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Abstract

:

Pore connectivity of lacustrine shales was inadequately documented in previous papers. In this work, lacustrine shales from the lower Cretaceous Shahezi Formation in the Changling Fault Depression (CFD) were investigated using field emission scanning electron microscopy (FE-SEM), mercury intrusion capillary pressure (MICP), low pressure gas (CO2 and N2) sorption (LPGA) and spontaneous fluid imbibition (SFI) experiments. The results show that pores observed from FE-SEM images are primarily interparticle (interP) pores in clay minerals and organic matter (OM) pores. The dominant pore width obtained from LPGA and MICP data is in the range of 0.3–0.7 nm and 3–20 nm. The slopes of n-decane and deionized (DI) water SFI are in the range of 0.34–0.55 and 0.22–0.38, respectively, suggesting a mixed wetting nature and better-connected hydrophobic pores than hydrophilic pores in the Shahezi shales. Low pore connectivity is identified by the dominant nano-size pore widths (0.3–20 nm), low DI water SFI slopes (around 0.25), high geometric tortuosity (4.75–8.89) and effective tortuosity (1212–6122). Pore connectivity follows the order of calcareous shale > argillaceous shale > siliceous shale. The connected pores of Shahezi shales is mainly affected by the high abundance and coexistence of OM pores and clay, carbonate minerals host pores.
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1. Introduction


Organic-shales and coals are proposed to contain complex pore systems with various pore types, shapes and wide pore size distribution (PSD) ranges [1,2,3,4,5,6,7]. Understanding pore characteristics is essential for assessing shale gas storage capacity and gas transport mechanisms in organic shales [8,9,10,11,12,13]. Pore structure characterization is also the key issue of shale gas resource and coalbed methane assessment [14,15,16,17,18,19,20,21]. The pore characteristics (types, shapes, geometries, PSDs and evolution mechanisms) of gas shales were extensively studied around the world in previous studies by several researchers [1,3,13,14,21,22,23,24,25,26,27,28]. For example, field emission scanning electron microscopy (FE-SEM) [1,7,29], small angle neutron scattering (SANS) [2,24], low pressure gas adsorption (LPGA) and mercury intrusion capillary pressure (MICP) [2,3,9] were used to characterize the pore structure in shales. However, less attention was paid to the connectivity of pore networks in organic shales. Pore connectivity significantly affects the gas flow distance in the shale matrix, and is critical to shale gas development [30]. High pore connectivity may improve the gas flow through the matrix, while low pore connectivity may be the main cause for the rapid decline of the initial shale gas production [24,31,32]. Pore connectivity in shales can be evaluated by various methods [33,34,35,36,37,38,39]. Three dimensional pore system reconstruction by micro- and nano-scale X-ray computed tomography (micro-CT and nano-CT) and focused ion beam-scanning electron microscopy (FIB-SEM) techniques [29,40], the hysteresis loops of LPGA and MICP isotherms [41,42,43,44], the spontaneous fluid imbibition (SFI) features [34,45,46] and the divergence of MICP and nuclear magnetic resonance (NMR) results [47,48], can be used to evaluate pore connectivity in organic shales. Among these methods, SFI is a simple and effective technique, because the SFI process is much faster than diffusion, and only requires monitoring mass change over time [32,34,36,49,50]. The pore connectivity of marine shales in North America and southern China were assessed through SFI experiments [33,45,46]. However, only a few studies documented the pore connectivity of lacustrine shales in Sichuan Basin and Ordos Basin of China [24,48]. Therefore, previous studies on the pore connectivity of lacustrine shale are still inadequate.



Lacustrine shales gas accounts for about 32% of the total recoverable shale gas resources in China [51,52,53]. The lower Cretaceous Shahezi shales were studied as major source rocks for conventional gas resources in Songliao Basin [54,55]. Recently, these shales in the Changling Fault Depression (CFD) have become shale gas exploration targets [48]. Lacustrine shales are significantly distinct from marine shales in terms of the rapid sedimentary environment changes, discontinuous and complex lithofacies association and high concentration of clay minerals [56,57,58]. Recently, shale lithofacies and their impacts on the pore characteristics and pore fractal dimensions of the lacustrine shales in the Shahezi Formation were investigated [58,59]. In this work, the pore connectivity of these shales was evaluated, and the control of the matrix compositions on pore connectivity was further discussed. Our findings are of significance to an understanding of gas transport mechanisms and the impacts of lacustrine shale gas production.



