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Abstract

:

Investigations into the connectivity and complexity of pore systems in shales are essential for understanding the flow of shale gas and the capacities of the associated reservoirs. In the present study, eight shale samples from the Wufeng-Longmaxi (WF-LMX) Formation that were collected from Well Yucan-6 in the southeast of the Sichuan Basin were analyzed for microstructural, pore network, and pore connectivity characteristics. The measurement results of low-pressure nitrogen adsorption illustrated that all shale samples contain micropores, mesopores, and macropores. Micropores and mesopores account for a high proportion of the total pores, and the dominant pore throat size is in the range of 2–6 nm. High-pressure mercury injection tests reveal that the porosity, total pore volume, and total specific surface area of pores for samples from the WF Formation are higher than those for samples from the LMX Formation. In spontaneous absorption experiments, the slopes of the absorption curves of n-decane (oil-wetting) and deionized water (water-wetting) in the WF and LMX Formations varied from 0.254 to 0.428 and from 0.258 to 0.317, respectively. These results indicate that shales in both formations exhibit mixed wettability characteristics, but lipophilic pores are better connected relative to hydrophilic pores. The total organic carbon and silica contents are the main factors controlling the pore connectivity in these shales, while the effects of other minerals are not significant. The findings of this work can improve our understanding of the pore structure characteristics of black shale.
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1. Introduction


Owing to advances in fracturing and drilling technology, production of shale gas has substantially improved [1,2,3,4]. Shale gas occurs mostly in a free or adsorbed state in different types of pores or on the surface of mineral particles [5]. Shales rich in organic matter (OM) and clay minerals, also known as black shale, have pore characteristics closer to nanoscale than carbonate and sandstone [5,6,7]. Additionally, they are characterized by low porosity and low permeability. In shale gas exploitation, it is necessary to use hydraulic fracturing to produce artificial cracks in the rock to connect the nanoscale pores to meet the needs of industrial exploitation. Therefore, investigations of the structure and connectivity of pores in shales are valuable for understanding the development of the associated pore systems, and thus for improving our knowledge of the mechanisms of shale gas accumulation.



The organic matter-rich shales of the Wufeng-Longmaxi (WF-LMX) Formation are assigned to the Late Ordovician–Early Silurian ages. These shales, which are widely distributed in the Sichuan Basin and its environments, constitute an important stratum for the production of marine shale gas in China [7]. Many studies have been conducted on the structure of pores in shales and their connectivity. The lattice Boltzmann method (LBM), for example, has been utilized to quantitatively characterize the pore structures of and diffusion in organic matter-rich shales [8,9,10]. Nuclear magnetic resonance (NMR) has been employed to qualitatively characterize pore and fluid types in organic matter-rich shales [11,12]. Dielectric dispersion log interpretation has also been used to discuss the formation evaluation in unconventional formation [13,14,15,16]. Additionally, X-ray micro- or nano-computed tomography (X-ray CT) and scanning electron microscopy (SEM) have been applied to evaluate the three-dimensional (3D) connectivity of pores in organic matter-rich shales [17,18,19]. Further, high-pressure Hg intrusion porosimetry (MICP), low-pressure CO2 and N2 adsorption, small- and ultrasmall-angle neutron scattering, and helium porosity measurements have been commonly used to study pore characteristics in shales [19]. The connectivity of shale pores can also be evaluated by studying the porosity differences determined by small-angle neutron scattering, mercury injection capillary pressure and the helium-specific gravity method [20,21,22]. A nanotransmission X-ray microscope, a focused ion beam scanning electron microscope, and other equipment are also used to reconstruct 3D pore networks [23,24]. As another simple and effective method, spontaneous imbibition is widely used to characterize the connectivity between shale pores [25]. The above studies also found that the differences of imbibition materials and shale mineral composition have a significant impact on the imbibition results.



However, studies on the characteristics of pore connectivity and controlling factors in organic-rich shales are mostly qualitative or quantitative. Therefore, further studies integrating qualitative and quantitative analyses are required. The purpose of this work is to study the control factors of shale pore connectivity (e.g., pore types, pore size distribution, and wettability). The results of low-pressure N2 adsorption, MICP, and X-ray were compared and discussed of overmature shale samples, and the differences in the spontaneous absorption of deionized water and n-alkane were supplemented. The findings of the present study can improve our understanding of the pore structure characteristics of black shales and the related shale gas accumulation.




