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Abstract

:

The success of shale oil exploration and production is highly dependent on the heterogeneous nature of the reservoir pore structure. Despite this, there remains limited research on the heterogeneity characteristics of pores at different scales in lacustrine shale oil reservoirs and the factors that impact them. This study aims to quantitatively characterize the multi-scale pore heterogeneity differences of the lacustrine shale found in the Funing Formation in Gaoyou Sag. Additionally, the study seeks to clarify the impact of the total organic carbon (TOC) and lithofacies type on pore structure heterogeneity. To achieve this, nitrogen adsorption, scanning electronic microscope (SEM), mercury intrusion porosimetry (MIP), and other experimental means were adopted in combination with the fractal dimension model of FHH and capillary. The results show that the predominant lithofacies of the Funing Formation shale samples are mixed shale (MS) and siliceous shale (SS), with a limited presence of calcareous shale (CS). The micro-pores of lacustrine shale are dominated by inorganic mineral pores and fewer organic pores. Intragranular pores and clay mineral pores are two types of inorganic mineral pores that are widely found. Small pores (pore diameter < 50 nm) make up 89% of the pore volume (PV) and 99% of the specific surface area (SSA). The fractal dimensions D1, D2, and D3 were calculated to characterize the roughness of the pore surface, the structural complexity of small pores, and the structural complexity of large pores (pore diameter > 50 nm), respectively. The increase in the total organic carbon (TOC) resulted in a decrease in the D1, D2, PV, and SSA, while connectivity showed a slight improvement. The fractal dimension of shale across all lithofacies followed the pattern: D3 > D2 > D1. The pore structure is more complex than the pore surface, and the large pores showed a greater heterogeneity than the small pores. Among the three lithofacies, CS had the largest PV, SSA, D1, and D2, indicating the development of a more complex pore structure network. This expands the space required for shale oil occurrence. However, the connectivity of the CS lithofacies is the lowest among the three, which hinders shale oil production. Although the PV of SS is slightly lower than that of CS, its average pore diameter (AVE PD) and connectivity are significantly advantageous, making SS an ideal shale reservoir. This study provides an important reference for the reservoir evaluation required to better develop lacustrine shale oil around the world.
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1. Introduction


In recent years, China has made significant progress in shale oil production with the increase in shale oil exploration. In 2021, China’s shale oil output amounted to 240 × 104 t, up by 60% from 2019. In addition, the recoverable resources of shale oil across the country were 7.4–37.2 billion tons, as estimated by the National Energy Administration of China in 2019 [1,2]. In China, shale oil has shown a promising prospect for commercial development. Shale reservoirs not only create important spaces for shale oil generation and storage, but they also act as exceptional porous media with high complexity and irregular properties [3,4,5]. Unlike the shale oil in North America, which is dominated by marine formations [6,7], the shale oil discovered in China is derived mainly from lacustrine facies. The shale oil from lake sediments in China is faced with the challenges of complex geological structures, significant heterogeneity, high clay mineral content, low maturity of organic matter, and poor oil mobility [8,9,10,11,12]. The heterogeneity of lacustrine shale is strongly manifested in both the organic geochemical heterogeneity and the inorganic mineral heterogeneity. The organic geochemical characteristics show significant differences, with the distribution of the content of total organic carbon (TOC) ranging from 0.5% to 15%, and Ro ranging from 0.5% to 1.3% [13,14,15]. The mineral composition is complex, with siliciclastic minerals, carbonate minerals, and clay minerals accounting for the absolute majority of the total mineral content, but other mineral types, such as sulfate minerals, halides, or zeolites are also commonly present [16,17,18]. Precisely because of the heterogeneity of lacustrine shale, it results in a complex pore structure. Moreover, shale pore structure exerts an obvious control effect on the occurrence state and seepage mechanism of oil [8,9,10,11]. Therefore, one of the key issues facing reservoir evaluation and improved shale oil recovery is quantifying the heterogeneity of the pore structure efficiently.



Due to the high complexity of shale pore structure, it is usually difficult to describe its heterogeneity according to the traditional Euclidean geometry theory, which is especially true for the lacustrine shale with high heterogeneity. Fractal theory is applicable to quantify the heterogeneity and complexity of pore structure, which contributes novel ideas and methods to explore the adsorption mechanism, pore structure, and surface properties of shale reservoirs [19,20]. In some studies, scanning electronic microscope (SEM) images, nitrogen adsorption, and mercury intrusion porosimetry (MIP) data are often used to construct a variety of fractal dimension calculation models [21,22,23], such as the Frenkel–Halsey–Hill (FHH) model, the Brunauer–Emmett–Teller (BET) model and the Menger model. Then, the correlation between the fractal dimension and the shale composition is analyzed to find the control factors of the fractal dimension [24,25]. Many models present multiple fractal features. However, previous studies have often overlooked the physical significance of the multiple fractal dimensions [26,27,28,29,30]. The variety of multiple fractal dimensions makes comparison and analysis more challenging. Furthermore, fractal dimensions within a certain range of pore size are calculated through gas adsorption or MIP and other experimental data, which imposes some limitations on analyzing the characteristics of the pore structure in shale and the relationships among different fractal characteristics. Considering the pore space of different scales in shale (including nano-micron-millimeter), the complex pore structure of shale causes differences in the fractal characteristics of different scales. However, there have still been few studies on the quantitative characterization of multi-scale fractal characteristics shown by lacustrine shale pore structure and the influencing factors on the characteristics of pore heterogeneity within each pore size range.