The objectives of this work are to (1) determine the pore structure characteristics (pore type, pore size distribution and pore volume); (2) assess the pore connectivity; (3) and investigate the controls of OM and mineral compositions on the pore connectivity of Shahezi shales. An integrated experiment procedure including total organic carbon contents (TOC), X-ray diffraction (XRD), FE-SEM, MICP, LPGA and SFI (n-decane and deionized water) experiments was conducted in this study.




2. Samples and Experiments


2.1. Samples


In total, six lacustrine shale core samples (about 9.5 cm in diameter and 2–5 cm in length) were collected from the lower Cretaceous Shahezi Formation in Well TS-6, which was drilled in the CFD of Songliao Basin (seen in Figure 1a,b). The CFD can be subdivided into the west step-fault belt, central depression belt, east slope belt and east structural belt based on structural features [60]. The rift stage for the Songliao Basin occurs during the Jurassic-early Cretaceous episode [61]. From bottom to top, the lower Cretaceous strata consist of the Huoshiling Formation (K1h), the Shahezi Formation (K1sh), the Yingcheng Formation (K1y) and the Denglouku Formation (K1d) (Figure 1c,d). Black mudstones and shales in the K1sh and K1y Formations deposited in semi-deep to deep lacustrine environments are the main source rocks of natural gas (with Ro values above 2%) in the study area [58,59,62]. The sample information, including depth and lithofacies, are listed in Table 1. The lithofacies of the selected samples was determined by core logging data of the Jilin oil field Branch, Petrochina.




2.2. Experiments


Each shale core sample was subsampled and prepared for the total organic carbon content (TOC), XRD, FE-SEM, LPGA, MICP and SFI experiments. The subsamples were taken as homogeneous as possible in order to correlate the results.



2.2.1. TOC and XRD


The TOC content was determined by a Leco CS230 carbon/sulfur analyzer (LECO Corporation, St. Joseph, MI, USA). In detail, shale samples were crushed to 100 mesh, treated with hydrochloric acid to remove carbonates and washed with distilled water. After being dried at 70 °C, the TOC values were measured. The bulk XRD mineral compositions were measured on powder samples, which were mixed with ethanol on glass slides for an XRD analysis. The XRD experiments were performed on an X-ray diffractometer (Bruker D8 DISCOVER, Bruker AXS Corporation, Karlsruhe, Germany) using Co Ka-radiation of 45 kV and 35 mA. The quantitative analysis of the bulk mineral compositions and clay minerals was performed on the Bruker customized Topas software.




2.2.2. FE-SEM


FE-SEM imaging was performed on an Argon-ion polished surface of shale samples on a Helios NanoLab 650 FEI SEM (Thermo Fisher Scientific, Waltham, MA, USA). The brick shaped samples (about 1 cm × 1 cm × 0.5 cm) were ion polished on a Hitachi ion milling IM-4000 System (Hitachi, Ltd., Tokyo, Japan) and imaged using an FE-SEM (Zeiss Helios NanoLab 650, FEI, Carl Zeiss, Heidenheim, Germany) equipped with secondary electron (SE) and backscattered electron (BSE) detectors. The SE mode detects the topographic variation, and the BSE mode shows the compositional variation [1]. The accelerating voltages were 1–10 kV. The working distances from detector to samples were 3–7 mm in this FE-SEM system.




2.2.3. MICP


The MICP experiments were performed on shale core plugs (about 2.54 cm in diameter) on a mercury porosimeter (Micromeritics AutoPore 9510, Micromeritics, Atlanta, GA, USA) with the maximum intrusion pressure set to 400 MPa. Before the MICP test, each shale sample was oven-dried at 80 °C for 24 h to remove moisture. With increasing pressure, the mercury volumes are recorded; conversely, the intruded mercury will extrude from the sample when the pressure drops. The pore throat is obtained based on the Washburn equation, assuming a specific pore cylindrical shape. The inputting physical constants of mercury include the surface tension γ = 485 mN/m and the contact angle θ = 130°.