2. Geological Setting


The Sichuan Basin is an NNE-trending rhombus-shaped basin in the northwestern margin of the Yangtze Platform, and is surrounded by mountains (Figure 1a). Starting during the period from the Paleozoic to the Cenozoic, the Sichuan Basin evolved from a craton to a foreland basin through diverse processes, and then to a superimposed marine-continental basin [26]. From Late Ordovician to Early Silurian, two global transgressions produced low-energy and anoxic environments across the basin, and black shales of the WF-LMX were deposited [27] (Figure 1b).



Well Yucan-6 (29°042.8″ N and 108°581.2″ E) was located in the southeast of the Sichuan Basin in the southeast of Chongqing, Youyang County, China, and the WF-LMX Formation was entirely traversed in this well (Figure 1c). The lithology of the LMX Formation comprises brown-gray argillaceous shales, black-gray carbonaceous shales, and brown-gray silty shales, and these occur at depths ranging from 679.05 to 774.29 m. This formation is underlain by the WF Formation and overlain by the Xintan Formation. The WF Formation comprises black-gray carbonaceous silty shale containing graptolites, and these occur at depths of 774.29–781.75 m. This formation is underlain by the Linxiang Formation and overlain by the LMX Formation.




3. Samples and Methods


3.1. Samples


In this work, eight fresh and representative shale samples were collected from Well Yucan-6. These included two samples from the WF Formation and six samples from the LMX Formation. The location of the well and the associated information on the collection of samples are demonstrated in Figure 1b,c, respectively. All the samples were directly obtained from cores without any treatment. Total organic carbon (TOC), mineral composition, low-pressure N2 adsorption, and high-pressure MICP analyses, in addition to spontaneous absorption experiments, were performed for all the samples. In addition, the 3D pore characteristics of one sample from each formation were investigated by X-ray analysis.




3.2. Methods


The procedures utilized for the measurement of the TOC and mineral composition have previously been reported in detail [28]. Prior to the low-pressure N2 adsorption measurements, samples were ground to sizes of 60~80 mesh, then dried under vacuum for 48 h at 383 K, followed by the analysis of the samples using a Micromeritics ASAP 2020 analyzer. The Brunauer–Emmett–Teller (BET) and density functional theory (DFT) models were used to calculate the specific surface areas and pore volumes of the shale samples, respectively [29,30]. To describe and quantify the pore structure and complex surface information of irregular porous media, the fractal dimension of the shale samples was calculated using the Frenkel–Halsey–Hill (FHH) model [31].



MICP measurements were performed on irregular blocks of samples measuring 2–5 mm in diameter using an AutoPore IV 9510 mercury porosimeter (Micromeritics Inc., Atlanta, GA, USA). Pores or capillaries were assumed to be cylindrical with circular cross-sectional openings, and the Washburn equation was used to calculate pore throat sizes [32]. The value utilized for the surface tension was 485 dyne/cm, while the contact angle for Hg was 140°. An injection pressure of 0.1 MPa was used as a standard for the calculations, while the method proposed by Peng et al. [33] was employed for the correction of the MICP data. The difference between the volumes of Hg injected was based on the pressure, and that associated with the standard for the calculation was the final cumulative volume of Hg injected, and the influence of compression was neglected.



During the spontaneous absorption experiments, cylindrical plugs of shale samples measuring approximately 20 mm in height were prepared, then coated with epoxy resin to reduce fluid adsorption and evaporation, except at both ends. The samples were placed in an oven at 60 °C for 48 h before the experiments, and the temperature during the experiments was 23 °C. Changes in the weight of samples versus time were automatically recorded as the absorption proceeded using a high-precision electronic balance. The fluids used for the absorption experiments were deionized water and n-decane.



The X-ray scanning tests were performed on samples using a MicroXCT-200 CT scanner (ZEISS Xradia, Minneapolis, MN, USA). The equipment involves a 150 kV/15 W high power focus X-ray tube, and the maximum resolution is 1.0 μm. Cylindrical core samples were mounted in the vertical position onto the sample holder to ensure a central field of view for the scanner, and each sample was then scanned using a conical ion beam emitted from the X-ray source. The X-ray intensity was attenuated as it passed through the sample, and these signals were recorded by the detector. The samples were rotated and scanned at different angles until 360° scanning was achieved.





4. Results


4.1. TOC Content and Mineral Composition


The TOC content of the samples ranged from 1.01 wt.% to 4.79 wt.% (mean = 1.99 wt.%). Compared to samples from the LMX Formation (average = 1.13 wt.%), the TOC contents for samples from the WF Formation presented in Table 1 were higher (average = 4.57 wt.%) than those from the LMX Formation.