Therefore, the lacustrine shale of the Funing Formation in Gaoyou Sag is taken as the research object in this study to address the above problems. Firstly, the nitrogen adsorption and MIP data were inputted into the FHH model and the capillary model, respectively, to quantitatively characterize the differences in the multi-scale pore heterogeneity. Then, an analysis was conducted to determine the correlation between the pore structure parameters and the fractal dimension. Finally, the impact of the TOC and lithofacies type on the heterogeneity of the pore structure was clarified. This study contributes to a better understanding of the structural characteristics and heterogeneity characteristics of multi-scale pores in lacustrine shale, which provides an important reference for the reservoir evaluation required to carry out lacustrine shale oil production worldwide.




2. Geological Setting and Samples


The Subei Basin is a Mesozoic and Cenozoic sedimentary basin founded on the Cretaceous basement. [31,32]. The Subei Basin is located in eastern China and encompasses approximately 3.5 × 104 km2. With a size of roughly 3000 km2, the Gaoyou Sag is situated in the southern part of the Subei Basin (Figure 1). In the Gaoyou Sag, there is a sequential deposition of five formations, namely, the Cretaceous Taizhou Formation, the Paleogene Funing Formation, the Dainan Formation, the Sanduo Formation, and the Neogene Yancheng Formation, from the bottom up (Figure 2). The Funing Formation is the primary shale development horizon in the Gaoyou Sag. Gray and dark gray shale combined with siltstone and fine sandstone are produced in the Funing Formation, which was formed in a deep lake to semi-deep lake sedimentary environment [32,33]. The Funing Formation is typically more than 300 m thick, and because of its excellent organic geochemical conditions, it is regarded as a good source rock. With significant shale oil resource potential, several wells have been used to drill shale reservoirs in the Funing Formation [32,34]. A total of 17 samples of shale from the Funing Formation in the Gaoyou Sag were chosen for this investigation, and all samples were from Well F2 at a depth of 3460~3688 m.




3. Experiments


3.1. TOC, Mineralogy, and Lithofacies Division


The content of the total organic carbon (TOC) is one of the key matrices used to assess the abundance of organic matter. Using a CS230HC (CS230HC, LECO, San Jose, CA, USA) carbon and sulfur analyzer, the TOC contents of core samples from the Funing Formation were determined in this investigation. The samples were crushed to powder samples of 0.1~0.5 g. (particle size of 200-mesh). Diluted hydrochloric acid was employed to eliminate the samples’ inorganic carbon prior to the experiment. Following the procedure, the samples were dried at 60 to 80 °C. Finally, the samples were burned at a high temperature (930 °C), the CO2 contents were determined, and the samples’ TOC contents were computed in accordance with the results [35]. An MPV-I microphotometer was used to measure the vitrinite reflectance value (Ro) [36].



The mineral components of the samples were quantitatively examined using a Smart-Lab X-ray diffractometer (SmartLab, Rigaku Corporation, Tokyo, Japan). To prepare the samples for analysis, they were crushed into a 200-mesh powder. By examining the distinctive diffraction peak intensities of the X-ray diffraction patterns of individual mineral crystals, it was possible to identify the different minerals present in the samples [37,38].



Scanning electron microscopy can be used to observe the microscopic pores and fractures of shale [39,40,41]. In this study, the pore properties of the shale samples were qualitatively observed using a high-resolution field emission scanning electron microscope, the ZEISS Gemini SEM 500 (Gemini SEM 500, ZEISS, Oberkochen, Germany), with a resolution of up to 0.8 nm. The samples were cut into small pieces measuring 1.5 cm × 1 cm × 0.5 cm before the experiment and then polished using a HITACHI IM 4000 (IM 4000, HITACHI, Tokyo, Japan) argon ion polishing apparatus. Field-emission scanning electron microscopy observations of the results were made.



The lithofacies division method in this study was based on the three-terminal element method [42,43]. The specific method involved dividing the minerals in the shale into three categories, namely calcareous minerals (calcite and dolomite), siliceous minerals (quartz and feldspar), and clay minerals. With 50% as the dividing line of mineral content, it can be divided into four lithofacies types: mixed shale (the content of three types of minerals is less than 50%), clayey shale (the content of clay minerals is more than 50%), calcareous shale (the content of calcareous minerals is more than 50%), and siliceous shale (siliceous mineral content is more than 50%).




3.2. N2 Adsorption and MIP


The low-temperature gas adsorption method is a common characterization method for measuring the specific surface area and pore size distribution of porous materials. N2 is one of the most widely used gas detection media [44]. The ASAP 2460 specific surface area and pore size analyzer was used to test 60-mesh samples. Before starting the analysis, the samples were put into a degassing station and degassed at 110 °C for 10 h to remove the moisture and volatile substances. Then, the degassed samples were transferred to the analysis station, and an adsorption test was carried out at 77.3 K with high-purity N2 as the adsorbate. The relative pressure (P/P0) gradually increased from 0.001 to 0.998 (saturated vapor pressure of N2).



