Jin et al., 2021). Compared with marine oil shales, lacustrine shales in China are characterized by strong heterogeneity with rapid facies changes, complex lithologies, and diverse reservoir-seal assemblages (Li et al., 2019). To date, exploration for shale oil is concentrated in saline or brackish lacustrine basins (e.g., the Paleogene Shahejie Formation in the Bohai Bay Basin, the Paleogene Qianjiang Formation in the Jianghan Basin, and the Songliao Basin) (e.g., Gao et al., 2018; Chen et al., 2019; Xue et al., 2020; Hu et al., 2022).
Alkaline lacustrine deposits are deposited in extremely salinized lakes that develop high-quality oil shales with great hydrocarbon potential. The shale of the Eocene Green River Formation in the United States is a well-known example. The Fengcheng Formation in the Mahu Sag, in the Junggar Basin in northwestern China, boasts ancient alkaline lacustrine deposits with integrated sources and reservoirs. These are considered to represent a new type of alkaline lacustrine shale oil reservoir and the formation has huge shale oil potential (Zhi et al., 2019; Tang et al., 2021).
Lacustrine shales with varied compositions have complex origins. Add to this the discrepancies in depositional environments and depositional processes in lacustrine basins and the result is complex, fine-grained, sedimentary rock facies with correspondingly complex pore structures (Zou et al., 2013; Barth-Naftilan et al., 2015; Wang et al., 2020). Fine description and division of alkaline-lacustrine fine-grained sedimentary rocks is therefore a vital prerequisite for the study of reservoir types and quantitative characterization of alkaline lacustrine shale oil reservoirs.
This study examines the fine-grained sedimentary rocks of the Fengcheng Formation in the Early Permian alkaline lacustrine deposits in the Mahu Sag. The alkaline-lacustrine shale facies are classified using core and thin section observations, scanning electron microscope (SEM), and imaging analysis. Pore size distributions and pore structures are quantitatively analyzed with a combination of low-pressure nitrogen adsorption and high-pressure mercury injection. The objective of this study is eventually to identify favorable lithofacies in the formation and determine the controlling factors.
2 GEOLOGICAL SETTING
The Junggar Basin is one of the most important petroliferous superimposed basins in Northwest China (Ma et al., 2008; He et al., 2018) (Figure 1). This study focuses on the Mahu Sag, the most crucial hydrocarbon-generating sag in the basin (Zhi et al., 2021). The Mahu Sag is near the basin’s northwestern margin, with the Zaire and Hala’alate mountains to the northwest and the Zhongguai, Dabasong, and Luliang uplift to the southeast. It evolved with a major NE-SW trending tectonic depression adjacent to the Karamay-Baikouquan (Ke-Bai) and Wuerhe-Xiazijie (Wu-Xia) fault zones (Figure 1C).
[image: Figure 1]FIGURE 1 | (A) Juggar Basin in China. (B) Mahu Sag in Juggar Basin. (C) geological map of Mahu Sag.
The Lower Permian Fengcheng Formation in the Mahu Sag is considered to be the oldest alkaline lacustrine deposit and is rich in shale oil with source-reservoir integration (Cao et al., 2015, 2020; Tang et al., 2021; Wang et al., 2021). The Fengcheng Formation is also the primary source of hundreds-of-miles oil provinces across the northwestern part of the Junggar Basin (Cao et al., 2015; Li et al., 2020). The success of well My1 confirms the enormous exploration potential of the formation and, generally, the potential of shale oil in alkaline lacustrine settings (Tang et al., 2021).
The Fengcheng Formation varies in thickness from 800 to 1800 m, thinning from west to east. It is divided into a lower member (P1f1), a middle member (P1f2), and an upper member (P1f3). P1f1 is mainly composed of gray or dark gray mudstone and tuffaceous mudstone with interbedded dolomitic sandstone, dolomite, tuffaceous dolomite, argillaceous dolomite, and tuff, indicating relatively intense volcanic activity. P1f2 contains dolomitic sandstone and mudstone with interbedded argillaceous dolomite and a wide variety of alkaline minerals. P1f3 is predominantly mudstone intercalated with dolomitic mudstone in the lower interval and terrigenous clastic sedimentary rocks in the upper interval.