Quartz and clay minerals accounted for more than 50% of the minerals in the shale samples (54.7–74.5%, with an average of 60.85%), while calcite varied from 1.3% to 8.7% (mean = 4.88%), and other minerals occurred in subordinate proportions. However, the quartz contents of samples increased with depth, while the clay mineral contents decreased (Table 1 and Figure 2). Sample Yc07, which was obtained from a depth of 773.3 m, produced the highest quartz content of 48.1%, followed by 46.3% for sample Yc08, which was collected from a depth of 775.4 m (Table 1). According to previous studies, quartz in shales of the WF-LMX Formation is mainly biogenic, and this indicates that a high paleoproductivity is conducive to the preservation of large amounts of OM [28,34]. A high quartz content also increases the brittleness of shales, and this is beneficial for the production of shale gas.




4.2. Pore Size Distribution


Low-pressure N2 adsorption and MICP are effective methods for measuring pore volumes and characterizing types of pores in porous media [35]. The characteristics of samples from the WF-LMX Formation during N2 adsorption and MICP measurements are displayed in Figure 3 and Figure 4, respectively, and the associated pore size distribution data are presented in Table 2.



Evidently, the low-pressure N2 adsorption–desorption characteristics of the shales from the WF-LMX Formation were similar. In the low relative pressure section (P/P0 < 0.40), the adsorption was obvious, while in the intermediate relative pressure section (0.4 < P/P0 < 0.9), a hysteresis loop associated with the adsorption–desorption was evident for the samples. However, in the high relative pressure section (P/P0 > 0.9), a significant upward trend was observed for the samples (Figure 3a). The N2 adsorption isotherms of the eight samples were generally inverse ‘S’ type, which is closest to type IV with adsorption steps in the IUPAC isothermal adsorption line classification standard [36]. The overall shape of the hysteresis loops was similar, but the degree of development was different. The higher the TOC content, the greater the hysteresis loop. According to the classification of hysteresis by IUPAC, the pore types of shale samples in the LMX Formation were mainly tabular pores, and the shale samples in the WF Formation were mainly cylindrical and inkbottle pores. Furthermore, the low-pressure N2 adsorption isotherms of the samples revealed that the shale samples from the WF-LMX Formation contained micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm).



The pore structure parameters of the shales were calculated and analyzed using the BET and DFT models, and the data are presented in Table 2. The specific surface areas of samples from the WF Formation varied from 7.47 to 7.72 m2/g (mean = 7.60 m2/g), while the average pore throat sizes ranged from 4.76 to 5.58 nm, and the total pore volumes were between 0.0039 and 0.0054 cm3/g (mean = 0.00465 cm3/g). Regarding samples from the LMX Formation, the specific surface area values ranged from 2.78 to 7.00 m2/g (mean = 5.54 m2/g), while the average pore size varied from 4.9 to 8.21 nm, and the total pore volume was between 0.0026 and 0.0047 cm3/g (mean = 0.00327 cm3/g). The distribution of the rate of pore volume changes illustrated that pores with sizes of 2–6 nm were dominant in samples from the WF-LMX Formation (Figure 3b). In the study of the total pore volume and specific surface area, it was found that mesoporous and macropores have the largest contribution to the total pore volume of shale, and micropores have the smallest contribution. However, the contribution of micropores to the pore specific surface area is larger, followed by mesopores; macropores can be ignored [37]. The smaller the pore, the larger the specific surface area.



The shape of the MICP curve reflects the pore throat size distribution and connectivity in a sample. The MICP curves of the samples studied were similar, and exhibited obvious hysteresis. This indicates that substantial amounts of Hg remained in the sample after the injection ended (Figure 4a); that is, a large pore volume (inkbottle effect) was present in each sample. The volume of Hg injected into samples from the WF Formation under maximum pressure varied from 3.88 to 3.89 μL/g, which is comparable to samples from the LMX Formation (2.83–5.11 μL/g). These results indicate that pore development processes in shales of the LMX and WF Formation were similar.



Data for the pore structure parameters obtained from the MICP measurements are presented in Table 2. In samples from the LMX Formation, the distributions of pore throat diameters greater than 20 nm were characterized by multiple peaks (Figure 4b,c), while those of the WF Formation had just one peak (Figure 4b,d). In the LMX samples, pores with throat radii of less than 0.1 μm and between 2.5 and 35.0 μm represented approximately 25% and 50% of the total pore volume, respectively. In contrast, the total pore volume in approximately 50% of samples from the WF Formation was accounted for by pores with throat radii of 2.5–35.0 μm (Figure 4d).