2.2.4. LPGA


The LPGA (N2 and CO2) experiments were conducted on a Micromeritics ASAP-2460 System (Micromeritics, Atlanta, GA, USA). The samples were crushed to 100 mesh and degassed at 110 °C for 12 h. Nitrogen and carbon dioxide physisorption isotherms were obtained at 77.3 K and 273.1 K, respectively. The micro-pore volumes and surface areas were determined from low pressure CO2 adsorption branches using a DFT (Density Functional Theory) model. The BJH (Barrett-Joyner-Halenda) pore volumes, BET (Brunauer-Emmett-Teller) surfaces areas and average pore sizes were determined by low pressure N2 adsorption data.




2.2.5. SFI


The SFI experiments were performed following the procedure proposed by Gao and Hu [63]. Briefly, 1 cm-sized cubic samples were cut from the shale cores at each depth intervals provided in Table 1. Two subsamples for each shale sample were used for the DI-water and n-decane imbibition measurements. The SFI direction was parallel to the laminae of the shales. Except for the bottom and top sides, the other four sides were coated with epoxy. Following this, the epoxied cubes were oven-dried at 80 °C for 12 h and cooled to room temperature (23 ± 0.5 °C). For the DI water and n-decane SFI experiments, the bottom surface was merged at about 1 mm in the fluids. The weight change was automatically recorded by a high precision electric balance. In the homogeneous porous materials with the capillary as the main forces for the SFI, the slopes of the log total imbibition versus log imbibition time curves can be used to assess the pore connectivity [63]. The DI water and n-decane SFI can be used to investigate the connectivity of hydrophilic and hydrophobic pores, respectively [61,64,65].






3. Results


3.1. Mineral Compositions and TOC Content


The detailed sample information, including lithofacies, TOC contents and mineral composition, was listed in Table 1. Quartz and clay mineral contents are dominant in these samples, accounting for over 70 wt % in the Shahezi shale samples. The clay minerals are the most significant mineral components. The clay minerals mainly consist of mixed illite-smectite (66 wt %–79 wt %), illite (13 wt %–23 wt %) and chlorite (9 wt %–13 wt %) in our sample set. The dolomite, pyrite and siderite contents are relatively low. Three lithofacies, including argillaceous shale, siliceous shale and calcareous shale, are classified on the basis of the core logging of the Jilin oil field Branch and verified by bulk XRD results. The TOC contents range from 1.09 wt % to 4.75 wt %, with an average of 2.841 wt % in the samples.




3.2. Pore characterization


3.2.1. FE-SEM Imaging and Image Processing Analysis


The FE-SEM images show pore characteristics in the Shahezi shale samples with different lithofacies (TS-6-4, TS-6-5 and TS-6-7). According to the classification scheme proposed by Loucks et al. [1], organic matter (OM) pores and interparticle pores (interP pores) between clay flakes are dominant in the Shahezi shales. OM pores are observed in siliceous shale samples and these pores are elliptical, bubble-like, irregular (Figure 2a–c) in shape. Many OM pores display better connectivity in 3D dimensions (Figure 2a). OM surrounded by rigid mineral grains could be protected from compaction and well preserved (Figure 2b).



InterP pores are commonly observed between illite flakes and chlorite in Shahezi shale samples (Figure 2d,e). A few larger-sized interP pores between quartz grains were observed as well (Figure 2f). InterP pores connected to OM pores could serve as a significant migration pathway for shale gas [1]. Shale gas is expected to flow along the most conductive pathway associated with the connected pores [64].



A few intraparticle pores (intraP pores) can be observed in the Shahezi shales (Figure 2g–i), which are primary formed due to the dissolution of chemically unstable minerals, such as carbonate and feldspar [1].