Well My1 was drilled in the northeastern margin of the Mahu Sag (Figure 1C) and obtained a relatively complete core section of the Fengcheng Formation (4,580–4,930 m) (Figure 2). The thickness of P1f1 in the core section was more than 100 m, and that of P1f2 about 200 m. The core section did not reach the top of P1f3. Nevertheless, it facilitates the study of the lithofacies and pore development of the alkaline lacustrine shale in the formation.
[image: Figure 2]FIGURE 2 | The lithology and the measured XRD results for the Fengcheng Formation in well My1.
3 SAMPLES AND METHODS
Core observation and description for well My1 were carried out using 99 shale samples taken at depths of 4,614 m–4,939 m (Figure 2). Petrography and pore types were determined using both optical and scanning electron microscope (SEM) with energy-dispersive X-ray spectroscope (EDS). Representative samples with different mineral compositions were selected for the X-ray diffraction (XRD) analysis, total organic content (TOC), porosity and permeability measurement, the low-pressure nitrogen adsorption analysis, and high-pressure mercury intrusion experiments (Supplementary Tables S1, S2).
3.1 Scanning Electron Microscopy Tests and Observation
Following optical microscope observation, thin section samples were coated with carbon to enhance conductivity and observed under a cold field scanning electron microscope. The device used was an FEI Quanta 650 FEG scanning electron microscope (SEM) equipped with an Oxford INCA Synergy EDS at the Key Laboratory of Orogenic Belts and Crustal Evolution, School of Earth and Space Sciences, Peking University. The acceleration voltage was 10–15 kV and the spot size was 5 μm. Minerals were identified with EDS, and pore structures were observed in back-scattered electron (BSE) and secondary electron (SE) images. The BSE images of different pore types were selected to calculate pore areas and pore size distribution using ImageJ software.
3.2 X-Ray Diffraction (XRD)
XRD was applied to quantitatively determine the mineral components of both whole rocks and clay minerals. These tests were conducted at Beijing Beida Zhihui Microstructure Analysis and Testing Center Co., Ltd., using a Rigaku D/max-2500 diffractometer with a voltage of 48 kV and a current of 100 mA. For the whole rock analysis, each sample was crushed to 40-mesh and 5 g samples were analyzed. The 2θ scan range was set to 5–45°, with a scan speed of 2° per minute and sampling step width of 0.02°. For analysis of clay minerals, samples were first crushed to less than 1 mm, and carbonate and organic matter were removed. They were then dispersed using ultrasonic vibration, sucked into suspension, centrifuged, and dried to obtain powder before being placed in the diffractometer.
3.3 Total Organic Content (TOC)
The TOC content was obtained by using Leco CS230 carbon and sulfur analyzer at the China University of Petroleum (Beijing). Crushed all samples into powder under 200 mesh and then removed the inorganic carbon by HCl. To clean the HCl before measurement, washed all samples with distilled water for about 24 h. Then dried samples were analyzed according to Chinese National Standard GB/T 19145-2003.
3.4 Porosity and Permeability Measurement
Porosity and permeability measurements were carried out at the China University of Petroleum (Beijing). The porosities and permeability were obtained by 2.5 cm *2.5 cm*5 cm-column samples. Measure the volume of samples by vernier caliper at first. The porosity was measured using a QKY-2 gas porosity tester. Put samples in the gripper and connect helium gas, then read after system pressure is stable. The permeability was obtained by PDP-200 pulse attenuation gas measuring ultra-low permeability tester, which can record data and calculate Kirschner permeability automatically.
3.5 Low-Pressure Nitrogen Adsorption (LPNA)
Low-temperature nitrogen adsorption was tested using a Micromeritics ASAP 2460 3.01 analyzer at Northeastern Petroleum University, China. Samples were pulverized to powder with sizes of 40–60 mesh and degassed to remove adsorbed water and other volatile substances. The equilibrium time interval between data points was set to 5 s. The specific surface areas were calculated using the BJH model. Pore volume (PV) and pore size distribution curves were deduced using the BET method.
3.6 Mercury Intrusion Porosimetry (MIP)
MIP was performed using a Micromeritics AutoPore IV 9520 mercury porosimeter at the China University of Geosciences (Wuhan). The instrument was operated at a maximum pressure of 60,000 Psia. 1cm*1 cm*1 cm cubic samples were dried at 110°C and placed in a vacuum. Pore sizes were estimated from pressure data using the Washburn equation (Washburn, 1921).
