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With the development of unconventional oil and gas exploration “from sea to land,” lacustrine fine-grained sedimentary rocks (FSR) have gradually attracted the attention of scholars and become an important topic in the field of unconventional oil and gas, but the research is still in its initial stage. In this study, lacustrine FSR in the Dongying Depression of the Bohai Bay Basin are used as the research object, and nuclear magnetic resonance (NMR) and quantitative image characterization are used to characterize the pore structure of the reservoir in the study area on multiple scales, analyze the reservoir characteristics control factors, and classify and evaluate the reservoir. The results show that: 1) the favorable petrographic phases of the FSR reservoir can be classified into six types of organic-rich lime mudstone, organic-rich laminoid lime clay rock, organic-rich laminoid clay micritic limestone, organic-bearing banding clay micritic limestone, organic-rich banding lime clay rock, and organic-bearing lumpy clay micritic limestone. With an average porosity of 12.3% and an average permeability of 10.58 mD, the overall reservoir is a typical low-porosity-low-permeability type; 2) the reservoir space types are diverse, with strong microscopic inhomogeneity; pores with a pore size of less than 2 nm almost have no contribution to the reservoir space; the pore volume and pore area are mainly provided by organic matter pores at the 100 nm level, mineral intergranular pores, and clay mineral shrinkage pores/slits. The FSR reservoirs in the study area are classified into three categories, and the pore structure of the reservoirs from categories I to III deteriorates in turn. This study provides a basis for the microscopic characterization, classification, and evaluation of lacustrine FSR reservoirs and their exploration.
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1 INTRODUCTION
In recent years, a rising number of exploration achievements have shown that fine-grained sediments in lacustrine basins have great potential for oil production and storage (Wu et al., 2013; Zhang et al., 2014; Zeng et al., 2021; Yang et al., 2022). Compared with the pure muddy shale in deep sea and deep lakes, the fine-grained sedimentary rocks (FSR) in the gently sloping zone of the lake basin margin are diverse in composition, nonhomogeneous and complex in the deposition mechanism (Zhang et al., 2019; Zhang et al., 2020a; Liu et al., 2020; Li S et al., 2021). As an important carrier of oil gas distribution, FSR are often located in the transition zone between the conventional and unconventional oil gas reservoirs in lacustrine basins, and therefore, the studies of their depositional mechanisms, reservoir characteristics, and oil gas enrichment patterns are of great importance to the integration of conventional and unconventional oil gas exploration and exploitation (Xie et al., 2018; Zhang et al., 2020b; Li W et al., 2021; Pan et al., 2021).
Reservoir microscopic pore structure characteristics are key factors that affect reservoir physical properties (Deng et al., 2014; Wang et al., 2020; Gao, 2021; Yu et al., 2022), and characterization of pore structures has become a hot topic in the study of FSR reservoirs (Curtis, 2002; Cusack et al., 2010; Clarkson et al., 2013; Curtis et al., 2012; Gao et al., 2018). Compared with conventional reservoirs, the pores of FSR reservoirs are distributed at scales from nanometer to millimeter, and the mixture of sedimentary components also makes their reservoir space types diverse and their pore throat structures complex. Therefore, conventional observation techniques such as cast thin section and scanning electron microscopy (SEM) are limited by resolution to accurately and comprehensively characterize their pore microstructure, and cannot quantitatively and intuitively portray the pore throat size, distribution, and non-homogeneity (Guo et al., 2014; Jiao et al., 2014). With the advancement of pore structure characterization techniques, high-pressure mercury compression, nuclear magnetic resonance (NMR), and gas adsorption have provided new ideas for an in-depth portrayal of the microscopic pore structure of FSR (Fredrich et al., 1995; Javadpour, 2009, 2012; Li et al., 2016; Devarapalli et al., 2017; Zhu et al., 2017; Zhang et al., 2020c; Zhang et al., 2022). In addition, the argon ion polishing SEM technique with Image J image processing provides an accurate and rapid means to quantitatively characterize structural parameters such as pore morphology, pore size distribution, probability entropy, and pore area contribution (Liu et al., 2011; Chalmers et al., 2012; Loucks et al., 2012; Giffin et al., 2013). With the advancement of technology, scholars worldwide have analyzed the unconventional reservoirs regarding their collectivity, occurrence state of oil and gas, and the reservation pattern (Hickey and Henk, 2007; Chalmers and Bustin, 2008; Loucks et al., 2009, 2012; Yao et al., 2011; Milliken et al., 2012; Mastalerz et al., 2013; Yang et al., 2016; Fan et al., 2018; Zeng et al., 2021). However, rarely have studies been conducted on the microscopic characterization of mixed FER reservoirs in the sloping region of the lacustrine basin or on the control factors of reservoir characteristics.