An image processing analysis were performed on the FE-SEM images of the Shahezi shales (Figure 2) using Image-Pro Plus software [66]. The results of the image processing include the pore number, pore width and fractal dimension, all listed in Table 2. In total, 869 pores, including OM pores, interP pores and intraP pores, were extracted from the FE-SEM images (Figure 2).



For the siliceous shale sample (TS-6-4), interP pores contribute the highest percentage in the total pore systems (53.21%). However, intraP pores contribute the lowest percentage (16.06%). The mean pore sizes of the OM pores, interP pores, and intraP pores are 113.6, 90.1, and 54.2 nm. IntraP pores have the lowest fractal dimension (1.08), while OM pores have the highest value (1.68). For the calcareous shale sample (TS-6-5), no OM pores were extracted from the FE-SEM image (Figure 2g), while 44 interP pores and 25 intraP pores were extracted. The mean pore sizes of the interP pores and intraP pores are 181.7 and 193.1, respectively. Both InterP pores and intraP pores have close fractal dimensions of 1.17 and 1.21. For the argillaceous shale sample (TS-6-7), 582 pores in total were extracted from the images (Figure 2c–e,h,i). InterP pores have the highest percentage of pore numbers (57.73%), while intraP pores contribute the lowest percentage (19.59%). The mean pore sizes of the OM pores, interP pores, and intraP pores are 56.3, 224.6, and 89.3 nm.



Overall, interP pores provide the highest proportion of pore numbers and a relatively larger mean pore size in the studied shale samples. The pores in the studied Shahezi shales are mostly irregular in shape as displayed by the fractal dimension data, which is consistent with previous image processing work [58].




3.2.2. Full-Size Pore Size Distribution


Figure 3 illustrates the full-size PSD by combining the low pressure gas adsorption (CO2 and N2) and MICP data. Micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm) are well developed in all shale samples, according to the International Union of Pure and Applied Chemistry (IUPAC) classification [67]. Multimodal PSD characteristics of the lacustrine Shahezi shale samples can be determined in the ranges of 0.3–0.7 nm and, 3–20 nm (Figure 3). The peaks at 10–30 μm determined by MICP are considered fake peaks, which may be due to artificial fractures formed during the sample preparation [11].



In this paper, the micropore (pore width <2 nm) volumes of the Shahezi shale samples were determined by low pressure CO2 adsorption, the mesopore (2 nm < pore width < 50 nm) volumes were determined by low pressure N2 adsorption, and the macropore (pore width >50 nm) volumes were determined by MICP experiments. The total volume of each sample is the sum of the micropore, mesopore and macropore volumes. The total pore volumes are in the range of 0.79 and 1.38 cm3/100 g for the Shahezi shales (Table 3). The micropore volumes with an average of 0.281 cm3/100 g (0.12–0.44 cm3/100 g) account for approximately 25% of the total pore volume, mesopore volumes with a mean value of 0.503 cm3/100 g (0.38–0.79 cm3/100 g) account for approximately 45% of the total pore volume, and macropore volumes with an average of 0.335 cm3/100 g (0.25–0.61 cm3/100 g) account for approximately 30% of the total pore volume (Table 3, Figure 4a). Therefore, mesopores provide the largest contribution to the total pore volume, followed by macropores. Micropores contribute the least proportion to the total pore volume. Micropores have the highest proportion to the total specific surface area (over 75%), mesopores only account for a small portion (about 24%), and the surface area provided by macropores is negligible (Table 3, Figure 4b).




3.2.3. Tortuosity


Tortuosity refers to the ratio of the actual distance of the fluid transport to the apparent straight-line length through the medium [45], which is calculated from Equation (1):


τ=D0De=1Φ(LeL)2,



(1)




where D0 is the aqueous diffusion coefficient in certain fluids (m2/s), De is the effective diffusion coefficient in porous media (m2/s), Le is the actual distance (m) travelled by a molecule, and L is the length a molecule moves between two points in a porous medium (m) [45].



