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The pore structures of shale in the Shahejie formation of Dongying depression were quantitatively characterized by FIB-SEM three-dimensional imaging technology. FIB-SEM was used to obtain high-resolution SEM images and through image registration, geometric correction and image segmentation, the organic pores and inorganic pores in the shale were distinguished. The pore space was converted into a structured pore network model via maximal ball method. Then, the pore size distributions and volume contributions of shale organic pores and inorganic pores, and the coordination number of the total pore network model were statistically analyzed via the pore network model. The results showed that due to the low thermal maturity of organic matter in the Shahejie formation, fewer organic pores were observed in the shale samples, and the number of pores was dominated by inorganic pores. Statistical analysis of the pore network model indicated that the studied shale samples considerably included mesopore (size of 2–50 nm) which accounted for 61.1%, but their contribution to the total pore volume was small (4.2%). Macropores (>50 nm) accounted for a relatively small proportion (38.9%) in number, but they provided the main storage space (95.8%) for the shale oil and gas. The volume contribution of pores to the total pore space at a certain bin size is controlled by the combination of pore number and the pore size. The coordination numbers of the two samples were mainly 0 and 1, indicating that the pore connectivity was poor and isolated pores accounted for most part. These results are critical for further reliable petrophysical simulations based on shale digital rocks as well as for the accurate understanding of their petrophysical properties.
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1 INTRODUCTION
The characterization of shale pore structure has always been the core work of shale oil and gas resource evaluation, and it is also a research hotspot and frontier in the field of oil and gas geology (Tang et al., 2016; Cao et al., 2019; Ma X. et al., 2019). The classification of shale rock pore types is of great significance to the qualitative and quantitative characterization of pores in shale. There are various types of pores in shale reservoirs, which can be classified into organic pores and inorganic pores in terms of genesis (Jarvie et al., 2007; Li et al., 2014). The pore type affects the wettability of the rock. Typically, organic pores are strongly oil-wet, and inorganic pores are strongly water-wet, which in turn affects the distribution of fluid in the pore space and the electrical resistivity of the rock (Nie et al., 2016; Yan et al., 2019; Wu et al., 2020). The percolation mechanism and occurrence state of shale oil and gas in organic and inorganic pores are also different (Wu et al., 2019a). Free gas is mainly stored in inorganic pores, while adsorbed gas is mainly adsorbed on the surface of organic matter and into the organic pores (Yao et al., 2018). Considering the differences in the influence of different pore types on petrophysical properties of shale, it is of great significance to quantitatively analyze the microstructure of organic and inorganic pores respectively. The commonly used experimental methods to study pore structure include high pressure mercury injection (MICP), gas (N2 or CO2) adsorption, nuclear magnetic resonance (NMR), scanning electron microscope (SEM) and CT scanning method, etc. (Tian et al., 2012; Tiwari et al., 2013; Liu et al., 2015; Wu et al., 2019b; Cui et al., 2020; Li et al., 2022; Golsanami et al., 2021 and 2022). High pressure mercury injection method and gas adsorption method are indirect means to obtain pore structure and morphology information. They can determine the overall pore size distribution of the sample through experimental results and some theoretical formula, but cannot distinguish between organic and inorganic pores. Scanning electron microscope is a commonly used method to describe the pore types and pore morphology of rocks, but it only reflects the two-dimensional information of the pores and cannot reflect the distribution information of the pores in the three-dimensional space. Nuclear magnetic resonance analysis can determine the T2 spectrum of oil-wet and water-wet pores. The pore size distribution of organic and inorganic pores can be obtained via establishing the quantitative relationship between T2 and pore size. However, this method cannot reflect the connectivity of the pores (Li et al., 2016). Although nano-CT based on the X-ray imaging (Dong et al., 2018; Dong et al., 2019) can obtain the three-dimensional reconstruction of shale pores, it is difficult to distinguish the organic pores and inorganic pores, since the gray values of organic pores and inorganic pores in CT image are very close (Kelly et al., 2016). Different from the methods discussed above, FIB-SEM is one of the most effective means to identify and analyze the organic and inorganic pores of shale. This technology can directly characterize the pore micro structure of shale on two-dimensional and three-dimensional scales both qualitatively and quantitatively. In the already existing studies, the researchers have mainly focused on the quantitative characterization of the total pore space of shale, and did not focus on the segmentation and quantitative characterization of shale’s organic pores and inorganic pores (Chalmers et al., 2012; Curtis et al., 2012; Zhou et al., 2016; Liu et al., 2017; Saif et al., 2017; Zhou et al., 2017). In this paper, two shale samples of the Shahejie formation in Dongying depression, Bohai Bay Basin were taken as an example, and FIB-SEM was used to establish three-dimensional digital rock of shale. Based on the difference in depth of field and pore distribution characteristics of organic pores and inorganic pores, the core image data was segmented twice by a double threshold method, then the fine division of organic and inorganic pores was achieved through image logic operations and algebraic operations. Finally, the maximal ball method was used to obtain the pore space topology model. The pore size distribution, volume contribution distribution of organic pores and inorganic pores and coordination number of the total pore network were respectively counted so as to quantitatively characterize the organic and inorganic pores in the studied shale samples. This method provides an effective method for quantitative characterization of shale microscopic pores which is critical for further reliable petrophysical simulations.