Evidently, there was a certain difference in the pore size distributions obtained by low-pressure N2 adsorption and MICP. The reason for these differences is not only the heterogeneity of shale itself, but is also the specific pore apace information provided by the above two test methods. MICP focuses on the measurement of pore throat size, while low-pressure N2 adsorption evaluates the distribution of pore size [15].




4.3. Connectivity of Pores


The responses from the spontaneous absorption of n-decane and deionized water for the samples are displayed in Figure 5 and Figure 6, respectively. The fluid imbibition experiment is the process of the wetting phase spontaneously displacing the nonwetting phase under capillary pressure. The slope of the self-absorption curve is always used to evaluate pore connectivity characteristics. Evidently, during the initial stage, the absorption increased rapidly as the time increased (logarithmic coordinates). The fluctuations in the curves for various samples were caused by the boundary effects of the contacts with fluids [38]. After the initial stage, the absorption increased steadily with time, and the slopes were quite different (Figure 5 and Figure 6). Slopes for the absorption of n-decane in the shales of the WF and LMX Formations ranged from 0.415 to 0.428 and 0.254 to 0.406, respectively, while those for deionized water were correspondingly 0.298–0.315 and 0.258–0.317 (Table 3). The results of the absorption experiments suggest that pores in the shales are slightly more lipophilic than hydrophilic.



In the analysis of pore connectivity, the gray absorption coefficient difference of X-rays is frequently used to identify fractures, OM, and matrix minerals such as pyrite. These components are commonly assigned the red, blue, gray, and yellow colors, respectively [39]. This approach was adopted to reconstruct and examine the 3D structural characteristics of the Yc-08 (WF Formation) and Yc-03 (LMX Formation) samples (Figure 7a,b), and the associated pore structures were highlighted (Figure 7c,d). To characterize the pore connectivity, a pore network model was constructed using a sphere, an orange-red cylinder, an orange cylinder, and a white cylinder to represent spheres and small, medium, and large throats, respectively (Figure 7e,f). Importantly, X-ray mainly uses the pixel number to distinguish the size of the material composition. The connected small pixels are identified as a large set of pixels. Therefore, the connected pores will be identified as macropore aggregates. This technology has been applied to the study of WF-LMX Formation shale in the same basin [24,39].



In general, pores in the shale from the WF Formation were characterized by good connectivity, and this is consistent with results from the spontaneous absorption experiments (Figure 7e). Conversely, pores in the sample from the LMX Formation shale were mostly flat, discrete, and dispersed in 3D. In fact, adjacent pores in the sample were commonly connected by just one small throat. The connected pore throat system is limited due to its poor connectivity (Figure 7f).





5. Discussion


5.1. Effects of Samples Size on Pore Connectivity


Both the contact area of the bottom surface and the length of samples used for testing can affect the imbibition and pore connectivity evaluation results [40,41]. In the present study, to evaluate the influence of the bottom surface and length of sample on the imbibition results, two groups of n-decane imbibition experiments were conducted, and the results are displayed in Figure 8. In the first group, the test samples measured 10 and 18 mm in diameter and 20 mm in length, while the second group comprised samples with lengths of 10 and 15 mm, and a diameter of 15 mm.



The imbibition curves for samples with varying bottom surface diameters differed, but changes during the imbibition were comparable. Imbibition ended after similar durations and the slopes of swelling (approximately 0.38 in Figure 8a,b) were comparable. These characteristics highlight a minor influence of the diameter of the bottom surface on the imbibition behavior of a sample. In addition, the pore throat structures of samples obtained from nearly identical positions exhibited similarities.



The imbibition curves of samples with varying lengths were similar, but differences emerged in the imbibition volume. The imbibition amount and the time required to attain imbibition equilibrium increased according to the length of the samples (Figure 8c). However, samples with different lengths produced comparable slopes of swelling (approximately 0.40 in Figure 8d,e). These results indicate that heterogeneity in the shales was inconspicuous at the scale of the experiments, and their lipophilic pores exhibited higher connectivity values relative to the hydrophilic pores. These observations are consistent with imbibition results reported for shales from other areas [41,42,43].