The effect tortuosity values can be calculated from Equation (2) by the MICP results [32]:


τ=ρ24k(1+ρVtot)∫η=rc,minη=rc,maxη2fv(η)dη,



(2)




where τ is effective tortuosity, ρ is the mercury density (g/cm3), Vtot is the total pore volume (mL/g), ∫η=rc,minη=rc,maxη2fv(η)dη is the pore throat volume probability density function, rc,max is the maximum pore radius, rc,min is the minimum pore radius, fv(η) is the density function distributed over v points, η is the pore throat density, and k is the absolute permeability.



The geometrical tortuosity (Le/L) can be calculated based on Equation (1) by inputting the effective tortuosity (τ) and MICP derived porosity (Φ).



As can be seen in Figure 3 and Figure 4, most pore sizes in the Shahezi shale are smaller than 100 nm, with an average pore throat diameter of 6.13–13.68 nm (Table 3). In addition, the maximum intrusion pressure of MICP in the present study is 400 MPa, which results in a minimum detected pore throat of about 4.5 nm. Therefore, the effective tortuosity values of this study represent the mercury flow characteristics in a predominant pore throat width of 4.5–13.68 nm. Low pore connectivity commonly leads to high tortuosity [32].



The effective tortuosity and geometrical tortuosity (Le/L) values calculated from the MICP data of the Shahezi shale samples are in the range of 1212–6122 and 4.75–8.89, respectively, which is consistent with the previous reported values of Barnett shales (1772–5372 and 2.13–11.6), Longmaxi shales (123–1716 and 11.1–41.4), Niutitang shales (6284–6807), Dongyuemiao (284 and 11.2) and Dalong shales (104 and 14) [24,32,68]. Tortuosity can be used to evaluate pore connectivity in a porous medium [30]. According to the tortuosity values of this study and previously reported tortuosity values of typical gas shales [24,32,68], low pore connectivity can be identified in the Shahezi shales in the CFD, Songliao Basin.





3.3. Spontaneous Fluid Imbibition


Log cumulative imbibition (mm)-log time (min) plots of n-decane and DI water SFI of the Shahezi shales are shown in Figure 5 and Figure 6. The DI water SFI curves can be segmented to an initial stage (0–120 s), an increasing stage (120 s–23 h) and a final stage (23–24 h) [38]. The rapid increases and fluctuations of imbibition in the initial stage may result from boundary effects, which is due to the initial contact of samples with fluids and to the migrations of fluid up the outside of the sample [24]. Following this, one or two linear segments with different slopes can be observed. Larger SFI slopes suggest more imbibed fluids and higher imbibition rates. The variations of the SFI slopes may reflect the complex connectivity and spatial wettability of these organic shales [30,31,32,33,34]. For instance, a decrease in the SFI slopes suggests that the imbibed fluids transport from larger pores to smaller pores in the connected pore networks within the shale matrix [36]. Based on the percolation theory, the stable slopes in the log-log plots were used to quantitatively assess the pore connectivity, as high pore connectivity had slopes of about 0.5 (classical Fickian behavior), medium pore connectivity had slopes of 0.26–0.5, and low pore connectivity had slopes of about 0.25 [30,36,46,69,70]. The imbibition increases very little in the final stage (23–24 h), suggesting that the samples are saturated with fluids.



The n-decane SFI slopes of the Shahezi shales are in the range of 0.34–0.55 (Figure 5a–f). The samples with TOC contents over 4 wt % have higher SFI slopes (0.48–0.55) than other samples (Figure 5b,e). The n-decane SFI slopes are in the range of 0.36–0.55 for the argillaceous shales (Figure 5a–c), 0.34 for the calcareous shales (Figure 5d), and 0.38–0.48 for the siliceous shales (Figure 5e,f). The DI water SFI slopes of the Shahezi shales are in the range of 0.22–0.38 (Figure 6a–f). The DI water SFI slopes are in the range of 0.22–0.26 and 0.23–0.28 for argillaceous shales (Figure 6a–c) and siliceous shales (Figure 6e,f), respectively. The calcareous shale sample has the highest SFI slope, at 0.38 (Figure 6d).