4 RESULTS
4.1 Lithofacies of the Fengcheng Formation
The Fengcheng Formation in well My 1 is mainly composed of quartz, K-feldspar, plagioclase, dolomite, calcite, and pyrite. The main alkaline mineral is reedmergnerite, which is found in samples from the middle and lower intervals of the P1f2. The clay minerals are mostly illite, smectite, and illite/smectite mixed layer, with widely varying contents (2%–30%). Mudstones, siltstones, volcanic rocks, tuffs, and other lithologies were observed in the Fengcheng Formation. P1f1 is dominated by tuffaceous sandstones, tuffaceous conglomerates, andesites, and basalts, with siliceous mudstones and dolomitic mudstones occurring in the upper interval. P1f2 is predominantly composed of dolomitic mudstones, siliceous mudstones, and dolomites, with some mudstones and calcareous mudstones. Siliceous layers appear in the middle and lower intervals, with tuffaceous rocks only occurring in the top and bottom intervals. P1f3 is dominated by calcite mudstone with interbedded dolomitic mudstone and argillaceous mudstone. A small amount of tuffaceous mudstone appears at the bottom.
To better characterize the shale lithofacies of the Fengcheng Formation, shales were divided into five types based on their contents of dolomite, calcite, quartz, clay minerals, and tuffaceous materials, including dolomitic mudstone, siliceous mudstone, calcareous mudstone, tuffaceous mudstone, and argillaceous mudstone (Figure 3). They are characterized by a wide range of TOC values (Supplementary Table S1).
[image: Figure 3]FIGURE 3 | Microscopic images of individual types of shales in the Fengcheng Formation from well My1. (A) Dolomitic mudstone, 4,592.08 m, under cross-polar light (XPL); (B) dolomitic mudstone, 4,749.03 m, under plane-polarized light (PPL); (C) argillaceous mudstone, 4,712.3 m, PPL; (D) calcareous mudstone, 4,596.51 m, XPL; (E) tuffaceous mudstone, 4,614.61 m, XPL; (F) siliceous mudstone, 4,814.6 m, XPL.
Dolomitic mudstone has 25%–50% dolomite with a TOC of 0.41–1.5. The dolomite particles are shown as fine, medium, and coarse crystals, which are mostly saccharoidal. Dolomite replacement is common, with the formation of ankerite zones. Bright rims and fogged cores are also observed under an optical microscope. Laminae are also common in the dolomitic mudstone. The calcite content of the calcareous mudstone is more than 25%, with laminae occurring and a relatively high content of dolomite. The content of quartz in the siliceous mudstone is over 25%, mostly subhedral or crypto-microcrystalline in texture, with small amounts of dolomite, calcite, and pyrite. The TOC of siliceous mudstones is 0.45–1.12. The tuffaceous mudstone is characterized by abundant tuffaceous debris and TOC is from 0.21 to 0.97. Compared with these four mudstone facies, the argillaceous mudstone has a relatively high clay content (>10%), and the contents of dolomite, calcite, and quartz are less than 25%. The TOC of argillaceous mudstone is 0.3–1.23. Lamination is relatively well developed in parts of the argillaceous mudstone that contain dark organic-rich bands. Since the content of reedmergnerite in most of the samples is less than 10%, the mudstones containing alkaline minerals are not listed individually.
The Fengcheng Formation contains massive, bedded, laminar, soft sedimentary deformation and other sedimentary structures. Laminae principally occur in the dolomitic mudstone, siliceous mudstone, and argillaceous mudstone. The proportions of laminae in P1f1, P1f2, and P1f3 are 7%, 35%, and 20%, respectively.
4.2 Pore Types
The Fengcheng Formation shale in well My1 has typical shale reservoir capabilities. The types of reservoir space include intergranular pores, intercrystalline pores, solution pores, and microfractures (Figure 4). The intercrystalline pores include interlayer fractures in clay minerals and intercrystalline pores in pyrites.
[image: Figure 4]FIGURE 4 | SEM images of different types of pores in the Fengcheng Formation. (A) Intergranular pores and dissolution pores in dolomite and ankerite; (B) interlayer pores within I/S; (C) intercrystalline porer in pyrites; (D,E) dissolution pores within dolomite and calcite; (F) microfracture in the dolomitic mudstone. Ank = ankerite; Cal = calcite; Dol = dolomite; I/S = mixed-layer illite/smectite; Kfs = K-feldspar; Py = pyrite.