5.2. Contributions of Pore Types to Connectivity


In nature, pore types in shales, such as OM, microfractures, intergranular, (InterP), and intragranular (IntraP), display varying distribution characteristics, and these largely determine the degree of pore connectivity [44,45]. The development of pores in OM often affects the pore connectivity in shales in OM-rich shales because during diagenesis, the InterP and IntraP associated with both ductile and rigid minerals are significantly reduced through compaction. Microfractures and macropores related to quartz and clay minerals are also diminished via compaction as the burial depth increases. Alternatively, micro-and meso-scale pores in OM eventually become the dominant type in OM-rich shales beyond the diagenesis stage, while other pore types and sizes are eliminated [46]. According to results of the low-pressure N2 adsorption and high-pressure Hg injection experiments, pores in OM and residual micro-mesopores are the dominant types in shales from the study area.



The results of the imbibition experiments and X-ray tests revealed that the pore connectivity values for shales from the WF Formation were higher than those for shales from the LMX Formation. In addition, the number of oil-wet pores was slightly higher than the number of water-wet pores in samples from both formations. These differences are attributed to the OM content of the samples and the types of pores preserved. The higher contents of OM and brittle minerals, such as silica in the shales of the WF Formation, favored the preservation of OM and intergranular pores as well as the development of microfractures, and this promoted connectivity between different pore types (Figure 7c,e). In contrast, the low contents of OM and brittle minerals in the shales of the LMX Formation limited the development of intergranular pores and microfractures, and thus, the samples were characterized by weak pore connectivity (Figure 7d,f).



The contribution of OM pores to the pore connectivity in shales can be evaluated using the following equations:


   Φ  OM   =  Φ S   V  OM   /  V  s h a l e   =  Φ S   w  OM    ρ  s h a l e   /  ρ  OM    








where ΦOM and ΦS represent the OM porosity and OM surface porosity, respectively; wOM is the mass fraction of OM; ρshale and ρOM denote the density of shale (2.60 g/cm3) and OM (1.29 g/cm3), respectively [46]. Based on the SEM images (Figure 9), ΦS values were calculated for the samples studied using the JMicrovision software, and the average value of ΦS was 18.75% (for WF Formation) and 17.96% (for the LMX Formation), respectively (Table 4). According to the calculations, the average ΦOM for the shales of the WF and LMX Formation were 1.73% and 0.41%, and these accounted for 89.4% and 24.7% of the corresponding total porosity, respectively. Evidently, a higher OM content promotes pore connectivity in shales; that is, the presence of OM pores is conducive to the enhancement of pore connectivity in shales.




5.3. Contribution of Different Pore Sizes to the Connectivity


Both the pore types and size affect the connectivity of pores in shales. The influence of macropores and micropores on fluid flow in rocks has often been debated. However, the initial entry of fluids into pores is controlled by capillary pressure and friction [47].



Wang et al. [42] used nuclear magnetic resonance (NMR) to study the imbibition behavior of different pores in shales from the Shahejie Formation and reported that pore connectivity was mainly controlled by micropores. Meng et al. [48] used shales from the LMX Formation to demonstrate that deionized water preferentially permeated the samples through micropores during imbibition experiments. In a study of shales from the WF-LMX Formation in the Fuling area, Yang et al. [49] indicated that the presence of micropores and mesopores promoted the connectivity of pores. Thus, the proportion of micropores in shales is evidently a major control on the connectivity of pores.



In the present study, shales from the WF-LMX Formation were rich in nano- to micro-scale OM particles that were disseminated among clastic particles. The OM particles contained numerous secondary pores that were developed during catagenesis. Evidently, the SEM images in Figure 9 reveal numerous secondary pores characterized by small throat sizes within the OM particles. These can produce good networks of OM pores within the shales, and thus enhance the connectivity of pores.




5.4. Factors Influencing Pore Connectivity in the Shales


Pore types in organic matter-rich shales are complex and diverse, and the characteristics of their development and connectivity are often controlled by external and internal factors. External control factors include tectonic stress and sedimentary environment, and internal control factors are associated with the morphology of particles, temperature, stress, OM content, mineral composition, and OM maturity [36,42]. The triaxial stress physical experiment of organic-rich shale in other sections of the same basin found that when the confining pressure of shale samples was less than 16.6 MPa, many microcracks began to occur in the shale, indicating that the generation of microcracks in shale was closely related to the stress conditions of the formation [50]. It is worth noting that before the uplift of Mesozoic strata, the marine strata in the study area experienced a long period of continuous subsidence. Subsequently, the strata were greatly uplifted due to structural changes, and the formation temperature was reduced. The number of secondary organic pores closely related to the generation and expulsion of organic matter no longer increased. The strata of the WF-LMX Formation in the study area experienced similar structural changes, and the influence of stress changes is not further discussed in this work. The OM particles in shales of the WF-LMX Formation have attained the overmature stage of thermal evolution [34]. The subsequent discussion of the total porosity, effective porosity, and pore connectivity in the shales focuses on the TOC content and mineral composition.