2 TEST SAMPLES AND METHODS
2.1 Sample characteristics
The samples used in this study were drilled from Well Fanye 1 in Dongying depression, Bohai Bay Basin. This well is a pre-prospecting well for unconventional oil and gas exploration and is the first key well deployed in Fanjia block by the Shengli oil field, which is of great significance for understanding the reservoir characterization and hydrocarbon-bearing conditions of the shale in the lower section of Es3, and upper section of Es4 in the Boxing Sag (Yan et al., 2018). The samples were from the lower section of Es3, which belongs to the semi-deep to deep lake depositional environment (Wu et al., 2016). The mineral composition of the shale samples in the Shahejie formation is rather complex and can be divided into clay minerals (average 24.2%), carbonate minerals (average 45.1%), quartz and feldspar (average 26.9%), and a small amount of pyrite, siderite, etc. The clay minerals are mainly illite followed by the mixed layer of illite/smectite, and a small amount of kaolinite and chlorite. The main type of kerogen belongs to I-type, and the vitrinite reflectance, Ro, is between 0.51% and 0.93%, which indicates the immature to low-mature stage (Sun, 2017). The lithology of the two samples selected for in this study is dark gray laminar lime-bearing mudstone (S1) and dark gray laminar lime-bearing mudstone (S2). The basic information is shown in Table 1.
TABLE 1 | Characteristics of Shale Samples from the Lower section of Es3 in Dongying Depression, Bohai Bay Basin.
[image: Table 1]2.2 Focused ion beam-scanning electron microscope cutting and imaging
FIB-SEM is a dual beam system formed by the focused ion beam (FIB) coupled with the scanning electron microscope (SEM). The common double beam equipment is that the electron beam is installed vertically, and the ion beam is installed at a certain angle with the electron beam, as shown in Figure 1A. The point of intersection of the focal planes of the electron beam and the ion beam is usually referred to as the concentric height position. By combining the gas deposition device, nanomanipulator, various detectors, controllable sample stage, and other accessories, FIB-SEM has become an analytical instrument integrating micro area imaging, processing, analysis, and manipulation. The ion source is the key component in the dual beam system and is used to generate the ion beam. Currently, the most commonly used ion source in commercial systems is gallium (Ga). The diameter of the gallium ion beam can be controlled to the nanometer scale by adjusting the lens system and the aperture strip. The cutting function of the ion beam is realized by sputtering out the atoms on the surface of the sample through the collision between the electron beam and the surface atoms, and the interaction of the electron beam with the sample surface can generate a signal for creating a high-resolution image of the sample. The cutting and scanning of the shale sample in this experiment were done with FEI Helios 650 instrument. First, emery paper and argon ion beam are used to polish the surface of the shale sample, and the sample is fixed to the stage with conductive carbon glue. Then turn on the electron beam, use the backscatter (BSE) mode to observe the polished shale surface, select the region of interest (ROI), and plate the surface of the area with platinum to avoid the ion beam from damaging the sample surface during the cutting process. Then rotate the sample table 52° (the ion beam is perpendicular to the sample surface during the cutting process), and use the gallium ion beam to cut off the shale on both sides and in front of the sample target area, exposing a new shale section; cut a “×” mark near the ROI as an alignment reference for continuous ion beam cutting (Figure 1B). Then control the ion beam and electron beam to perform continuous cutting and imaging. Every time the ion beam cuts a 10 nm thick slice of the sample, the electron beam scans the surface of the sample and records the signal used to form a nanoscale image. A sequence of continuous high-resolution SEM images can be obtained via successive and repeated cutting and imaging and the shale microstructure information can be extended from two-dimensional to three-dimensional scale (Lemmens et al., 2011).