4. Discussion


4.1. Pore Connectivity Obtained from SFI Slopes and Tortuosity Values


SFI is an effective way to assess pore connectivity in organic shales [30,31,32,33,34,36,63]. The SFI slopes of <0.25, 0.25–0.5 and >0.5 refer to poor-connected, moderate-connected, and well-connected pore networks for specific SFI fluids [30,36,46,71,72]. Specifically, DI water may preferentially be imbibed into the hydrophilic pores, while n-decane may be primarily imbibed into the hydrophobic pores [24]. The SFI process is affected by the wettability of both pores and fluids [63,73]. Rocks can have a good pore connectivity for a wetting fluid, but a poor connection for a nonwetting fluid [30]. Previous studies suggest that OM pores are commonly oil wetting and inorganic pores are water wetting [68,69]. A mixture of oil-wetting and water-wetting pores will result in the mixed wettability nature of organic shales [38]. The wettability of shale can be divided into more-water-wet, more-oil-wet, and mixed wet [36]. Different slopes of DI water and n-decane SFI can be applied to study the wettability of the shale matrix [24,30,31,32,33,34]. The ratio of the n-decane imbibition slope to DI water imbibition slope may provide useful information about the wettability. The ratios that are lower than one mean that the pore surface is more hydrophilic. Compared with DI water, the n-decane SFI of the studied Shahezi shales shows larger slopes (Figure 5 and Figure 6), suggesting that the hydrophobic pore networks are better connected than the hydrophilic pores in the Shahezi shales and that the studied shale samples are all more oil-wet. The well-connected OM pores and inorganic pores contribute to the mixed-wetting characteristics of the lacustrine Shahezi shales. This result can be supported by OM pores observed in the FE-SEM images (Figure 2a–c).



The pore connectivity of the Shahezi shales vary in different shale lithofacies (Figure 7). The calcareous shale has the highest DI water SFI slope, at 0.38, followed by the siliceous shale and argillaceous shale samples, with slopes ranging from 0.22 to 0.28. These results suggest that hydrophilic pore networks are moderate-connected in calcareous shale and poor-connected in siliceous and argillaceous shales. In addition, the hydrophobic pore connectivity evaluated by the n-decane SFI of argillaceous shales (0.42–0.55) is better than for siliceous shales (0.38–0.48) and calcareous shales (0.34). The TS-6-7 sample has the largest n-decane SFI slope, suggesting well-connected hydrophobic pores in the argillaceous shale sample. Well-connected OM pores were observed in sample TS-6-4 (Figure 2a,b). Considering the similar TOC contents and thermal maturity of samples TS-6-7 and TS-6-4, it can be inferred that OM pores with a high connectivity formed in sample TS-6-7. According to the indication of the SFI slope of 0.25 [46], a high pore connectivity for n-decane and low connectivity for DI water can be determined [36,71,72,73,74].



Tortuosity is another parameter for the pore connectivity evaluation [24,32]. The effective tortuosity obtained from the non-wetting MICP data is correlated with the pore connectivity but unrelated to the pore wettability [24,68]. The tortuosity represents both connected OM pores and inorganic pores in shales [24,30,31,32,33]. We can observe negative correlations of the effective tortuosity (Figure 8a) and geometrical tortuosity (Figure 8b) with the DI water SFI slopes, suggesting that poor-connected pores in the Shahezi shale samples lead to high tortuosity [32]. The geometrical tortuosity (Le/L) values also correlated well with the DI water SFI slopes and indicate the pore connectivity of hydrophilic pore networks. Specifically, the maximum Le/L value is 8.89, suggesting that non-wetting mercury has to travel 8.89 cm to move a linear distance of 1 cm in the shale matrix. Therefore, the low pore connectivity of the Shahezi shales results in this high tortuosity [24]. The shale sample TS-6-5, which has the highest water SFI slope, has the shortest diffusion distance (lowest geometrical tortuosity), while sample TS-6-1, with the lowest water imbibition slope, has the farthest diffusion distance (highest geometrical tortuosity) (Table 3). Shales with low pore connectivity have significant proportions of unconnected pores, which will slow the gas diffusion in the shale matrix and increase the effective tortuosity values [24,32]. Overall, moderate-connected oil-wetting and poor-connected water-wetting pore networks were identified in the Shahezi shales, which is consistent with gas shales in the US with limited connected water-wet pore systems [31,32].