5.4.1. TOC Contents


The TOC content of the shales from the WF-LMX Formation displayed strong positive correlations with the specific surface area associated with micropores and BET specific surface area (Figure 10a,d). These results indicate that numerous micropores were formed in the shales of the WF-LMX Formation during hydrocarbon generation and expulsion. Therefore, complex micropore-dominated networks were created in these shales. The nanoscale pores provided abundant sites for adsorption, and these enhanced the specific surface areas and the adsorption capacities of the shales. In addition, as the TOC content of the samples increased, the total porosity did not undergo a major change (Table 3). These results further demonstrate that shales in the WF-LMX Formation are dominated by secondary micropores and mesopores in the OM. Conversely, macropores, which are commonly associated with the inorganic components, are scarce.



The variation of the average pore throat size versus the TOC content of shales from the WF-LMX Formation initially decreased, and then increased (Table 2, not shown), while the fractal dimension exhibited a trend of first increasing and then decreasing (Figure 10g). These results also indicate that micropores are abundant in the shales studied. In addition, macropores are transformed into micropores by compression associated with overlying strata, and this can elevate the roughness of surfaces of pores in shales. Accordingly, the fractal dimensions of shales are also increased. In contrast, micropores and mesopores in shales are relatively shielded from compaction, and the presence of fluids in these nanoscale pores commonly generates overpressure. This explains the round or oval shape of most pores observed in the shales from the WF-LMX Formation [51]. The increase in compaction led to the decrease in mineral pore space, particularly the decrease in interP or intraP of clay minerals, which is conducive to enhancing the homogeneity of pores. A weak positive correlation was also observed between the osmotic slope and the TOC content of the samples (Table 2, not shown), and this further indicates that an increase in the OM content of the shales improved the connectivity of pores.




5.4.2. Mineral Compositions


Shales contain diverse minerals that are associated with different specific surface areas. Owing to differences in the composition of minerals, the pore structure characteristics of the shales obviously differ. In the black shale from the WF-LMX Formation, despite the complex composition, quartz and clay minerals (illite, chlorite, and illite-montmorillonite mixed layer) dominated, followed by minor amounts of feldspars, carbonates, pyrite, hematite, etc. The quartz and clay mineral contents correspondingly increased and decreased with depth, but these accounted for more than 50% of minerals in all samples studied (Table 1 and Figure 2). Therefore, the proportions of these minerals in the samples significantly influenced the associated pore structures.



The micropore-specific surface area, BET-specific surface area, and fractal dimension of shales from the WF-LMX Formation increased as the quartz content increased (Figure 10b,e,h). Considering that the total porosity is controlled by several factors, the correlation between the total porosity and the quartz content was weak (Table 2). Owing to its brittle characteristic, quartz underwent some dissolution during the thermal evolution involving petroleum generation and expulsion from OM. This produced dissolved particles associated with the interP or intraP, and thus, porosity elevated. This also enhanced the reservoir and percolation capacity of shales in the WF-LMX Formation.



The degree of pore development associated with clay minerals depends on the type, relative proportion, structural water content, thermal evolution, and extent of crystallization. In contrast to variations of quartz relative to pore structure parameters, the clay mineral content displayed negative correlations with the micropore- and BET-specific surface areas (Figure 10c,f). A rock with a high clay mineral and a low rigid mineral (e.g., quartz, feldspars, pyrite, and carbonates) content is characterized by strong plasticity and low mechanical strength. Mechanical compaction caused by overlying strata destroys pores, thereby reducing porosity [52]. In addition, due to variations in the types of pores linked to clay minerals and the secondary pores in OM in the shales, correlations between the clay mineral content, average pore size, and fractal dimension were also weak (Table 2, not shown). The reason for this phenomenon is mainly related to the secondary nanoscale organic matter pores developed in shale with a relatively large pore size range.