The AutoPore IV 9505 (AUTOPORE IV 9505, Micromeritics, Norcross, USA) automatic mercury porosimeter was employed in this study. The mercury injection pressure provided by the instrument in the test stage reached 200 MPa, and the corresponding minimum test pore size was approximately 7 nm. The samples were formed into cylinders with a diameter of 2.5 cm and a length of 5 cm before the test. The samples were also continually dried for 48 h at 60 °C in order to successfully remove any internal contaminants. Pore structure factors, such as the pore volume and pore size distribution, were determined using the Washburn equation [45,46]:


  D = −   4 γ cos θ  P   



(1)




where D is the pore diameter, μm; P is the pressure of the mercury injection, MPa; γ is the surface tension of the mercury, generally 0.48 N/m; θ is the contact angle between the mercury and the solid dielectric material (θ = 140° for a non-wetting phase with [47,48]).




3.3. Fractal Dimension


The fractal theory was first proposed by the French mathematician Mandelbert in 1973 [49]. Initially, it was utilized to quantitatively characterize the pore structure of porous media such as coal and shale reservoirs. Fractal theory is a method for studying complex, fragmented systems in nature that are both self-similar and self-inverting [50]. Fractal dimension values can be used to quantify a system’s fractal properties. Numerous data and models, including the mercury intrusion method, the low-temperature gas adsorption method, the high-pressure mercury intrusion experiment, and the scanning electron microscope method, can be used to compute the fractal dimension [21,51,52].



In order to calculate the fractal dimension of the pore structure in porous solid media, the fractal Frenkel–Halsey–Hill (FHH) model, which is based on a low-temperature N2 adsorption experiment, is frequently utilized. PFEIFER proposed the FHH model, which is a straightforward model with broad applicability [53]. The FHH model has been applied to various rock types, including sandstones, carbonates, and shales, and has been found to provide a good approximation of the porous structure of these rocks [54,55,56]. Its formula is:


  L n V =     D   −   3     × L n       L n    P 0   P    + C  



(2)




where V is the gas adsorption amount corresponding to the balanced pressure P, cm3/g; P is the balance pressure, MPa; P0 is the saturated steam pressure of the adsorbed gas, MPa; C is a constant; D is the fractal dimension of the porous material, and the value of D is between 2 and 3 [57]. The closer the D value is to 3, the more complex the pore structure in the porous media is and the rougher the surface is. The closer the D value is to 2, the simpler the pore structure is.



For the determination of the fractal dimension of the macroporous pore structure in porous solid media, the capillary model based on the high-pressure mercury intrusion experiment is widely used [58]. Based on the geometric principles and basic elements of the capillary model, which include the relationship between the pore size and the capillary pressure, as well as the relationship between the pore size and the mercury saturation, the subsequent model has been further developed:


  L g   1 −  S  H g     =   3 −  D c    L g  P S  +    D c  − 3   L g  P c   



(3)




where SHg is the mercury saturation, %; LgPc is the capillary pressure, MPa; LgPs is the inlet capillary pressure, MPa.





4. Results


4.1. TOC, Mineralogy, and Lithofacies Division


The TOC of all samples ranged from 0.34% to 3.02%, with an average of 1.46% (Table 1). The two principal minerals in the shale samples, according to the XRD analysis, were quartz (20.25%–35.87%, average 28.08%) and clay (6.08%–39.43%, average 23.07%). According to the shale lithofacies classification method provided in Section 3, the shale samples obtained from the Funing Formation can be categorized into three primary types, namely mixed shale (58.82%), siliceous shale (29.41%), and calcareous shale (11.76%).




4.2. Types and Morphology of Pores


The majority of the Funing Formation shale’s pores are made of inorganic minerals (Figure 3). The two primary types of inorganic mineral pores are clay mineral pores (Figure 3d) and intragranular pores (Figure 3a). With an average pore size of tens to hundreds of nanometers, the pores of the clay minerals are mainly elongated and triangular. Intragranular pores are formed mainly by the dissolution of soluble minerals such as feldspar and calcite, generally circular or oval in shape. Intragranular pores are typically less than 100 nm in size, isolated, and densely dispersed (Figure 3a). Intergranular pores (Figure 3b) are primarily formed between brittle mineral particles such as pyrite and quartz. Typically, these pores have sizes in the hundreds of nanometers, although they may occasionally exceed micrometers. The Funing Formation shale exhibited fewer organic pores than marine shale, and the majority of the organic material observed in the electron microscope images was non-porous (Figure 3c).




4.3. Pore Structure from N2 Adsorption and MIP


The shale samples from the various Funing Formation lithofacies were all reverse-S-shaped (Figure 4). There was a clear lagged loop between the adsorption and desorption isotherms. Lagged loops are produced when capillary condensation takes place and the relative pressure (P/P0) surpasses 0.5, in accordance with the Kelvin equation [59,60].



The pore shape of the materials in porous media can be seen in the N2 adsorption/desorption isotherm. The lagged loops of all samples were close to the H2 type, which corresponds to the ink-bottle pore shape, according to the IUPAC categorization method [59]. The H3 type, which corresponds to parallel plate-like pores, is also present in the lagged loops of MS and SS. The findings demonstrate that parallel plate pores as well as ink-bottle pores were found in the shale samples of these two lithofacies.