The Paleogene of the Dongying Depression in the Bohai Bay Basin is one of the basins with more developed FSR in China (Xie et al., 2018), and in recent years, significant breakthroughs have been made in oil and gas exploration in the gently sloping southern part of this Depression (Dong et al., 2011; Song et al., 2013; Xie et al., 2018; Duan et al., 2020). This work studied the FSR reservation in the fourth member of the Shahejie Formation (Es4) in the Chenguanzhuang area of the southern gently sloping zone of the Dongying Depression, Bohai Bay Basin. NMR technology was applied for full pore size analysis; argon ion polishing SEM and Image J image processing technique were adopted to quantitatively characterize the reservoir microstructure parameters. The structural characteristics and pore area contribution of different pore types were discussed in detail. Finally, the FSR reservoirs in the study area were classified and evaluated based on the petrography, physical characteristics, and pore types and structures. This study can provide theoretical guidance for the exploration of FSR reservoirs in the study area. Besides, the findings offer a new basis for the study of oil and gas accumulation patterns in lacustrine basins.
2 GEOLOGICAL SETTINGS
The Bohai Bay Basin is located in eastern China (Figure 1A), bordered by the Jiao-Liao Uplifted area to the east, the Taihang Mountains Uplift to the west, the Luxi Uplift to the south, and the Yanshan Fold Belt to the north. It is a Meso-Cenozoic fault basin developed as a result of Palaeozoic sedimentation as well as the movements during the Indo-Chinese and Yanshanian epoch of the Sino-Korean paraplatform, covering an area of about 1.5 × 105 km2. Overall, the basin underwent two major stages of tectonic evolution: the contemporaneous rift stage and the oligocene post-rift stage. During the Paleogene, a series of north-east and north-west trending orthogonal faults were formed as a result of the rifting of the basin, forming a series of grabens and half-grabens. By the late Oligocene, the basin had entered a post-rifting phase and tectonically stabilized, with these graben and half-graben assemblages forming the present-day Bohai Bay Basin. The Jiyang Depression is a secondary tectonic unit located in the southeastern part of the Bohai Bay Basin (Figure 1B), and is one of the most gas and oil-rich depressions in the Bohai Bay Basin, sharing a common geodynamic background with the Bohai Bay Basin. The basin has undergone five stages of regional tectonic evolution, i.e., early crystalline basement formation, Paleozoic-Middle Jurassic platform cover development, Late Jurassic-Early Cretaceous fault subsidence, Paleoproterozoic fault subsidence, and Neoproterozoic-Quaternary depression, where the Paleoproterozoic fault subsidence was mainly controlled by the Xishan movement. The basin evolution went through four stages of fault subsidence, i.e., the initial stage, the development stage, the prime stage, and the shrinking stage. Accordingly, there are four stages of episodic evolution, namely, the Kongdian Formation, the fourth member of the Shahejie Formation (Es4), the lower subsection of the Es3-Es2, and the upper subsection of Es2-Dongying Formation (Figure 1C). The sedimentary stage of the Es4 was during the period of fault development and was active from 50.5 to 42.0 Ma. It can be further divided into the Upper subsection (Es4S) and the Lower subsection (Es4X) based on its depositional rotation. As can be seen from Figure 1C, the top interface of ES4S is a disintegration with the ES3. During this period, the entire Jiyang Depression basin continued to be influenced by the tectonic transition adjustment of the Kongdian Formation, and a series of fracture systems were formed under the influence of rightward advection movements (Figure 1B), with several independent sedimentation centers being developed. The Dongying Depression is a secondary depression located to the south of the Jiyang Depression, inheriting its tectonic evolution. It is a typical asymmetrical half graben depression with a northern break and a southern overtop, being steep in the north and gentle in the south. The depression is bounded in the north by the Chenjiazhuang Bulge, in the south by the Luxi Uplift, in the east by the Qingtuozi Bulge, and in the west by the Binxian Bulge and the Qingcheng Bulge. A series of internal homogenous orthotropic faults further divide the depression into secondary tectonic units, including a steep-slope zone in the north, a central back-slope zone, a gently sloping zone in the south, and multiple fracture zones.
[image: Figure 1]FIGURE 1 | Comprehensive bar diagram of regional geology and sedimentary evolution. (A) Tectonic overview of the Bohai Bay Basin; (B) tectonic overview of the Jiyang Depression and the location of the study area; (C) comprehensive bar chart of the Shahejie Formation stratigraphy in the study area; (D) tectonic overview of the study area.
The Chenguanzhuang of the study area is located in the eastern part of the southern slope of the Dongying Depression, geographically situated in the northern part of Guangrao County, Dongying City, Shandong Province. Stretching to the Le’an Oilfield in the south and to the Niuzhuang Depression in the north, it is adjacent to the Chunhua Oilfield in the west and connected to the Dingjiawuzi tectonic zones in the east. The study area covers an area of approximately 200 km2 and is high in the south and low in the north generally, cut by faults into complex fault-step tectonic zones, internally controlled by three main fault zones, i.e., near east-west trending Chen Guanzhuang-Wangjiagang fault zone, the near north-south trending Shicun fault zone, and the Bamianhe fault zone that is located at its southeastern direction (Figure 1D). During the depositional period of Es4S, the water body in the study area gradually became deeper from south to north, transitioning from a shallow lacustrine environment to a semi-deep-lacustrine one. At the same time, it was receiving a supply of land-derived debris from the Guangrao Bulge in the southeast, and depositing a suite of FSR dominated by lacustrine carbonates in a dynamic context of frequent fault activity (Ma et al., 2020).