Shales are characterized by an extremally low matrix permeability on the nanodarcy scale [75,76,77,78,79]. Therefore, a diffusive mechanism is proposed to be the mass transfer process within complex matrix pore systems [75,80,81]. Low permeability and limited pore connectivity will result in the extremely slow fluid transport within the shale matrix, which may explain the steep decline of hydrocarbon production within the initial years [32]. The Shahezi shale samples are predominantly in the nanometer size range (Figure 3 and Table 3), which is expected to have an extremely low permeability and slow fluid transport. The low connectivity of pore networks will also slow the diffusive transport.




4.2. Effects of Matrix Compositions on Pore Connectivity


The effects of shale matrix compositions on the pore connectivity of the studied shale samples were discussed with respect to lithofacies (Figure 7). The argillaceous shale contains the most abundant clay minerals. The siliceous shale and the calcareous shale are rich in quartz and calcite, respectively (Table 1). Therefore, OM and mineral compositions in Shahezi shales exert different impacts on pore connectivity.



The clay mineral compositions of the studied sample are mainly mixed-layer illite/smectite (I/S), illite and chlorite (Table 1). I/S minerals have a larger water-swelling potential [82], which may alter the pore structure of shales and control the gas flow [83]. In addition, clay mineral swelling may be the reason for the lower imbibition capacity of the samples [84]. Consequently, the pore structure of the Shahezi shale samples could be altered due to the swelling of clay minerals. Gao and Hu [36] performed triplicate water imbibition experiments, and the results show poor reproducibility, which indicates a strong interaction between the imbibed DI water and clay minerals. Therefore, the water or n-decane imbibition slope obtained in the first SFI experiment is used to evaluate the initial connectivity and wettability of our samples [35,36,37].



Pore connectivity varies in different shale lithofacies. The n-decane SFI slopes are all larger than 0.25 (0.36–0.55) for argillaceous shales rich in clay minerals, especially for sample TS-6-7 (TOC = 4.75 wt %), which displays the highest slope: 0.55 (Figure 7). The DI water SFI slopes of argillaceous shales are close to 0.25 (0.22–0.26) (Figure 5a–c). In addition, sample TS-6-1 (TOC = 1.09 wt %) has the highest effective tortuosity and geometrical tortuosity at 6122 and 8.89, indicating low pore connectivity. Well-connected OM pores may lead to higher n-decane SFI slopes, while insufficient OM pores may result in low n-decane SFI slopes [24,32]. The FE-SEM images show pores within OM-clay composites in the argillaceous shales (Figure 2d,e). InterP pores formed when coming in contact with OM-clay are often connected to OM pores to increase the pore connectivity of the argillaceous shales (Figure 2d,e).



The siliceous shale samples also have higher SFI slopes for n-decane as well as a lower effective tortuosity and geometrical tortuosity than DI water, also suggesting a higher hydrophobic pore connectivity (Figure 5d,e and Figure 6d,e). The siliceous shale samples show a good pore connectivity for n-decane, but a moderate pore connectivity for the DI water fluid. The n-decane SFI slope of 0.48 in sample TS-6-4 with a TOC content of 4.64 wt % is consistent with the well-connected OM pores shown in the FE-SEM images (Figure 2a,b) [30,32,46].



The calcareous shale sample (TS-6-5) has similar SFI slopes for both DI water (0.38) and n-decane (0.34) (Figure 5f and Figure 6f), suggesting a mixed wettability and moderate-connected pores in this sample [30]. This result is also supported by the fact that it exhibits the lowest geometrical tortuosity, at 6.27 (Figure 8b). Well-developed inorganic pores and poor-developed OM pores in calcareous shales are more accessible to water due to the good connection of hydrophobic pores (Figure 2g).