The features of shale’s pore structure can be determined using MIP. Figure 5 depicts the mercury injection–ejection curves for the samples. Different lithofacies’ mercury injection–ejection curves had similar growth trend features, and they often began to rise quickly at pressures of around 30 MPa. However, the mercury withdrawal efficiency (MWE) of various lithofacies varied (Figure 5 and Table 2). The average mercury withdrawal efficiency for CS was 25.76%, which was considerably lower than that for MS (45.94%) and SS (47.91%). This indicates that the connectivity of CS is inadequate. Calcite and dolomite, two soluble carbonate minerals found in high concentrations in CS, form discrete and shoddily connected ink-bottle corrosion pores (Figure 3a and Figure 4c).



To acquire the pore development characteristics of shale at the micro and nano sizes, the method of combining N2 adsorption and MIP was chosen due to the complexity of the pore structure of the Funing Formation shale. The pore size distribution obtained by the N2 adsorption experiments was calculated based on the capillary condensation mechanism. According to the Kelvin equation, the larger the pore, the greater the relative pressure required for capillary condensation. The relative pressure at the time of capillary condensation in the macropores was close to that of the saturated vapor pressure, which was challenging to detect in the experiment. Therefore, to characterize the pore volume and specific surface area of pores with a pore size of less than 50 nm, the density functional theory (DFT) and BET models of the N2 adsorption method were utilized. The information about the pore size was obtained in accordance with the quantity of mercury molecules entering the shale under high pressure. The size of pores that mercury molecules can permeate through reduces with an increase in pressure. However, excessive pressure can lead to generated fractures and pore compression, which can produce false experimental results. MIP is therefore typically employed to examine pores with a diameter range greater than 50 nm. Pore size distributions of <50 nm and >50 nm were obtained by N2 adsorption and MIP, respectively, depending on the range of applications of the two techniques. A thorough analysis of the pore structure parameters (PV, SSA, and MWE) of various scales was performed (Figure 6 and Table 2).



Among the three lithofacies, the PV and SSA of the CS were the largest (Table 2), with ranges of 0.0093~0.0104 cm3/g and 2.2467~2.8540 m2/g and averages of 0.0099 cm3/g and 2.5504 m2/g, respectively. The PV and SSA of the MS were relatively small, ranging from 0.0053 to 0.0130 cm3/g and from 0.3833 to 3.6429 m2/g, respectively, with averages of 0.0087 cm3/g and 1.8264 m2/g. The PV and SSA of the SS were medium, with ranges of 0.0086~0.0112 cm3/g and 0.8741~3.1888 m2/g and averages of 0.0097 cm3/g and 2.0012 m2/g, respectively. In general, the average PV of the CS in the study sample was 1.13 and 1.02 times that of the MS and SS, while the average SSA of the CS was roughly 1.40 and 1.27 times that of the MS and SS. Figure 4 shows that the pore size distribution of the shale from the Funing Formation mainly contained three peaks, at <10 nm, 20~30 nm, and >10,000 nm. Figure 1 shows that the last peak was mainly caused by microcracks, whereas the preceding two peaks were mainly caused by corrosion pores. Small pores with a diameter of <50 nm, which make up the majority of the Funing Formation shale reservoir space, produced 89% of the PV and 99% of the SSA.




4.4. Fractal Dimension


4.4.1. Fractal Dimension Based on N2 Adsorption


The fractal dimensions D1 and D2 were calculated using the nitrogen adsorption data and the FHH model (Equation (2)). Based on the N2 adsorption data with relative pressure between 0 and 0.5, D1 was calculated, with values ranging from 2.4948 to 2.5681 (Table 3 and Figure 7). D1 refers to the fractal dimension of the pore surface and is mainly governed by van der Waals force, representing the degree of irregularity of the shale surface [61]. Based on the N2 adsorption data with relative pressure between 0.5 and 1, D2 was calculated, with values ranging from 2.5952 to 2.8513 (Table 3 and Figure 7). D2, as a result of capillary condensation, represents the degree of irregularity of the pore structure, which is called the fractal dimension of the pore structure [61]. The different lithofacies of the shale demonstrates that D2 was greater than D1, showing that the pore structure is more intricate than the pore surface (Figure 7).




4.4.2. Fractal Dimension Based on MIP


Shale from the Funing Formation features a complicated pore structure with multifractal characteristics (Figure 8 and Table 3). The two-segment fractal characteristics of the MIP fractal curve are evident (Figure 8). As a result, the pore complexity values of various pore ranges matched to the fractal dimension were calculated by varying subsection pressure. In this study, Dc1 and Dc2 represent the optimal fractal properties of pores with widths between 50~100 nm and >100 nm, respectively. Dc1 ranged from 2.5031 to 2.9158 (average 2.7096), and Dc2 ranged from 2.9612 to 2.9985 (average 2.9937). In general, Dc1 < Dc2, suggesting that, as pore size grows, the complexity of the pore structure also increases.