3 SAMPLES, EXPERIMENTS, AND DATA SOURCES
A total of 281 rock samples were collected from 11 core wells, including NY1, WX128, GX27, and WG7, and then were ground into centimeter-sized pieces for SEM observation. 430 microscopic photographs were taken (Table 1). The samples were ground, cleaned, dried, and coated with a conductive adhesive layer by the stratigraphic laboratory of Exploration and Development Research Institute, Sinopec Shengli Oilfield Company. The microscopic observation, description, and photography were all completed under a QUANTA FEG250 field emission environment SEM to achieve high-resolution backscattered electron images with micro- and nano-scale pore characteristics and accurate calibration. The sections of 16 rock samples from one of the wells, GX27, were observed after argon ion polishing (Table 2), and the representative electron microscope photographs were processed in Image J software to obtain pore structure parameters such as face porosity, shape factor, and fractal dimension.
TABLE 1 | The number, well name, formation, number of samples, and number of photos used in scanning electron microscope (SEM) observation. See Figure 1 for the well location.
[image: Table 1]TABLE 2 | Argon Ion Polished SEM Sample Information. See Figure 1 for the well location.
[image: Table 2]A total of 50 rock samples from eight coring wells, including NY1, NX55, GX27, W129, and NX55, etc., were collected and ground to 3–5 g of powder of 200–350 mesh for X-ray diffraction whole-rock analysis (Table 3). The samples were milled, pressed, and pretreated by the stratigraphic laboratory of Exploration and Development Research Institute, Sinopec Shengli Oilfield Company. The X-rays analysis was carried out under an Ultima IV diffractometer, and the experimental data were processed and transcoded using the RINT-2000 Binary Pattern model in Jade software.
TABLE 3 | The number, well name, formation, depth range of samples, and number of samples used in X-ray diffraction (XRD) experiment. See Figure 1 for the well location.
[image: Table 3]Meter of 2.5 cm and a length greater than 0.5 cm were cut; the end faces were ground and polished, first oiled and salted, immersed in a KCL solution with a concentration of approximately 0.5 mg/L. Then the samples were saturated under vacuum for 8 h at a saturation pressure of 0.3 MPa until they were fully saturated with brine. The NMR test was completed on a Newmark MicroMR20-G core analyzer and the T2 spectrum under the fully saturated state was obtained (Table 4).
TABLE 4 | NMR experimental sample information sheet. See Figure 1 for the well location.
[image: Table 4]4 RESULTS AND DISCUSSION
4.1 Fine-Grained Sedimentary Rock Reservoir Characteristics
4.1.1 Classification of Favorable Petrographic Phases
According to the X-ray diffraction whole-rock analysis data, the main mineral constituents of the FSR in the study area include calcite, quartz, and clay with a minor amount of secondary minerals such as dolomite, pyrites, feldspar, and organic matter (Table 5; Figure 2). The carbonate constituents include calcite and dolomite, with the average content of 57.7%. The average content of the clay minerals is 34.9%. The land-derived debris constituents mainly include feldspar and quartz, with the average content of 13.8%. Besides, pyrite also exists here in a minor quantity, with the average organic matter content of 1.6%. According to the thin section authentication in combination with the comparison between the oil gas indication in the well logging and the explanation to the fluid property in the well logging, it can be seen that the rock types of the favorable reservoirs are mainly lime shale, lime clay rock, and organic-rich laminoid clay micritic limestone (Figure 2).
TABLE 5 | Mineral constituents of X-ray diffraction whole-rock analysis.
[image: Table 5][image: Figure 2]FIGURE 2 | X-ray diffraction data projection points in a triangle chart I. Clay rock; II. Silt-bearing clay rock; III. Lime-/dolomite-bearing clay rock; IV. Silty clay stone; V. Lime/dolomitic clay rock; VI. Siltstone; VII. Clay-bearing siltstone; VIII. Limestone-/dolomite-bearing siltstone; IX. Clay siltstone; X. Lime/dolomitic siltstone; XI. Limestone/dolomite; XII. Clay-bearing limestone/dolomite; XIII. Silt-bearing limestone/dolomite; XIV. Clay limestone/dolomite; XV. Silty limestone/dolomite.
To better serve for the exploration and exploitation of oil gas, the study adopted a relatively mainstream petrographic classification scheme for FSR (Ning et al., 2017; Peng et al., 2022), i.e., the form of “organic matter + sedimentary structure + basic rock type” as the way of naming petrographic phases. The FSR sedimentary structures were classified into four types, which are the lumpy, banding, laminoid, and lamella types. Among them, the lumpy structure features the single constituent thickness ≥ 5 cm and homogeneity internally without obvious lamina. The banding structure features the single constituent thickness ≥ 1 mm and rhythmic interbedding consisting of two to three constituents. The laminoid structure features the single constituent thickness < 1 mm and rhythmic interbedding consisting of two to three constituents. The organic matter content, as the key indicator of hydrocarbon generation and reservation capacities, was classified based on the content of 2%, which above 2% classified as organic-rich and otherwise as organic-bearing. Based on the core observation and thin section authentication in combination with the comparison of oil-bearing properties between every petrographic phase, the favorable petrographic phases were classified into six types, including organic-rich lime shale (OR-LS), organic-rich laminoid lime clay rock (OR-L-LC), organic-rich laminoid clay micritic limestone (OR-L-AM), organic-bearing banding clay micritic limestone (OM-B-AM), organic-rich banding lime clay rock (OR-B-LC), and organic-bearing lumpy clay micritic limestone (OM-M-AM).