[image: Figure 1]FIGURE 1 | Schematic diagram of milling and imaging in the FIB-SEM system. (A) The characteristic of a typical FIB-SEM system. (B) Cross-section of a shale sample cut by an ion beam in BSE mode.
3 IMAGE DATA PROCESSING
3.1 Image registration
In the continuous cutting and scanning process of FIB-SEM, there will inevitably be a slight offset between two adjacent images in the image sequence generated by the SEM (Curtis et al., 2012), which affects the subsequent segmentation, pore structure analysis, and petrophysical numerical simulation. An image registration algorithm can be used to align the images produced by FIB-SEM. Image registration is a method of optimally mapping one or more images to a target image based on a certain evaluation criterion. In image registration, the commonly used geometric transformation models mainly include rigid body transformation, affine transformation, projective transformation, and polynomial transformation (Goshtasby, 2005). Rigid body transformation can be decomposed into translation and rotation. Its characteristic is that after the points in the image are transformed, the Euclidean distance remains unchanged, and the relationship between the two straight lines such as parallel or perpendicular remains unchanged. In two-dimensional space, the process of point (x, y) being transformed to point (x’, y’) through a rigid body transformation can be expressed as:
[image: image]
Where θ, tx and ty are the rotation angle, the translational distance in x direction, the translational distance in y direction, respectively. In general, the first captured SEM image in the image sequence is used as the reference image, and all other images are aligned with it. The results before and after image alignment are shown in Figure 2. Before image registration, the boundaries of each component are uneven and jagged. After image registration, the boundaries of each component become relatively smooth. After the image is registered, the edge part that does not contain any information of the sample needs to be cut out.
[image: Figure 2]FIGURE 2 | FIB-SEM image alignment (result from sample S1). (A) section image before alignment. (B) section image after alignment, where d is the translational distance relative to the reference image.
3.2 Geometric correction
During the continuous cutting and scanning process, the electron beam is not perpendicular to the cross-section of the sample. For the Helios 650 FIB-SEM system, the electron beam usually has an angle of 52° with the ion beam (Figure 1A). Therefore, the actual scan size of the SEM is the projection of the sample section on the horizontal plane, not the actual size of the sample section (Sun et al., 2016). The SEM image size can be converted to the actual size of the sample cross-section by multiplying a correction factor in the y direction. For an angle of 52°, the correction factor is 1/sin (52°).
3.3 Image segmentation
The accurate segmentation of the digital rock skeleton and pore space is the key problem to the quantitative characterization of the shale microstructure. Image binarization is a commonly used approach in digital rock image segmentation (Liu, 2010). This method uses a fixed threshold to separate the three-dimensional digital rock image into two parts: skeleton and pore space. However, due to the high resolution of SEM imaging, the internal details of pores will be displayed in the SEM image influenced by the depth of field (Sun et al., 2016), which leads to different grayscale distributions of organic pores and inorganic pores, that is, the pores have different gray values. The gray value of some inorganic pores is close to or even greater than the gray value of organic matter (Figure 3). Therefore, the traditional binary segmentation method cannot meet the requirements of shale digital rock image segmentation.
[image: Figure 3]FIGURE 3 | FIB-SEM image characteristics of shale samples from Shahejie formation. (A) section image from sample S1 produced by FIB-SEM. (B) the gray distribution on line AB in (A).
Based on the gray value of pores and the distribution characteristics of organic pores and inorganic pores, the image data was segmented twice with two different thresholds, and then the organic pores and inorganic pores were finely divided through image logic operations and algebraic operations. The specific image segmentation and operation process are shown in Figure 4, where “0” and “1” are the values of specific phases after image segmentation or operation. For the first binarization segmentation, using the maximum gray value of organic pores as the segmentation threshold, the image data could be divided into two parts:
• Organic pores and part of inorganic pores (denoted as 1).
• Organic matter, inorganic matter, and part of inorganic pores (denoted as 0).
[image: Figure 4]FIGURE 4 | Flow chart of separation of organic pores and inorganic pores.
For the second binarization segmentation, using the maximum gray value of inorganic pores as the segmentation threshold, the core could be divided into two parts:
• All organic pores, all organic matter and all inorganic pores (denoted as 0).
• Inorganic matter (denoted as 1).