Based on the idea of comprehensive fractal dimensions, a summary of the multi-segment fractal dimensions calculated using the MIP data is provided, allowing for easier comparison of the differences among the fractal dimensions of various sizes. According to the amount of PV within each diameter range, the scattered fractal dimension was then combined to create a total fractal dimension D3, as given in Formula (4) [62]. D3 is used to characterize the complexity of reservoir spaces with diameters greater than 50 nm. The range of D3 was 2.7634 to 2.9858, with an average value of 2.9194 and a median value of 2.9390, indicating that the macropores are highly heterogeneous, and the differences among the lithofacies are very small.


   D t  = Σ  D i   V i   



(4)




where Dt is the comprehensive fractal dimension; Di is the fractal dimension of different pore diameters; Vi is the proportion of pore volume in different pore sizes, %.






5. Discussions


5.1. Relationship between Fractal Dimensions and Pore Structure


Figure 7 shows the correlation between the fractal dimension and the pore structure parameters of the Funing Formation shale samples. As shown in Figure 9a,b, D1 and D2 were positively correlated with the PV and SSA. According to Table 2, 89% of the PV and 99% of the SSA were contributed to by pores under 50 nm in size. From Figure 10a,b, it can be seen that the PV and SSA had a significant negative correlation with the AVE PD. Therefore, the larger the SSA and PV, the larger the number of small pores, and the larger the D1 and D2. The regression equation between the roughness of the shale rock pore surface (D1) and the AVE PD had a slope of −0.0058 and an R2 value of 0.361, indicating a limited impact of the AVE PD on D1. The roughness of the pore surface in shale is primarily influenced by factors such as the mineral composition and depositional environment, while factors such as the pore size, pore volume, and connectivity have a minimal impact [26,29,55,63]. There is little variation in the degree of roughness among pore surfaces with different pore sizes (Table 3). The mineral composition and depositional environment of the 17 samples in this study were highly comparable, as demonstrated in Table 1. As a result, there was minimal variation in the D1 values among the different samples, as shown in Table 3. The structural complexity of the small pores, as measured by D2, was found to be significantly influenced by the AVE PD, as indicated by the slope of −0.031 in the regression equation between the two parameters, with an R2 value of 0.9467. This suggests that there is a substantial difference in the structure complexity of small pores with varying aperture sizes. The main source of the pore volume was the small pores, and the smaller the AVE PD (Figure 10b), the greater the number of small pores, and the more complex the structure of these small pores tended to be. As depicted in Figure 9 and Figure 10, it can be observed that the differences in the D1 and D3 values among the different samples were relatively small, while the differences in the pore structure parameters were often attributed to differences in the development of small pores.



As shown in Table 2, large pores contribute less to the pore volume and specific surface area, a result of which D3 is irrelevant to the PV, SSA, and AVE PD. Furthermore, the correlation coefficient R2 was smaller than 0.1. As for D1, D2, and D3, they were negatively correlated with the MWE. For them, the correlation coefficient R2 values were 0.168, 0.233, and 0.3119, respectively (Figure 7d). The greater the pore network connectivity of shale, the higher the regularity of pores, and the lower the D1 and D2. In addition, D3 had the highest correlation coefficient with regard to the MWE, and the MWE shows a positive correlation with the AVE PD, as can be seen in Figure 10c. This suggests that regular macropore development has a considerable impact on the connectivity of the pore network.




5.2. Control Factors of Heterogeneity of Pore Structure


5.2.1. Impact of TOC on the Heterogeneity of Pore Structure


As shown in Figure 3a, nonporous organic matter accounts for a large majority of the organic matter in the shale samples of the Funing Formation. According to a previous study [64], the lower limit of maturity of organic pores in shale is 0.9%. The vitrinite reflectance of the sample ranged mainly between 0.7 and 0.9 (Table 1), and the maturity of organic matter remained low. This hindered the organic matter from generating a large amount of gas to produce pores. Instead, macropores and microfractures developed on a small scale (Figure 3c). On the one hand, with the increase in TOC, the space of development was reduced for small pores, which caused significant reductions in the D1 and D2 (Figure 11a). Due to the decline in the number of small pores, both the PV and SSA decreased (Figure 11b,c). On the other hand, the connectivity of the pore network was improved due to the small number of large pores and micro-fractures produced by organic matter. Therefore, the relationship between the MWE and the TOC content of organic matter was insignificantly positive (Figure 11d). According to the scanning electron microscope observations (Figure 3), the large pores mainly consisted of a large quantity of clay mineral pores and intergranular pores and a small number of organic matter pores, with the latter contributing little to the pore structure of the large pores. Therefore, the level of the structural complexity of the large pores (D3) does not depend on the amount of organic matter. Consequently, there was no clear correlation between the macropore fractal dimension D3 and the TOC (Figure 11a). In summary, the D1, D2, PV, and SSA decreased with an increase in the TOC, but the connectivity was improved slightly.