Intergranular pores are widespread, particularly in dolomitic mudstones, tuffaceous mudstone, and siltstones. They are mostly micron-scale pores supported by particles of brittle minerals such as calcite, dolomite, quartz, feldspar, and debris. The intergranular pores i (Figure 4A) are complex in shape, mostly silt-, triangle-, and band-shaped, or irregularly shaped. The intergranular pores are generally connected and their sizes are between 0.2 and 2 μm. Intercrystalline pores mostly occur in pyrite crystals and between clay mineral layers (Figures 4B,C). Clay minerals, in particular illite/smectite (I/S), have obvious slit-shaped pores between lamellae. Most of the intergranular pores in pyrites are angular in shape and generally 50–600 nm in size. The pores are mostly filled with organic matter or clay minerals.
Dissolution pores are also widely found, particularly in calcareous mudstone, tuffaceous mudstone, and siltstone. They are mostly intra- and inter-granular solution pores within and between particles of calcite, feldspar, and dolomite (Figures 4B,D,E). The surfaces of the dissolution pores are smooth and, overall, circular, elliptical, banded, or irregular in shape. The range of pore sizes is wide, from tens of nanometers to micrometers. Some of the dissolution pores are aggregated with good connectivity.
Microfractures also occur and cut minerals, or develop along the edges of mineral particles. Some are tectonic fractures, formed under tectonic stress, and some are bedding fractures formed between laminae under local stress. The fractures are usually tens of nanometers to several micrometers wide and have curved shapes and good extension (Figure 4F).
4.3 Pore Structure Distribution (PSD)
According to the IUPCA standard, pores with pore sizes of <2 nm, 2–50 nm, and >50 nm are defined as micropores, mesopores, and macropores, respectively. The Fengcheng Formation is proven to host shale oil, so only mesopores and macropores are considered in this study.
4.3.1 PSD Derived From LPNA
Low-pressure nitrogen adsorption (LPNA) tests obtained a pore distribution of 2–200 nm according to the BJH model. The nitrogen adsorption-desorption curves (Figure 5A) of the 16 samples represent type IV adsorption equilibrium isotherms within the IUPAC classification. In the low-specific pressure area (p/p0 < 0.45), monolayer adsorption occurs, and adsorption and desorption are reversible. In the high-specific pressure area, adsorption and desorption are irreversible due to multilayer adsorption, forming hysteresis loops between the adsorption and desorption curves. In the mudstone samples from well My1, the type of hysteresis loop is mainly H3, often mixed with type H4 and with some samples showing characteristics of type H2. Types H3 and H4 hysteresis loops represent the parallel plate-shaped and slit-shaped pores, and type H2 hysteresis loops represent the “ink bottle”-shaped pores.
[image: Figure 5]FIGURE 5 | (A) N2 adsorption-desorption curve in shales from the Fengcheng Formation. (B) Pore size distribution in shales from the Fengcheng Formation.
The mesopore volume, obtained using the BJH model, ranges from 0.0002 to 0.0082 cm3/g (average 0.0024 cm3/g). The specific surface area of the mesopore, calculated by the BET model, ranges from 0.1249 to 2.8736 cm2/g (average 0.8104 cm2/g). The specific surface area of mesopore increases with increasing pore volume, showing a favorable correlation (Figure 6A).
[image: Figure 6]FIGURE 6 | Crossplots of cumulative pore volume and specific surface area of mesopores and macropores in mudstone samples in the Fengcheng Formation.
The distribution of pore size and pore volume increments (Figure 5B) obtained in LPNA indicates that the maximum pore volume increment occurs when the pore sizes are 20–50 nm, followed by 10–20 nm. The pore volume increment should increase with the increase of pore size. This suggests that there are relatively few pores larger than 50 nm, but may also reflect the fact that LPNA does not work well with pores larger than 50 nm.