The organic-rich lime shale features an obvious lamella structure, with clear and dense lamellation cracks connected with each other under the lamellae, and contains high clay mineral content reaching 70–80% and the lime content of 20–30%, embodied by the rhythmically developed micritic calcite laminas, with stable thickness and the single-layer lime lamina thickness less than 1 mm, containing high organic matter content and generally bearing oil (Figure 3A). The organic-rich laminoid lime clay rock is embodied as the dual interbedding between micritic calcite laminas and clay laminas with the thickness less than 1 mm under microscopy, with bedding cracks locally developed. It has the clay mineral content a bit higher than the calcite content, and its clay lamina thickness is 500–700 μm, rich in organic matter, whereas its calcite lamina thickness is 200–400 μm. Both of the two types of laminas are relatively straight and flat morphologically. This type of petrographic phase also bears oil generally (Figure 3B). The organic-rich laminoid clay micritic limestone is similar to the organic-rich laminoid lime clay rock in petrographic phase, but contains much higher lime content, embodied by the increase of the calcite lamina thickness to 200–600 μm and the decrease of the clay lamina thickness to 200–400 μm. The dual interbedding between the two types of laminas becomes denser, with basically straight and flat morphology, slightly corrugated or lenticular deformation in some local lime laminas, and few bedding cracks. This type of petrographic phase features good oil-bearing properties at the same time (Figure 3C). The organic-bearing banding clay micritic limestone is embodied as the banding interbedding of micritic calcite and clay minerals with corrugated deformation in local parts. The calcite bands are 1–1.5 mm thick, whereas the thickness of the clay bands varies a lot with a wide distribution of 0.1–1.0 mm, occasionally mixed with a little land-derived debris distributed in a scattered way. This type of petrographic phase basically has no bedding cracks developed, with low content of organic matter and certain oil-bearing properties (Figure 3D). The organic-rich banding lime clay rock has the mineral constituents dominated by clay minerals. The clay bands are relatively thick, approximately 1–3 mm, whereas the micritic calcite laminas/bands that are slim and straight and interbedded with the clay bands are thin, approximately 0.1–0.5 mm, mixed with land-derived debris distributed in a scattered way. It features bedding cracks locally developed, high organic matter content, and good oil-bearing properties (Figure 3E). The organic-bearing lumpy clay micritic limestone contains relatively homogeneous lumps, with the clay mineral content approximately 30–40%, the micritic calcite content approximately 60–70%, and the scattered distribution of land-derived debris in local parts. This type of petrographic phase has low content of organic matter and certain oil-bearing properties (Figure 3F).
[image: Figure 3]FIGURE 3 | Microscopic characteristics of six favorable petrographic phase types. (A) Organic-rich lime shale (OR-LS), W33, 1,950.95–1,950.96 m, 1x (−); (B) organic-rich laminoid lime clay rock (OR-L-LC); G3, 2,159–2,159.02 m, 1x (−); (C) organic-rich laminoid clay micritic limestone (OR-L-AM), W161, 1,985.7–1,985.72 m, 1x (+); (D) organic-bearing banding clay micritic limestone (OM-B-CL), G6, 2,145.76–2,145.77 m, 1x (+); (E) organic-rich banding lime clay rock (OR-B-LC), T29, 2,069.8–2,069.82 m, 1x (+); (F) organic-bearing lumpy clay micritic limestone (OM-L-CL), W161, 1,908.44–1,908.46 m, 1x (+).
4.1.2 Physical Characteristics
According to the statistics of the physical data of the 107 cores collected from the FSR reservoirs of the study area, the maximum, minimum, and average porosity values of the Es4S FSR reservoirs of Chenguanzhuang area are 26.32, 0.511, and 12.3%, respectively. The porosity is mainly distributed in the range of 5–10%, accounting for 35% of the samples, followed by the range of 10–15% accounting for 22% of the samples (Figure 4A). Meanwhile, the maximum, minimum, and average permeability values are 130.51, 0.001, and 10.58 mD, respectively, with the permeability of approximately 43% of the samples < 1 mD, and that of another 20% distributed in the range of 1–5 mD (Figure 4B). Generally speaking, the FSR reservoirs in the study area are typical low-porosity-and-permeability reservoirs.
[image: Figure 4]FIGURE 4 | Physical characteristics of FSR reservoirs. (A) Histogram of porosity distribution frequency; (B) histogram of permeability distribution frequency; (C) intersection figure of porosity and permeability.
Based on the porosity and permeability and the correlation curve between them (Figure 4C), the correlation curve equation is [image: image], with the correlation coefficient [image: image]. Besides, the porosity is positively correlated with the permeability in general, and the latter increases as the former goes up, with few data points of low porosity and high permeability. It indicates that cracks contribute less to the reservoir property than pores, and that the FSR reservoirs in the study area are mainly the porous reservoirs.