5.2.2. Impact of Lithofacies on the Heterogeneity of Pore Structure


Compared to the MS and SS lithofacies, the PV and SSA of the CS lithofacies were higher (Figure 12a), reaching 0.0093~0.0104 cm3/g and 2.2467~2.8540 m2/g, respectively (Table 2). In addition, the MWE (25.76%) of the CS lithofacies was the lowest, reaching a significantly lower level than that of the MS (45.94%) and CS (47.91%), which indicates it has the worst connectivity. Since the content of soluble carbonate minerals (calcite and dolomite) in CS exceeds 50%, there were a large number of isolated and poorly connected dissolution small pores in development (Figure 3a). Therefore, the pore structure of the CS shale pores was highly heterogeneous, and the shale surface was rough. In addition, the D1 and D2 reached a high level, the average values of which were 2.5439 and 2.8178, respectively (Table 2 and Figure 13).



The PV and SSA of the SS were moderate, reaching 0.0086~0.0112 cm3/g and 0.8741~3.1888 m2/g, respectively. Similar to calcite and dolomite, SS contains a small proportion of feldspar (16.02%~22.69%), making it easy for isolated and poorly connected dissolution small pores to develop. In addition, the contents of rigid minerals, such as quartz and feldspar, in the SS shale reached above 50%. Since the rigid framework composed of quartz, feldspar, and other minerals promotes the preservation of primary intergranular pores, the SS shale contains a small number of small pores and well-preserved macropores. For this reason, the AVE PD of the SS shale was high, the connectivity was satisfactory (Figure 12), and the heterogeneity was moderate (Figure 13).



The average PV and SSA of the MS were the smallest, reaching 0.0087 cm3/g and 1.8264 m2/g, respectively. By contrast, the AVE PD and MWE were higher (Figure 12). MS contains plenty of clay minerals (>25%), which tend to aggregate with organic matter and pyrite to develop macropores and microfractures (Figure 3b,d). Therefore, the AVE PD of the MS was high and the pore connectivity was excellent (Figure 12b). Compared to siliceous minerals and carbonate minerals, clay minerals have greater plasticity but more susceptibility to damage caused by compaction, thus resulting in plate pore morphology (Figure 3d). Therefore, the D1 and D2 of the MS were low, the averages of which were 2.5291 and 2.7450, respectively (Table 2 and Figure 13).



To sum up, the D2 varied significantly among the different lithofacies, but the D1 and D3 barely differed. The shales of the different lithofacies show the order of D3 > D2 > D1. The pore structure is more complex than the pore surface, and the heterogeneity of large pores is greater compared to small pores. Among the three lithofacies, the CS had the largest PV, SSA, D1, and D2, indicating the development of a more complex pore structure network. This expands the space needed for shale oil occurrence. However, the connectivity of the CS lithofacies was the lowest among the three, which hinders shale oil production. Although the PV of the SS was slightly lower than that of the CS, its average pore diameter (AVE PD) and connectivity are significantly advantageous, making the SS an ideal shale reservoir.






6. Conclusions


(1) The Funing Formation shale is in the mature stage, with a TOC of about 60% in the samples exceeding 1%, and the source rock conditions are advantageous. The primary minerals of the Funing Formation include quartz and clay, followed by calcite and dolomite, but there are no obviously dominant minerals, with the average content falling below 30%. The lithofacies are comprised mainly of mixed shale (58.82%) and siliceous shale (29.41%);



(2) The microscopic pores of the Funing Formation shale are dominated by inorganic mineral pores and fewer organic pores. Intragranular pores and clay mineral pores are two types of inorganic mineral pores that have developed widely. The MWE of the Funing Formation shale is usually lower than 50%. Among the three lithofacies, the CS had the worst MWE (25.76%), indicating its poor connectivity. Ink-bottle pores and plate pores represent the main pore morphology. The pore size distribution of the Funing Formation shale had three major peaks, at < 10 nm, 20~30 nm, and >10,000 nm respectively. In addition, 89% of the PV and 99% of the SSA are attributed to the pore sizes below 50 nm, both of which are the principal components of the Funing Formation shale reservoir space;



(3) The fractal dimensions D1, D2, and D3 were calculated respectively to characterize the roughness of the pore surface, the structural complexity of the small pores, and the structural complexity of the large pores (pore size > 50 nm). D1 and D2 are positively correlated with the SSA and PV but negatively correlated with the average pore size. D3 is positively correlated with the connectivity and average pore size but irrelevant to the PV, SSA, and average pore size. With the increase in the TOC, the D1, D2, PV, and SSA decreased, but the connectivity improved slightly. The shales of the different lithofacies show the order of D3 > D2 > D1. The pore structure is more complex than the pore surface, and the heterogeneity of the large pores is greater compared to the small pores. Among the three lithofacies, the CS had the largest PV, SSA, D1, and D2, indicating the development of a more complex pore structure network, which expands the space required for shale oil occurrence. However, the connectivity of the CS was the worst among the three lithofacies, which is adverse to shale oil production. Although the PV of the SS was slightly smaller than that of the CS, the average pore size and connectivity are obviously more desirable, which makes the SS an ideal shale reservoir.
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Figure 1. (a) Location of the Subei Basin and (b) map of the study area in the Gaoyou Sag. 
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Figure 2. Comprehensive stratigraphic column of the Gaoyou Sag. 
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Figure 3. SEM images showing the characteristics of pores in the Funing Formation. (a) Intragranular pores, F10; (b) intergranular pores between pyrite, F1; (c) organic pores, F5; (d) clay mineral pores, F16. 
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Figure 4. N2 adsorption–desorption curve of Funing Formation shale: (a) MS lithofacies; (b) SS lithofacies; (c) CS lithofacies. 
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Figure 5. MIP of the Funing Formation shale samples. MWE: mercury withdrawal efficiency. (a) MS lithofacies; (b) SS lithofacies; (c) CS lithofacies. 
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Figure 6. Pore volume and surface area distribution of the Funing Formation shale samples: (a) PV of distribution of the MS lithofacies; (b) SSA of distribution of the MS lithofacies; (c) PV of distribution of the SS lithofacies; (d) SSA of distribution of the SS lithofacies; (e) PV of distribution of the CS lithofacies; (f) SSA of distribution of the CS lithofacies. 
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Figure 7. Slopes of ln(V) and ln(ln(P0/P)) from the FHH model of N2 adsorption: (a) MS lithofacies; (b) SS lithofacies; (c) CS lithofacies. 
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Figure 8. Fractal dimension curves calculated based on MIP data: (a) MS lithofacies; (b) SS lithofacies; (c) CS lithofacies. 
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Figure 9. Relationship between fractal dimension and pore structure parameters: (a) relationship between fractal dimension and PV; (b) relationship between fractal dimension and SSA; (c) relationship between fractal dimension and AVE PD; (d) relationship between fractal dimension and MWE. 