6. Conclusions


The findings of the present study are summarized as follows: (1) the WF-LMX Formation shale mainly developed micropores and mesopores with pore sizes of 2~6 nm. (2) The oil-wetting of the pores was relatively stronger than the water-wetting, and the pore connectivity of the WF Formation was better than that of the LMX Formation. (3) The increase in the content of brittle minerals, such as TOC and quartz, promoted the development of secondary pores, increased the proportion of micropores and mesopores in total pores, and promoted the connectivity between pores in geological stress and thermal evolution. This work mainly used qualitative and quantitative methods to evaluate shale pore characteristics, and analyzed the main influencing factors for shale pore connectivity, which can provide theoretical guidance for improving shale gas production.
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Figure 1. Ancient geographical location of the study well. (a) Geographical location of the Sichuan Basin in South China (adopted from [26]); (b) locations of Well Yucan-6 and related sections during the Early Silurian stage (adapted from [27]); (c) a stratigraphic column based on the Yucan-6 well. 
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Figure 2. Diagram illustrating the mineral composition of shale samples studied according to depths. 
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Figure 3. Plots illustrating (a) the low pressure N2 adsorption–desorption responses of the shales studied and (b) the pore size distribution of the samples. 
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Figure 4. Plots illustrating (a) the high-pressure mercury injection responses, (b) pore throat radium and (c,d) pore size distribution ranges for shales from the WF-LMX Formation. 
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Figure 5. Log plot of the cumulative imbibition of n-decane for shale samples from the Longmaxi and Wufeng Formations. 
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Figure 6. Log plot of the cumulative imbibition of water for shale samples from the Longmaxi and Wufeng Formations. 
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Figure 7. Models from X-ray analysis of samples Yc-08 and Yc-03 demonstrating (a,b) microstructures, (c,d) pores, and (e,f) pore connectivity characteristics under skeleton model. Organic matter is represented by OM, while the horizontal black line in the bottom right corner is set to a scale of 10 μm. 
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Figure 8. Log cumulative water imbibition versus log imbibition time for the different diameter and length shale samples. Samples of (a) 10 mm and (b) 18 mm in diameter for cumulative imbibition. Samples of (c) 10 mm and 15 mm in length for imbibition amount. Samples of (d) 10 mm and (e) 15 mm in length for cumulative imbibition. 






Figure 8. Log cumulative water imbibition versus log imbibition time for the different diameter and length shale samples. Samples of (a) 10 mm and (b) 18 mm in diameter for cumulative imbibition. Samples of (c) 10 mm and 15 mm in length for imbibition amount. Samples of (d) 10 mm and (e) 15 mm in length for cumulative imbibition.



[image: Energies 15 02909 g008]







[image: Energies 15 02909 g009 550] 





Figure 9. SEM images utilized for calculation of pores associated with organic matter in shales from the WF-LMX Formation. The left graph is the original SEM for the (a) WF Formation and (b) LMX Formation, and the right graph is the software to delineate the pore image for the (a’) WF Formation and (b’) LMX Formation, respectively. 
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Figure 10. Relationships between shale pore structure parameters and TOC (a,d,g), quartz (b,e,h), and clay minerals (c,f,i). 
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Table 1. TOC contents and basic mineral composition data for shales from the WF-LMX Formation.
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Formation

	
Longmaxi Formation

	
Wufeng Formation






	
Samples

	
Yc01

	
Yc02

	
Yc03

	
Yc04

	
Yc05

	
Yc06

	
Yc07

	
Yc08




	
Depth (m)

	
710.8

	
715.4

	
718.3

	
734.6

	
753.7

	
768.3

	
773.3

	
775.4




	
TOC (wt.%)

	
1.03

	
1.15

	
1.01

	
1.3

	
1.16

	
1.13

	
4.34

	
4.79




	
Silica (%)

	
39.9

	
41.2

	
37.2

	
46.3

	
38.4

	
40.1

	
48.1

	
46.3




	
K-feldspar (%)

	
7

	
5.4

	
7.4

	
3.6

	
5.1

	
7.9

	
6.8

	
1.2




	
Plagioclase (%)

	
15.9

	
9.5

	
20.7

	
5.4

	
20.4

	
18.9

	
13.1

	
9.4




	
Calcite (%)

	
8.6

	
1.6

	
7.5

	
1.3

	
3.8

	
5.4

	
2.1

	
8.7




	
Dolomite (%)

	
9

	
1.5

	
5.3

	
1.4

	
11.1

	
8.8

	
8.6

	
5.9




	
Pyrite (%)

	
2

	
4.8

	
1.5

	
3.2

	
1.6

	
1.9

	
-

	
7.3




	
Clay mineral (%)

	
15.8

	
28.3

	
17.5

	
36.5

	
17.2

	
14.1

	
14.3

	
13.9
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Table 2. Data for parameters associated with pores in shale samples obtained from N2 adsorption and MICP measurements.
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Formation