4.1.3 Reservoir Space Types
According to the thin section authentication and scanning electron microscopy (SEM) observation, most of the samples from the FSR reservoirs in the study area are compact, and thus their reservoir space is limited, with various types and high heterogeneity. Besides, their reservoir space is dominated by secondary pores and consists of a few primary pores and cracks. Therefore, the reservoir space can be classified into three major categories, i.e., pores, cracks, and micro-cracks. The pores consist of nano-scale pores including organic-matter shrinkage pores, mineral intergranular pores and clay mineral shrinkage pores, and micron-scale pores including residual interparticle pores and a few organism coelom pores and boring pores. Cracks are mainly micron-scale bedding cracks, while micro-cracks are intermediately developed, and dominated by nano-scale cracks including organic-matter shrinkage cracks, clay mineral shrinkage cracks, and micro-cracks caused by tectonic activity (Figure 5). Among them, the organic-matter shrinkage pores/cracks often exist inside organic matter aggregates, mostly in a long-strip or elliptic shape (Figures 5A,B). Meanwhile, the intergranular pores are mainly developed between mineral crystals such as pyrites, secondary carbonate minerals, secondary silicon minerals, with hundred-nano-scale diameters (Figures 5C–E). Additionally, the clay mineral shrinkage pores/cracks are secondary pores in an elliptic, hive, or scattered shape, associated with the thermal evolution of clay minerals (Figures 5F,G). The interparticle pores are mainly residual primary pores that have not been destroyed during the diagenesis and transformation in the late stage, with a very limited quantity (Figure 5H). Usually, the organism coelom pores are mainly attributed to micro-organisms (Figure 5I), whereas the boring pores are mainly attributed to macro-organisms of brachiopoda and gastropod, with relatively big diameters (Figure 5J). However, organism pores are rare in the study area. Besides, in the petrographic phase of mixed sedimentary rocks in a laminoid or banding structure, the bedding cracks that are vastly distributed from micron scale to millimeter scale (Figures 5K,L) are also effective reservoir space.
[image: Figure 5]FIGURE 5 | Reservoir space types of FSR reservoirs in the study area (A) organic-matter thermal evolution shrinkage pores, GX27 Well, 2,305.85 m, 6,000x; (B) organic-matter thermal evolution shrinkage cracks, GX27 Well, 2,317.29 m, 7,000x; (C) authigenic intergranular pores in pyrites, GX27 Well, 2,310.02 m,10,000x; (D) authigenic intergranular pores in calcite, W57 Well, 3,419.13 m, 550x; (E) authigenic intergranular pores in quartz, W58 Well, 3,027.00 m, 750x; (F) intergranular pores of clay mineral flocculate, NY1 Well, 3,431.93 m, 2,500x; (G) clay-mineral thermal evolution shrinkage cracks, NY1 Well, 3,437.98 m, 7,000x; (H) residual primary interparticle pores developed between calcite and quartz particles, GX27 Well, 2,303.80 m, 25,000x; (I) organism coelom pores, GX27 Well, 10,000x; (J) boring pores, almost occupied by calcite internally, T29 Well, 2,072.8 m, 5 (+); (K) bedding cracks, GX27 Well, 2,306.86 m, 400x; (L) bedding cracks existing in clay laminoid, GX27 Well, 2,316.29 m, 4,000x.
4.1.4 Pore Structure Characterization
With respect to the characteristics of various types and complex structures of the mixed lacustrine FSR pores, this study conducted multiscale qualitative analysis and quantitative characterization on the reservoir pore structures using NMR and the Image J image processing technique.
4.1.4.1 Full Pore Size Distribution Converted From NMR T2 Spectrum
The conversion of NMR T2 spectrum distribution was used to demonstrate the full pore size distribution curve of the micro-nanopores of the FSR reservoirs in the study area (Zeng et al., 2011; Lai et al., 2016; Wang et al., 2017). Meanwhile, 13 rock samples collected from NY1 Well were mainly the petrographic types with good oil-bearing quality like laminoid lime clay rock, lime shale, etc. All the samples demonstrated florescent display and most of them had developed cracks. The 13 samples in the test were used for the calculation of pore size-pore volume conversion and the three types of pore size–pore volume distribution curves were obtained (Figure 6).
[image: Figure 6]FIGURE 6 | NMR test signal distribution curves and pore structure curves. (A) Type I NMR test signal curve; (B) Type I pore structure curve; (C) Type II NMR test signal curve; (D) Type II pore structure curve; (E) Type III NMR test signal curve; f. Type III pore structure curve.
The pore size–pore volume conversion calculation was conducted on the 13 samples in the test, and three types of pore size–pore volume distribution curves were obtained thereafter (Figure 6).
Type I curves show relatively obvious double-peak characteristics (Figures 6A,B), which are common in the pore structure curve of organic-rich lime shale and organic-rich laminoid lime clay rock that have developed cracks. The main peak of pore volume corresponds to pore sizes close to the hundred-nano scale, whereas a secondary peak exists in the pore size range of 1–10 μm. Therefore, the reservoir pore structures reflected in this type of curves are dominated by mesopores (2–50 nm) and macropores (>50 nm), each contributing 43.20 and 55.97% of the total pore volume, with micropores (<2 nm) accounting for only 0.82%.