4.3.2 PSD Derived From MIP
Mercury injection tests were carried out on nine samples from well My1. Mercury injection saturation was low, mostly between 30% and 40%. The mercury injection curves obtained can be divided into types A, B, and C. The horizontal section of the type A mercury injection curve is long and gentle, and the mercury injection amount is 35–40%. The horizontal section of mercury injection curves of type B occurs when mercury saturation is about 10%, then slowly rises. The mercury injection amount is 35–40%. The mercury injection curve of type C has almost no horizontal section, and the amount of mercury injection is 30–40%.
The pore diameters obtained by MIP are ranging from 2 nm to 10 μm. The distribution of pore diameter and pore volume increments curve (Figure 7) obtained in MIP is multimodal. The maximum pore volume increment occurs when the pore diameters are 7–40 nm, following at 7–10 μm.
[image: Figure 7]FIGURE 7 | MIP pore size distribution in shales from the Fengcheng Formation.
The macropore volume, obtained by MIP, ranges from 0.00037 to 0.0067 cm3/g (average 0.0017 cm3/g). The specific surface area of macropores by MIP ranges from 0.0032 to 0.0913 cm2/g (average 0.0206 cm2/g). The specific surface area of the macropore increases with increasing pore volume, also showing a favorable correlation (Figure 6B).
5 DISCUSSION
5.1 Pore Structures of Different Shale Lithofacies
Lithofacies refers to petrological characteristics and mineralogical compositions and can show different pore structures. Therefore, pore development and structures would vary with shale lithofacies (Loucks and Ruppel, 2007; Xu et al., 2020; Wang et al., 2022). Comprehensive studies of marine, transition, and continental shale lithofacies have been conducted without reaching any standard (e g., Gao et al., 2018; Yang et al., 2018; Xue et al., 2020). We here introduced shale lithofacies based mainly on mineral composition. Five lithofacies have been identified: dolomitic mudstone, calcareous mudstone, siliceous mudstone, tuffaceous mudstone, and argillaceous mudstone. The TOC values are not controlled by any specific lithofacies.
The single method with its limitations cannot characterize the full-scale structure due to the wide ranges of shale pore distribution (Zhao et al., 2022; Daigle et al,2015). The whole pore aperture was quantitatively achieved with the combination of LPNA and MIP results (Figure 8). Based on the limitations of the two methods in the test range (Xiong et al., 2016; Zheng et al., 2022), the LPNA results was used for <50 nm and the MIP results was used for >50 nm. The curves of LPNA and MIP combination results show a wide range of pore diameter from 2 nm to micron-scale with the multimodal distribution. The curves of pore volume verse pore diameter can be divided into three segments, including pore diameter <50 nm, 50 nm–4 μm, and >4 μm (Figure 4). There are three high peaks and two relatively lower peaks in the pore diameter intervals of 3 nm, 20–40 nm, and 7–10 μm. The distribution peak at 3 nm is generally considered to be a false peak caused by testing technology limitations. The distribution peak at 20–40 nm and 7–10 μm will be discussed in detail in the following chapters.
[image: Figure 8]FIGURE 8 | (A) Pore diameter distribution of carbonate mudstone. (B) Pore diameter distribution of other mudstone.
The pore structures of five different lithofacies have distinguishable characteristics. The tuffaceous mudstones develop 20–200 nm mesopores and macropores and have a peak of 4–7 μm macropores. Pore diameters of dolomitic mudstones have two peaks, at 10–60 nm and 4–10 μm, respectively, the latter peak is higher than the former. Calcareous mudstone mainly develops the mesopores, with the highest peak in 4–40 nm, following a lower peak for 200–300 nm, and the lowest peak in 3–10 μm. Siliceous mudstones show peaks of pore diameter within 10–50 nm and 5–9 μm, and low pore volume developed within 50 nm-5 μm. Macropores in argillaceous mudstone are poorly developed and there is only one peak at 20–50 nm. In terms of pore structures and distributions, our lithofacies classification based on mineral composition is thus practical.
5.2 Mineral Composition Influences on Pore Structure
5.2.1 Effect of Clay Minerals
Clay minerals in the Fengcheng Formation of well My1 are mainly smectite, I/S, and illite. The content of clay minerals is relatively low, ranging from 2% to 30%, mainly 4%–8%, higher in argillaceous mudstones. Clay components in shales are closely related to the mesopores whose pore diameter ranges from 2 to 17 nm. Particularly, the existence of I/S may be correlated with fine mesopores (Kuila and Prasad, 2013).