Image segmentation result of sample S1 is shown in Figure 5, in which Figure 5A is the 3D reconstructed digital rock of sample S1. The digital rock is composed of 781 continuous SEM images, and the size is 11.4μm × 8.9μm × 7.8 μm. Using the image processing procedure described in Figure 4, different components such as pyrite, inorganic pores and organic pores were segmented out. Figures 5B–D show the renderings of the pyrite, inorganic pores, and organic pores, respectively. All the samples in Table 1 were analyzed using the same processing procedure, which laid the foundation for the subsequent quantitative characterization of inorganic and organic pores in shale.
[image: Figure 5]FIGURE 5 | Image segmentation results of sample S1. (A) A digital rock reconstructed from S1. With multithreshold segmentation, pyrite (B), inorganic pores (C), and organic pores (D) were segmented out.
4 RESULTS AND DISCUSSION
4.1 Pore types
Taking into account the wettability of shale pores and the differences in their impact on petrophysical properties (electrical property, percolation property), the shale pores of the Shahejie formation in the Dongying depression are classified into two categories from the perspective of genesis, organic pores, and inorganic pores. Organic pores are oil-wet and are divided into shrinkage pores and internal pores formed in the process of thermal evolution and hydrocarbon generation of organic matter, so they are important storage places for shale oil and gas. The two-dimensional SEM image showed that the organic pores in the shale samples of the study area are less developed. The organic pores in this formation are mainly composed of shrinkage pores between organic matter and inorganic minerals, and the pores within the organic matter are less (Figure 6A). The observation results are consistent with the previous research results (Ma H. et al., 2019). The degree of organic pore development is quite different from the Longmaxi Shale in China (Zhou et al., 2016; Xie et al., 2019) and the Barnett Shale in the United States (Loucks et al., 2012). This is because the degree of organic pore development is related to the thermal maturity of the organic matter in the shale (Klaver et al., 2016; Zhang et al., 2020). The thermal evolution degree of shale samples in the research area is in the stage of immaturity to low-maturity (Liu et al., 2017). Inorganic pores are relatively developed in shale samples of Shahejie Formation, including interparticle (interP) pores and intraparticle (intraP) pores. Interparticle pores reflect the contact relationship between different mineral particles, and are mainly developed between brittle minerals, such as quartz and feldspar. Intraparticle pores reflect the pores inside mineral particles (Figures 6B,C).
[image: Figure 6]FIGURE 6 | Pore types of shale samples from Shahejie formation. (A) a small amount of organic pores distributed in kerogen, and shrinkage pores between kerogen and inorganic minerals (B) Pyrite intercrystalline pore filled with kerogen containing organic pores, (C) InterP pores between brittle minerals and IntraP pores within quartz or feldspar particles.
4.2 Pore network model
The pore network model simplifies the complex and irregular pore space of the shale digital rock. The model not only retains the pore space distribution characteristics of the original digital rock, but also facilitates the use of mathematical statistics to quantify pore structure parameters. The commonly used maximal ball method (Dong and Blunt, 2009) was adopted to extract regularized pore structure models from the organic pores and inorganic pores which were segmented using the procedure discussed in Section 2.3. The maximal ball method is to select a point in the pore pixel and extend it around until it touches the nearest matrix pixel, and the set of all pixels in the formed area is called the maximum sphere. The largest sphere can overlap with the adjacent largest sphere whose radius is smaller than it, thus forming the multiple clusters of the largest spheres. The pore space of 3D digital rock can be represented by the largest spheres with different radius. The “pore” and “throat” in the pore network model are determined by finding the local maximum sphere and the smallest sphere between the two largest spheres in the ball string. Finally, the pore space of the 3D digital rock can be simplified into a network model with “pore” and “throat” as the basic units. Figure 7 is the extraction results of the pore network model of samples S1 and S2, where the ball represents the pore and the tube represents the throat.
[image: Figure 7]FIGURE 7 | Pore network model extraction results of sample s1 (A) and s2 (B).
Based on the pore network model of shale, the quantitative characterization of the microscopic pore structure can be established by analysis the size of organic pores and inorganic pores and the coordination number of the entire network model.