Type II curves show obvious double-peak characteristics, with the main peak existing in the evidently differential section or the transient platform section (Figures 6C,D). This form is common in the pore structure curve of organic-rich lime shale with obviously developed cracks and micro-cracks and organic-rich laminoid lime clay rock. The first pore volume peak appears in the hundred-nano range. Compared with Type I curves, Type II curves feature a transient platform section near the main peaks, which can be deemed as the differentiation of the main peak value in a small range that generates the second pore volume peak value with a smaller volume in the pore size range of 1–10 μm. In general, Type II curves, with the typical characteristics of platform sections near main peaks, are also dominated by mesopores and macropores, each contributing 44.48 and 54.72% of the total pore volume, while micropores contributing 0.79%.
Type III curves show obvious single-peak characteristics, featuring standard or approximately standard normal distribution (Figures 6E,F). This form is common in the pore structure curve of organic-rich laminoid lime clay rock and organic-rich laminoid clay mitritic limestone. The micropores, mesopores, and macropores contribute 1.01, 45.43, and 53.54%, respectively, of the total pore volume.
According to the combined research results of the reservoir space types, the curves of all three types have their maximum pore volume peaks near 80–300 nm. Therefore, it was concluded that the nano-scale pores, including organic-matter shrinkage pores, secondary mineral intergranular pores, clay mineral shrinkage pores, etc., contributed the most of the pore volume. Meanwhile, they were also the most frequently observed reservoir space by microscope or SEM. Type II curves corresponded to the rock samples with highly developed cracks and micro-cracks. By comparing them with Type I curves, it can be seen that the micro-cracks formed by clay mineral shrinkage or organic-matter thermal evolution are the cause for the differentiation or transient platform sections in the main peak. Additionally, Samples NY1-6 and NY1-7 in Type III curves, which have developed cracks, have minor differentiation in the section right after the main peak, proving once more that the existence of micro-cracks effectively extends the main peak distribution of pore volume. By comparing Type I and Type III curves, it can be seen that the pore structure curves of the samples with developed macro-cracks often have secondary peak values in the range of 1–10 μm after the main peak. Based on the comparison of sample information, it can be seen that macro-cracks including structural cracks, lamellation cracks, abnormal-pressure cracks, etc. are the main reason for the occurrence of secondary peak values. According to the pore structure curves of all rock samples, the pores < 2 nm contribute almost nothing to reservoir space. Even if it is case of the extremely compact shale reservoirs in the study area, mesopores and macropores are still dominant, which tallies with the research results of reservoir space types observed by thin section authentication and SEM.
4.1.4.2 Quantitative Characterization of Micro-Nanopores Based on the FESEM Image Processing Technique
The SEM images with polished argon ions were binarized in the Image J software, with the background in black and the pores in white. Afterward, the pores were manually calibrated, finely tuned, and colored in the Coreldraw software, using different colors for different types of pores (Figure 7). Since image statistical analysis requires not only precise observation, but also a maximum viewing area, based on the combination of previous research results, and multiple attempts and data analyses, it is concluded that SEM images magnified by 5,000X and below are more typical (the minimum statistical pore size under such a viewing area is approximately 20–30 nm) (Jiao et al., 2019). The observations were processed by quantitative statistics based on the calculation of pixels, and various structural parameters of different types of pores were then obtained (Table 6). Among those pores, the organic-matter shrinkage pores are the smallest, with a pore size range of 20–500 nm and an average pore size of 50 nm. However, they were extensively developed with the thermal evolution of organic matter, and finally feature an average pore area of 297 nm2 or so and an average form factor of 0.835. Hence, they have the most uniform morphology among all types of pores, and most of them are close to a round or ellipse in shape. The probability entropy and fractal dimensions reveal that they are directionally arranged, with relatively low inhomogeneity in size and morphology. The secondary mineral intergranular pores of different mineral constituents are a bit different from each other in pore size, with the dominant pore size range in 80–700 nm, an average pore size of 200 nm or so, an average pore area of 29,400 nm2 or so, and an average form factor of 0.631. It indicates that such pores have smooth and neat edges and minor difference in morphology. Besides, their probability entropy is 0.205, demonstrating that the arrangement in their space has a certain direction, which was caused by the relatively uniform growing direction of secondary minerals. The clay mineral shrinkage pores have an extensive pore size distribution range due to different levels of thermal evolution shrinkage, with the minimum pore size of approximately 50 nm and the maximum as large as 2 μm. In addition, they have an average pore size of approximately 500 nm, an average pore area of 0.23 μm2, and an average form factor of 0.412, indicating that such pores have complex and rough edges morphologically. Their probability entropy is 0.524, indicating that the arrangement in their space has random directions and no uniformity. Moreover, their fractal dimension is 1.403, further revealing that those pores feature evident difference from each other in morphology and high inhomogeneity. The organism coelom pores and boring pores are both micron-scale pores, and similar to each other in morphology to some extent since their formation mechanisms are both related to organisms or organism activities, thus low in fractal dimensions. The bedding cracks exist extensively in the laminoid samples, and have the probability entropy of 0.05 and the fractal dimension of 1.404, indicating that the bedding cracks have uniform arrangement directions, but difference in opening degree. The organic-matter shrinkage cracks, clay mineral shrinkage cracks, and structural micro-cracks are micro-nano-scale micro-cracks formed due to different causes. According to their structural parameters, these three kinds of cracks are significantly different from each other in morphology, and have relatively random space arrangements. Therefore, they are highly inhomogeneous pores.