The N2 adsorption and desorption curves of samples separate and form hysteresis loops. The hysteresis loops are H3 and H4 types (Figure 5), which indicates the existence of parallel plate or wedge-shaped pores (Sing, 1985; Tang et al., 2019). The intercrystalline pores and interlayer fractures of clay minerals are widely developed in the reservoir of well My1, which can be observed under SEM (Figures 10A,B). The pore diameters of intergranular pores associated with clay minerals are between 20–40 nm and often appear as parallel plate shapes. The H3 type hysteresis is thus considered to be related to intergranular pores of clay minerals.
In order to better explore the relationship between clay minerals and mesoporous pores, nine argillaceous mudstones from well My 1 were explored by obtaining the content of clay minerals by XRD and the cumulative pores volume of mesopores by LNPA. There is a positive correlation (Figure 9A) between mesopore volumes and clay minerals content, suggesting that clay minerals have strong effects on mesopore structure. Furthermore, the pore volume of mesopores shows a positive correlation with mixed-layer illite/smectite (I/S) and smectite (Supplementary Figure S1). It is consistent with the 20–50 nm peak of all kinds of mudstones in the pore size distribution curve, which should be the contributions of intergranular pores of clay minerals. Overall, clay minerals, especially I/S and smectite, are closely correlated with micropore structures.
[image: Figure 9]FIGURE 9 | The impact on pore structure parameters from mineral compositions. (A) Content of clay minerals versus pore volume of mesopores; (B) content of carbonate minerals versus pore volume of mesopores; (C) content of carbonate minerals versus permeability; (D) content of feldspars versus pore volume of mesopores; (E) content of feldspars versus pore volume of macropores; (F) porosity versus pore volume of macropores.
5.2.2 Effect of Carbonate Minerals
Dolomite and calcite are the main carbonate minerals widely developed in the Fengcheng Formation of Mahu Sag. The samples with high carbonate mineral contents show stronger dissolution, especially for calcareous mudstone and dolomitic mudstone (Figures 10C,D). The early calcite filling or cement may occupy pores or block pore throats, but favorable reservoirs could be developed with strong dissolution in later periods (Lu et al., 2021). Calcite and dolomite dissolved more easily than K-feldspar and plagioclase and the calcite dissolution usually occurred earlier than the dolomite dissolution (Chen et al., 2020).
[image: Figure 10]FIGURE 10 | SEM photographs of samples. (A,B) Intercrystalline pores of clay minerals; (C,D) dissolution pores of carbonate minerals; (E,F) microfractures between laminae. Cal: calcite; Dol: dolomite; I/S: mixed-layer illite/smectite.
The XRD results show that the carbonate composition of samples can reach 20%–65%. Abundant dissolution pores on the surface of carbonate minerals have a wide range of pore size distribution, ranging from tens of nanometers to several microns, but nanoscale pores dominate. These pore diameters are consistent with macropore peaks of dolomitic mudstone and calcareous mudstone (DC). There is a positive correlation between carbonate minerals and the accumulated pore volume of mesopores (Figure 9B), indicating that carbonate minerals also control the development of mesopores, and this favorable trend largely comes from the development of dissolution pores in carbonate minerals. Moreover, permeability increases with the increase of carbonate mineral content (Figure 9C), which indicates that carbonate minerals have an important effect on permeability. The dissolution pores of carbonate minerals appear to improve the connectivity of the reservoir.
5.2.3 Effect of Feldspars
The content of felspar has a negative correlation with the pore volume of mesopores (Figure 9D), indicating the negative effect of feldspar on mesopore development. However, the feldspar is positively correlated with macropore volume (Figure 9E), suggesting feldspars contribute to a large number of macropores. The dissolution pores in felspars are observed to be developed in all mudstones, especially in tuffaceous mudstone.
Because the content of feldspar in tuffaceous mudstone is high and feldspar is easily dissolved, the main storage spaces of tuffaceous mudstone are secondary pores formed by feldspar dissolution (Li et al., 2022). A large number of macropores with a diameter greater than 50 nm are shown in tuffaceous mudstones, mainly associated with feldspars. Therefore, the content of feldspar is reasonable to explain well-developed macropores in tuffaceous mudstones.