The classification of pore types in shale reservoirs plays a significant role in further analyzing the micropores in shale. Based on the pore size, scholars have proposed different pore classification schemes. Loucks et al. (2009) classified shale pores of the Mississippian Barnett shale into micro-pores (>=0.75 μm) and nano-pores (<0.75 μm). Zhang et al. (2017) divided shale pores of Paleogene Xin’gouzui Formation in the Jianghan basin into I-type micro-pores (<25 nm), II-type micro-pores (25–100 nm), mesopores (100–1000 nm) and macropores (>1000 nm). At present, the most widely used quantitative classification scheme of shale pores is proposed by “International Union of Pure and Applied Chemistry (IUPAC)”. According to the pore classification scheme of the IUPAC (Rouquerol et al., 1994), shale pores can be divided into: micropores (less than 2 nm), mesopores (2–50 nm) and macropores (greater than 50 nm). Figure 8 is the pore size distribution and coordination number distribution obtained by statistical analysis of the pore network model of organic pores and inorganic pores. The size of the inorganic pores of sample S1 is mainly distributed in the range of 10–100 nm, and the peak distribution is between 20 and 30 nm. The size of the organic pores is mainly distributed in the range of 10–60 nm, and with a peak value between 20 and 30 nm (Figure 8A). Organic pores in 2–50 nm account for 12.8% of the total pores, and inorganic pores in 2–50 nm account for 55.9% of the total pores, but the corresponding pore volume contribution are 1.1%, and 4.8%, respectively. The organic pores with the largest volume contribution have a pore size distribution interval of 240–250 nm. The largest volume contribution of inorganic pore size distribution is in the range of 60–70 nm (Figure 8B). Similarly, by statistically analyzing the pore network model of the sample S2, the pore size distribution characteristics and pore volume distribution can be obtained. In sample S2, the inorganic pores are mainly distributed in the range of 10–60 nm, and the peak value is between 20 and 30 nm. The organic pores are mainly distributed in the range of 10–90 nm and the peak value is between 30 and 40 nm. The number of organic pores and inorganic pores in 2–50 nm accounted for 6.5% and 46.9%, respectively. The corresponding volume contributions to the total pore volume are 0.3%, and 2.1%, respectively. The size of the organic pores and inorganic pores with the largest volume contribution both are above 300 nm (Figures 8C,D). The distributions of pore size and volume contribution show that the mesopores in the shale samples in the study area are obviously dominant in number, but they contribute less to the total pore volume. Macropores account for a small proportion in number, but they provide the main storage space for shale oil and gas. The pore volume contribution is controlled by a combination of pore number and pore size.
[image: Figure 8]FIGURE 8 | Distributions of pore size and coordination number of shale samples from Shahejie Formation in Dongying depression. (A) and (B) are pore count percentage and volume contribution to the total pore space of sample S1 at a given bin size, respectively; (C) and (D) are pore count percentage and volume contribution to the total pore space of sample S2 at a given bin size, respectively; and (E) and (F) are distributions of coordination numbers of sample S1 and S2, respectively.
Pore connectivity is of great significance to the accumulation and migration of shale oil and gas. The connectivity of the pores can be expressed by the coordination number (referring to the number of throats connected to the pores), which reflects the connectivity between the pores. The larger the coordination number, the better the pore connectivity, and the smaller the coordination number, the worse the pore connectivity. Figures 8E,F are the histograms of the coordination number distribution of rock sample S1 and S2, respectively. The coordination numbers of the two samples are mainly 0 and 1, which means that isolated pores dominate in number and the pore connectivity is poor.
5 CONCLUSION
In this paper, FIB-SEM and digital rock technology were used to quantitatively characterize the organic pores and inorganic pores of continental shale reservoirs in the Shahejie Formation in Dongying depression, and the following conclusions could be drawn:
(1) The shale reservoir of Shahejie Formation in Dongying depression is widely developed with nano-pores. Compared with the shale of the Longmaxi Formation, the thermal evolution degree of the shale in the study area is in the immaturity to low-maturity stage, therefore, organic pores were less developed in the shale sample, and inorganic pores dominate in the number of the Shahejie formation in the Dongying depression.
(2) The mesopores (2–50 nm) of the shale samples in the study area are obviously dominant in number, but they contribute less to the total pore volume. Macropores (>50 nm) account for a small proportion in number, but they provide the main storage space for shale oil and gas. The pore volume contribution is controlled by a combination of pore number and pore size. The pore connectivity analysis showed that isolated pores in the shale samples in the study area are dominant in number, and the pore connectivity is poor.
(3) FIB-SEM can directly and accurately obtain the three-dimensional spatial distribution characteristics of organic pores and inorganic pores in shale rocks, which can not only obtain the distribution characteristics of organic and inorganic pores, but also the connectivity of the entire pore space. The digital rock also provides a medium for the simulation study of petrophysical properties of shale oil reservoirs.
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