Figure 9. Relationship between fractal dimension and pore structure parameters: (a) relationship between fractal dimension and PV; (b) relationship between fractal dimension and SSA; (c) relationship between fractal dimension and AVE PD; (d) relationship between fractal dimension and MWE.



[image: Minerals 13 00359 g009]







[image: Minerals 13 00359 g010a 550][image: Minerals 13 00359 g010b 550] 





Figure 10. Relationship between different pore structure parameters: (a) relationship between PV and AVE PD; (b) relationship between SSA and AVE PD; (c) relationship between MWE and AVE PD; (d) relationship between PV and MWE. 
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Figure 11. Impact of TOC on fractal dimension (a)and pore structure parameters (b–d). 
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Figure 12. Distribution of mean values of pore structure parameters for different lithofacies: (a) mean values of PV and SSA for different lithofacies; (b) mean values of MWE and AVE PD for different lithofacies. 






Figure 12. Distribution of mean values of pore structure parameters for different lithofacies: (a) mean values of PV and SSA for different lithofacies; (b) mean values of MWE and AVE PD for different lithofacies.



[image: Minerals 13 00359 g012]







[image: Minerals 13 00359 g013 550] 





Figure 13. Fractal dimension distribution of different shale lithofacies. 
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Table 1. TOC contents and mineral compositions of all samples.
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	Sample ID
	Depth (m)
	Lithofacies
	Feldspar (wt.%)
	Quartz (wt.%)
	Calcite

(wt.%)
	Dolomite (wt.%)
	Clay (wt.%)
	TOC (wt.%)
	Ro

(%)





	F1
	3469.55
	MS
	13.66
	29.04
	29.64
	0.85
	25.35
	3.02
	0.79



	F2
	3474.05
	MS
	13.46
	29.96
	32.72
	0.30
	21.12
	2.84
	0.82



	F3
	3474.91
	MS
	12.89
	27.40
	34.99
	0.61
	20.42
	2.23
	0.81



	F4
	3588.30
	MS
	9.81
	20.84
	10.69
	33.22
	20.23
	1.12
	0.84



	F5
	3591.23
	SS
	16.02
	34.04
	8.78
	11.17
	23.37
	0.93
	0.83



	F6
	3591.51
	SS
	22.69
	27.74
	8.90
	11.82
	23.49
	0.90
	0.84



	F7
	3657.20
	MS
	11.32
	24.05
	17.30
	18.87
	22.82
	0.69
	0.85



	F8
	3659.47
	MS
	10.70
	32.08
	11.57
	16.49
	22.78
	0.52
	0.84



	F9
	3663.20
	MS
	14.53
	30.88
	4.50
	25.71
	21.82
	1.85
	0.86



	F10
	3666.00
	CS
	11.49
	24.43
	41.49
	13.25
	6.08
	1.40
	0.86



	F11
	3667.00
	MS
	9.41
	25.44
	12.17
	24.72
	22.16
	0.34
	0.88



	F12
	3676.81
	SS
	16.10
	34.21
	3.01
	3.53
	39.43
	1.79
	0.87



	F13
	3679.10
	SS
	18.62
	31.70
	18.87
	0.67
	24.84
	1.95
	0.90



	F14
	3679.60
	MS
	10.15
	21.57
	0.06
	39.34
	25.13
	1.23
	0.86



	F15
	3680.35
	CS
	9.53
	20.25
	0.50
	49.60
	17.56
	0.89
	0.89



	F16
	3684.92
	SS
	16.88
	35.87
	14.32
	4.30
	24.13
	1.86
	0.91



	F17
	3687.20
	MS
	13.13
	27.91
	6.71
	14.63
	31.51
	1.25
	0.88
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Table 2. Pore structure parameters of different lithofacies.






Table 2. Pore structure parameters of different lithofacies.