[image: Figure 7]FIGURE 7 | SEM images after argon ion polishing and images after Image J processing. (A) Argon ion polishing SEM image of organic-bearing lumpy lime clay rock, showing reservoir space including micro-cracks, clay mineral shrinkage pores, clay mineral intergranular pores, etc., 4,000x, GX27 Well, 2,314.95 m; (B) Image (A) processed with Image J; (C) Argon ion polishing SEM image of organic-bearing lumpy clay micritic limestone, showing reservoir space including interparticle pores, mineral intergranular pores, etc., 5,000x, GX27 Well, 2,315.29 m; (D) Image (C) processed with Image J; (E) Argon ion polishing SEM image of organic-rich laminoid lime clay rock, with extensively developed bedding cracks, 400x, GX27 Well, 2,313.75 m; (F) Image (E) processed with Image J.
TABLE 6 | Pore type and structural parameter statistics after SEM observation and Image J processing.
[image: Table 6]The probability entropy [image: image], where Pi represents the percentage of pores in a certain range. For example, when i = 1, it means that the angle is 10°, and the 2D angle range is 0°–180°, i.e., n = 18, revealing the directionality of the pore system.
The fractal dimension [image: image], where C1 is a constant, demonstrating the degree of irregularity of complex morphology.
The Feret diameters (Feret-X, Feret-Y, Feret-Max, and Feret-Min adopted based on the general consideration of the pore and crack morphology) and pore areas both obtained after Image J processing were taken as the objects of statistics, and used to plot the pore size distribution histograms and the pore size–pore area proportion histogram (Figure 7). It can be seen that the pore sizes are mainly distributed in the range <400 nm, accounting for more than 80% of the total amount of the pores. Additionally, according to the detailed analysis on the distribution frequency of the pore sizes within 400 nm, the pores of 100–150 nm are the most developed (Figure 8A). In the histograms of pore distribution and pore area proportion, it can be seen that the pores within 400 nm are dominant not only in quantity, but also in pore area proportion. Besides, the pores of 400–600 nm are not absolutely dominant in quantity, but make evident contribution to the pore area. Furthermore, the pores > 2 μm are extremely low in quantity, but their existence takes up a large portion of the pore area according to the high-magnification SEM images. Therefore, the data obtained from the calculation based on the high-magnification SEM images show that the pores > 2 μm also have a high value in the pore area distribution (Figure 8B). Based on the combination of the quantity and pore area proportions, it was concluded that the dominant pore size range which makes evident contribution to the pore area is <600 nm. Meanwhile, the pore size distribution ranges of different types of pores were plotted through the statistics of their data, whereas the final pore area contribution curve (Figure 8C) was obtained by weighted average calculation based on the combination of the development frequency and pore area proportions of different pore types. Among them, the organic-matter pores/cracks, mineral intergranular pores, and clay mineral shrinkage pores/cracks have the pore sizes distributed within the dominant pore size range, and their contributions to the pore area are demonstrated as high values in the broken line chart, especially the contribution from the clay mineral shrinkage pores as high as 21.3%. The bedding cracks do not have pore sizes within the dominant pore size range, but they often exist in groups, providing considerable reservoir space. The residual interparticle pores, organism coelom pores, and boring pores make relatively low contributions to the pore area as they are limited in quantity.
[image: Figure 8]FIGURE 8 | Statistics chart of pore sizes and areas based on Image J processing. (A) Histogram of pore size distribution frequency. (B) Histogram of pore size–pore area proportion distribution. (C) Pore size distribution range boxplot and pore area contribution curve of different pore types.
4.2 FSR Reservoir Classification and Evaluation
Petrographic phases are the direct carriers of oil gas reservation as well as the geological indicators for reservoir classification. Meanwhile, porosity and permeability are the direct parameters to embody reservoir characteristics. In addition, different reservoir space types and their pore structure parameters including pore size ranges, morphological factors, fractal dimension, etc. can characterize the micro-structures of various reservoirs more objectively. Therefore, based on the research in the petrographic phases, physical characteristics, pore types, and pore structure characteristics in combination with the dynamic productivity data of the production wells in the study area, the FSR reservoirs in the study area were classified into three types, i.e., Type I, Type II, and Type III, ranked in a descending order from Type I to Type III regarding quality (Table 7).
Type I: The reservoirs of this type are dominated by organic-rich lime shale (Figure 3A) and organic-rich lime clay rock (Figure 3B), and have porosity dominated by nano-scale pores with the average porosity more than 20% and the average permeability as high as 120 mD. Their reservoir space mainly includes organic-matter shrinkage pores/cracks, mineral intergranular pores, bedding cracks, and clay mineral shrinkage pores/cracks. The full pore size distribution curve is mainly Types I and II. The form factor of their pores is in the range of 0.2–0.85 with an average of 0.47, whereas the fractal dimension of their pores is in the range of 1.38–1.80 with an average of 1.59. The reservoirs of this type generally contain rich organic matter and high content of clay minerals, and are often associated with macro-cracks, thus evaluated as high-quality reservoirs. In the study area, the sections of 2,695.7–2,792.1 m in G120 Well, 2,684.5–2,684.0 m in WX119 Well, and 3,000.6–3,150.0 m in N119 Well are typical reservoirs of Type I, with a daily average oil output as high as 40.3 t/d.