	
Longmaxi

	
Wufeng




	
Samples

	
Yc01

	
Yc02

	
Yc03

	
Yc04

	
Yc05

	
Yc06

	
Yc07

	
Yc08






	
N2 adsorption pore size distribution parameters

	
BET specific surface area (m2/g)

	
3.94

	
6.96

	
2.78

	
7.00

	
6.37

	
6.20

	
7.47

	
7.72




	
Micro-pores specific surface area (m2/g)

	
3.04

	
5.44

	
2.15

	
5.78

	
5.36

	
5.33

	
6.21

	
6.46




	
Average pore size (nm)

	
5.49

	
7.86

	
8.21

	
4.90

	
6.81

	
7.89

	
4.76

	
5.58




	
Fractal dimension (D1 + D2)

	
5.2669

	
5.337

	
5.2435

	
5.4989

	
5.3869

	
5.277

	
5.0393

	
4.9794




	
Total pore volume (cm3/g)

	
0.0027

	
0.0026

	
0.0043

	
0.0026

	
0.0047

	
0.0027

	
0.0039

	
0.0054




	
MICP pore size distribution parameters

	
Rock sample density (g/cm3)

	
2.2

	
2.15

	
2.14

	
2.17

	
2.16

	
2.17

	
2.16

	
2.15




	
Porosity (%)

	
1.61

	
1.62

	
2.2

	
1.22

	
1.55

	
1.77

	
2.03

	
1.84




	
Total pore volume (cm3/g)

	
0.0073

	
0.0076

	
0.0103

	
0.0057

	
0.0072

	
0.0081

	
0.0094

	
0.0085




	
Total specific surface area (m2/g)

	
0.86

	
0.26

	
0.93

	
0.45

	
0.52

	
0.21

	
0.39

	
0.58




	
Average radius (μm)

	
3.24

	
4.05

	
3.06

	
3.52

	
3.72

	
3.45

	
3.31

	
3.6
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Table 3. Statistical of slopes of self-absorption curves of deionized water and n-decane fluid in Wufeng–Longmaxi Formation in the study area.
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Formation

	
Longmaxi

	
Wufeng




	
Samples

	
Yc01

	
Yc02

	
Yc03

	
Yc04

	
Yc05

	
Yc06

	
Yc07

	
Yc08






	
Self-absorption slop

	
deionized water

	
0.3147

	
0.3147

	
0.3169

	
0.2625

	
0.2576

	
0.2822

	
0.2983

	
0.3153




	
n-decane

	
0.3521

	
0.4061

	
0.3408

	
0.254

	
0.2775

	
0.2708

	
0.4154

	
0.4281




	
Hydrophilic pore connectivity

	
medium

	
medium

	
weak

	
medium

	
weak

	
weak

	
weak

	
medium




	
Oilphilic pore connectivity

	
medium

	
medium

	
medium

	
weak

	
weak

	
weak

	
medium

	
medium
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Table 4. Results of the surface organic matter porosities (ΦS, %).
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No.

	
ΦS (%)

	
No.

	
ΦS (%)

	
No.

	
ΦS (%)

	
No.

	
ΦS (%)

	
No.

	
ΦS (%)






	
LMX01

	
7.96

	
LMX10

	
12.67

	
LMX19

	
18.14

	
WF01

	
21.45

	
WF10

	
36.79




	
LMX02

	
11.35

	
LMX11

	
19.44

	
LMX20

	
18.45

	
WF02

	
17.44

	
WF11

	
11.55




	
LMX03

	
17.66

	
LMX12

	
21.22

	
LMX21

	
20.54

	
WF03

	
16.98

	
WF12

	
17.99




	
LMX04

	
18.13

	
LMX13

	
18.46

	
LMX22

	
22.36

	
WF04

	
15.13

	
WF13

	
20.06




	
LMX05

	
19.24

	
LMX14

	
18.81

	
LMX23

	
24.78

	
WF05

	
17.99

	
WF14

	
17.32




	
LMX06

	
8.96

	
LMX15

	
14.31

	
LMX24

	
31.05

	
WF06

	
19.35

	
WF15

	
18.66




	
LMX07

	
9.17

	
LMX16

	
19.77

	
LMX25

	
22.07

	
WF07

	
17.95

	
WF16

	
17.89




	
LMX08

	
12.55

	
LMX17

	
18.99

	
LMX26

	
19.14

	
WF08

	
16.36

	
WF17

	
18.35




	
LMX09

	
21.05

	
LMX18

	
19.54

	
LMX27

	
19.12

	
WF09

	
18.92

	
WF18

	
17.33




	
Average

	
17.96

	
Average

	
18.75
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