	
Lithofacies

	
Sample ID

	
Pore Volume (cm3/g)

	
Specific Surface Area (m2/g)

	
MWE (%)




	
Total

	
D < 50 nm

	
D > 50 nm

	
Total

	
D < 50 nm

	
D > 50 nm






	
MS

	
F1

	
0.0076

	
0.0069

	
0.0007

	
0.6454

	
0.6445

	
0.0009

	
72.57




	
F2

	
0.0053

	
0.0048

	
0.0005

	
0.3833

	
0.3827

	
0.0007

	
71.78




	
F3

	
0.0056

	
0.0052

	
0.0004

	
0.6800

	
0.6799

	
0.0002

	
74.16




	
F4

	
0.0130

	
0.0121

	
0.0009

	
3.6429

	
3.6412

	
0.0017

	
43.97




	
F7

	
0.0078

	
0.0074

	
0.0005

	
1.8651

	
1.8648

	
0.0003

	
21.58




	
F8

	
0.0119

	
0.0113

	
0.0007

	
3.2159

	
3.2155

	
0.0004

	
48.34




	
F9

	
0.0066

	
0.0063

	
0.0002

	
0.9128

	
0.9126

	
0.0002

	
21.18




	
F11

	
0.0118

	
0.0107

	
0.0011

	
3.0495

	
3.0482

	
0.0013

	
28.96




	
F14

	
0.0055

	
0.0053

	
0.0001

	
1.0445

	
1.0443

	
0.0002

	
58.69




	
F17

	
0.0119

	
0.0112

	
0.0006

	
2.8309

	
2.8304

	
0.0005

	
18.12




	
Mean

	
0.0087

	
0.0081

	
0.0006

	
1.8270

	
1.8264

	
0.0006

	
45.94




	
SS

	
F5

	
0.0112

	
0.0104

	
0.0007

	
3.1888

	
3.1879

	
0.0008

	
41.23




	
F6

	
0.0086

	
0.0075

	
0.0011

	
1.8836

	
1.8822

	
0.0014

	
27.87




	
F12

	
0.0087

	
0.0049

	
0.0038

	
0.8741

	
0.8671

	
0.0070

	
24.11




	
F13

	
0.0110

	
0.0095

	
0.0015

	
2.3951

	
2.3935

	
0.0017

	
69.18




	
F16

	
0.0091

	
0.0077

	
0.0014

	
1.6641

	
1.6618

	
0.0023

	
77.15




	
Mean

	
0.0097

	
0.0080

	
0.0017

	
2.0012

	
1.9985

	
0.0027

	
47.91




	
CS

	
F10

	
0.0104

	
0.0101

	
0.0003

	
2.8540

	
2.8538

	
0.0002

	
11.80




	
F15

	
0.0093

	
0.0072

	
0.0021

	
2.2467

	
2.2454

	
0.0013

	
39.73




	
Mean

	
0.0099

	
0.0087

	
0.0012

	
2.5504

	
2.5496

	
0.0008

	
25.76
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Table 3. Fractal dimensions obtained from N2 adsorption and MIP.






Table 3. Fractal dimensions obtained from N2 adsorption and MIP.





	
Lithofacies

	
Sample ID

	
D1

	
D2

	
Dc1

	
Dc2

	
D3






	
MS

	
F1

	
2.4977

	
2.6053

	
2.8196

	
2.9949

	
2.9370




	
F2

	
2.5220

	
2.5952

	
2.8437

	
2.9930

	
2.9346




	
F3

	
2.5155

	
2.6971

	
2.5562

	
2.9951

	
2.7634




	
F4

	
2.5584

	
2.8513

	
2.8420

	
2.9955

	
2.9706




	
F7

	
2.5167

	
2.7831

	
2.6519

	
2.9985

	
2.9423




	
F8

	
2.5483

	
2.8335

	
2.7811

	
2.9984

	
2.9406




	
F9

	
2.4948

	
2.6911

	
2.7082

	
2.9976

	
2.9721




	
F11

	
2.5399

	
2.8394

	
2.8570

	
2.9960

	
2.9563




	
F14

	
2.5296

	
2.7311

	
2.5031

	
2.9944

	
2.8741




	
F17

	
2.5681

	
2.8230

	
2.8048

	
2.9974

	
2.9325




	
Mean

	
2.5291

	
2.7450

	
2.7368

	
2.9961

	
2.9224




	
SS

	
F5

	
2.5649

	
2.8364

	
2.8977

	
2.9957

	
2.9858




	
F6

	
2.5519

	
2.7982

	
2.7535

	
2.9910

	
2.9390




	
F12

	
2.5129

	
2.7374

	
2.9158

	
2.9741

	
2.9576




	
F13

	
2.5182

	
2.8146

	
2.5550

	
2.9733

	
2.7697




	
F16

	
2.4955

	
2.7702

	
2.8023

	
2.9777

	
2.9240




	
Mean

	
2.5287

	
2.7913

	
2.7849

	
2.9877

	
2.9152




	
CS

	
F10

	
2.5412

	
2.8292

	
2.7096

	
2.9980

	
2.9750




	
F15

	
2.5467

	
2.8064

	
2.7623

	
2.9951

	
2.8560




	
Mean

	
2.5439

	
2.8178

	
2.7359

	
2.9965

	
2.9155
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