5.3 Effect of Laminae Structure on Pore Structure
The lamina structure is of great significance for reservoir quality and oil-bearing potential in shales (Liang et al., 2018; Wang et al., 2021; Shi et al., 2022). Many laminae are developed in the Fengcheng Formation, including organic-rich dark layers + carbonate mineral layers and clay mineral-rich argillaceous layers + carbonate mineral layers (Wang et al., 2021). These laminae were generally developed in dolomitic mudstones, and microfractures were preferentially developed between layers with micron-scale widths (Figures 10E,F). These microfractures are considered to be formed by mineral shrinkages or decompression from overburden (Chalmers and Bustin, 2012).
Despite some microfractures filled with clay minerals, most laminated samples have relatively high porosity and permeability, and the pore volume distribution curve shows that the major contributions to pore structures come from macropores, which correspond to the diameters of microfractures between laminae.
5.4 Implication for High-Quality Shale Reservoir
Lacustrine shale oil is a key strategic supplement to the sustainability of China’s oil industry (Wang et al., 2022). The Fengcheng Formation is a set of high-quality source rocks of Mahu Sag, Junggar Basin (Tang et al., 2021). We take well My 1 as a research object and make lithofacies classification of alkaline lacustrine shales. The mudstones are divided into dolomitic mudstone, siliceous mudstone, calcareous mudstone, tuffaceous mudstone, and argillaceous mudstone based on rock composition. The dolomitic mudstone is the dominant lithofacies in well My 1. There are distinguishable curves of pore structure distribution of different shale lithofacies, indicating different influencing factors for these different lithofacies.
The Fengcheng Formation in well My 1 has low porosity and ultra-low-permeability, as other shales. Poor correlation between porosity and permeability indicates that pore structures should play a key role in the permeability besides porosity (Wang et al., 2018). There is a positive correlation between the porosity and the pore volume of macropores (Figure 9F), indicating that macropores contribute more to the overall porosity of samples. All five types of mudstones have a peak in the range of a mesoporous scale in pore structure distribution, which is mainly provided by clay minerals. Dolomitic mudstone is dominated by mesopores because of dissolution pores, and microfractures associated with laminae contribute to macropores volume for dolomitic mudstone. The macropores of siliceous mudstone are mainly intergranular pores between quartz (Cao et al., 2022) because the rigid quartz can protect the pore network from compaction effects (Tang et al., 2019). There are a lot of mesopores in argillaceous mudstone, mainly related to clay minerals, and the proportion of macropores is low. The macropores in calcareous mudstones are provided by the dissolution of calcite. The tuffaceous mudstone has plenty of macropores because of the dissolution of felspars and tuffaceous mudstone is also favorable lithofacies. Therefore, laminated dolomitic mudstones and tuffaceous mudstones are proposed to be high-quality shale lithofacies with great exploration potential in the Fengcheng Formation from well My1.
The well My 1 is in the slope zones in the Mahu Sag (Tang et al., 2019), with few alkaline minerals except small amounts of reedmergnerite, so our study lack discussion on the relationship between alkaline minerals and reservoir development. In the future, with the development of exploration technology and more drilling cores, further systematic research on alkaline mineral-bearing mudstones needs to be done in order to explore what controls alkaline lacustrine shales in terms of reservoir evolution.
6 CONCLUSION

1) The Fengcheng Formation is considered to be alkaline lacustrine shale with high potential in shale oil in the Mahu Sag, Junggar Basin. Shales in well My 1 are divided into five types: dolomitic mudstone, calcareous mudstone, siliceous mudstone, tuffaceous mudstone, and argillaceous mudstone mainly based on mineral composition.
2) There are intragranular and inter-crystalline pores associated with clays and pyrites, dissolution pores, and microfractures commonly in these five types of mudstones. The overall pore structure can be divided into three segments, including <50 nm, 50 nm-4 μm, and >4 μm.
3) Each type of shale lithofacies has its pore structure. Clay minerals provide mainly mesopores in argillaceous mudstones. The dissolution of carbonate minerals and feldspars are significant for macropores which develop in dolomitic mudstones and tuffaceous mudstones, respectively. Micro-scale microfractures associated with laminae dominate in dolomitic mudstones.
4) The dolomitic mudstones and tuffaceous mudstones have better resource potential and should be given more attention in the future in Mahu Sag. More investigations on alkaline mineral-bearing mudstones are in need in the future.
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