Type II: The reservoirs of this type are dominated by organic-rich laminoid clay micritic limestone (Figure 3C) and organic-rich banding lime clay rock (Figure 3E), and have porosity dominated by nano-scale pores. They have poorer physical properties compared with Type I since their porosity is in the range of 5.1–12.3% and their permeability is in the range of 5.58–97.93 mD. Their reservoir space mainly includes mineral intergranular pores and clay mineral shrinkage pores/cracks, plus a few boring pores and organism coelom pores. The full pore size distribution curve is mainly Type I or III. The form factor of their pores is in the range of 0.2–0.71 with an average of 0.56, whereas the fractal dimension of their pores is in the range of 1.43–1.8 with an average of 1.61. Therefore, Type II has higher inhomogeneity than Type I. The reservoirs of this type contain high content of organic matter, with carbonate minerals as the main constituents, thus comprehensively evaluated as above-average-quality reservoirs. In the study area, the sections of 2,745.6–2,790.4 m in G120 Well, 3,141.9–3,240.5 m in N52 Well, 2,896.2–3,000.0 m in G119 Well, and 2,614.8–2,618.3 m in G7 Well are typical reservoirs of Type II, with a daily average oil output as high as 12.5 t/d.
Type III: The reservoirs of this type are dominated by organic-bearing banding clay micritic limestone (Figure 3D) and organic-bearing lumpy clay micritic limestone (Figure 3F), and have porosity dominated by nano-scale pores. Their physical properties are even poorer than those of Type II since their porosity is in the range of 0.5–6.3% and their permeability is generally lower than 2.2 mD. Their reservoir space mainly includes mineral intergranular pores and clay mineral shrinkage pores, with a few residual interparticle pores. The full pore size distribution curve is mainly Type III. The form factor of their pores is in the range of 0.41–0.63 with an average of 0.48, whereas the fractal dimension of their pores is in the range of 1.4–1.75 with an average of 1.65. Therefore, Type III has the highest inhomogeneity among the three types of reservoirs. The reservoirs of this type contain low content of organic matter, with carbonate minerals as the main constituents, thus comprehensively evaluated as poor-quality reservoirs. In the study area, the sections of 1,836.0–1,900.0 m in W667 Well and 2,564.4–2,607.1 m in W108 Well are typical reservoirs of Type III, with a daily average oil output as high as 6.1 t/d.
TABLE 7 | Classification and evaluation of FSR reservoirs in the study area.
[image: Table 7]5 CONCLUSION

1. The Es4S FSR reservoir of the Chenguanzhuang area in the southern slope of the Dongying Depression contains calcite and clay minerals as the primary mineral constituents, and feldspar, dolomite and pyrite as the secondary mineral constituents, and the rock types in its favorable reservoir are mainly lime shale, lime clay rock, and clay micritic limestone. Based on the sedimentary structures and organic matter content, the reservoir is classified into six types, i.e., organic-rich lime shale, organic-rich laminoid lime clay rock, organic-rich laminoid clay micritic limestone, organic-bearing banding clay micritic limestone, organic-rich banding lime clay rock, and organic-bearing lumpy clay micritic limestone. With the average porosity of 12.3% and average permeability of 10.58 mD, this reservoir is a typical low-porosity and low-permeability reservoir. Besides, it has diverse types of reservoir space, including nano-scale pores such as organic-matter shrinkage pores, mineral intergranular pores and clay mineral shrinkage pores, and micron-scale pores such as residual interparticle pores plus a few organism coelom pores, boring pores, and cracks.
2. The NMR full pore size distribution curves were classified into three types, of which Types I and II are double peak curves and Type III is single-peak curves, with platform sections adjacent to the peak as the typical feature of Type II. According to the results of the curve analysis, the pores with a size less than 2 nm hardly make any contribution to the reservoir space, whereas the main peak of pore volume is attributed to mesopores and macropores, and the secondary peak of pore volume is attributed to macro-cracks. According to the quantitative analysis results based on the argon ion polishing images, the hundred-nano-scale pores, including organic-matter shrinkage pores/cracks, secondary mineral intergranular pores, clay mineral shrinkage pore/cracks, etc., make the main contribution to the reservoir space. Besides, the pores of those types above are relatively homogeneous in their micro-morphology, directional to some extent, widely distributed in large numbers, and have various structural parameters superior to those of other pore types.
3. Based on the research in the petrographic phases, physical characteristics, pore types, and pore structure characteristics in combination with the dynamic productivity data of the production wells in the study area, the FSR reservoirs in the study area were classified into three types. Among them, Type I is dominated by organic-rich lime shale and organic-rich lime clay rock, features the best physical characteristics, and has the reservoir space dominated by organic-matter shrinkage pores/cracks, mineral intergranular pores, bedding cracks, and clay mineral shrinkage pores/cracks. It has the optimal pore structure parameters and the daily average oil output of 40.3 t/d, and thus is the best reservoir type in the study area regarding reservoir characteristics, followed by Type II and then Type III.
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Pore Organic-matter shrinkage pore 500/20 (nm) 50 (nm) 297 (nm?) 0.835 0.301 1378
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Note: The average form factor

2S/C2. where S i the pare area and C is the pare perimater, reflacting the smootiness and roughness of pore edges.
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