The pore connectivity of various lithofacies with TOC values of about 2 wt % is following the order in terms of SFI slopes and geometrical tortuosity (Le/L), from high to low: calcareous shale (TS-6-5), argillaceous shale (TS-6-1 and TS-6-7 and TS-6-8) and siliceous shale (TS-6-3 and TS-6-4) (Table 3). The correlations of geometrical tortuosity (Le/L) with matrix compositions, including TOC, clay minerals, quartz, and carbonate mineral content, are presented in Figure 9. The geometrical tortuosity (Le/L) values show no obvious correlations with the TOC and quartz contents (Figure 9a,b). This result is probably due to the insufficient OM pores and quartz host pores in the Shahezi shales. The geometrical tortuosity (Le/L) values are negatively correlated with carbonate mineral contents and positively correlated with the clay minerals (Figure 9c,d). Abundant complex interP and intraP pores are formed in the OM-clay composites, which may enhance the pore connectivity.



A small amount of calcite and dolomite with dissolved pores is shown in the FE-SEM images of the Shahezi shales (Figure 2g). High contents of calcite should play an important role in pore development, because of the solubility of calcite and the large number of dissolved pores within the calcite. However, the samples with a calcite content <5 wt % show a negative correlation (Figure 9c). Therefore, we speculate that only a high concentration of calcite (over 20 wt %) plays significant roles in pore development and in the enhancement of pore connectivity [59,85].





5. Conclusions


Based on our studies, the following conclusions can be drawn.



	(1)

	
FE-SEM images show that the most observed pores in the Shahezi shales are clay minerals related to interP pores and OM pores. The primary pore width calculated by combining LPGA and MICP data is in the range of 0.3–0.7 nm and 3–20 nm.




	(2)

	
The n-decane and DI water SFI slopes (0.34–0.55 and 0.22–0.38) indicate a mixed wetting nature and relatively better-connected hydrophobic pores than hydrophilic pores in the Shahezi shales.




	(3)

	
The limited pore connectivity of the Shahezi shales is identified by the dominant pore widths (0.3–20 nm), low DI water SFI slopes (around 0.25), high geometric tortuosity (4.75–8.89) and effective tortuosity (1212–6122).




	(4)

	
The pore connectivity, affected by both the OM and inorganic compositions, varies among the shale lithofacies and follows the connectivity order of calcareous shale > argillaceous shale > siliceous shale. The high concentration of clay and calcite (over 20 wt %) significantly controls the pore connectively of the Shahezi shale in the CFD.
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Figure 1. (a) Location map of the Changling Fault Depression (CFD). (b) Location map of the study area and the sub-tectonic units of the CFD in southern Songliao Basin. (c) Cross section across the CFD showing the structural pattern and stratigraphic intervals. (d) Stratigraphic column showing the lithology of the strata and lithology in the CFD. 
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Figure 2. Field emission-scanning electron microcopy (FE-SEM) images of pores in the Shahezi shale samples. (a,b) Organic particle with relatively large organic matter (OM) pores showing heterogeneous distribution and high connectivity (TS-6-4, siliceous shale); (c) organic particle distributed as lumps with poorly developed and isolated OM pores (TS-6-7, argillaceous shale); (d,e) interP pores in illite grains containing a cleavage-sheet (TS-6-7, argillaceous shale); (f) shale sample contains coexisted intercrystal line interP pores, intraP pores and OM pores (TS-6-4, siliceous shale); (g) dissolution-rim and intraP pores in calcite crystals (TS-6-5, calcareous shale); (h,i) linear interP pore along clay grains (TS-6-7, argillaceous shale). 
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Figure 3. Pore size distribution (PSD) of the selected lacustrine shale samples from CFD. The micropores are obtained from low pressure CO2 adsorption data, the mesopores from low pressure N2 adsorption data, and the macropores from mercury intrusion capillary pressure (MICP) experiments. 
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Figure 4. (a) The percentage of pore volume and (b) specific surface area of micropores, mesopores, macropores of lacustrine shales from the CFD. 
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Figure 5. Plots of log cumulative n-decane spontaneous fluid imbibition (SFI) versus log imbibition time for the lacustrine Shahezi shales from the CFD. (a) Argillaceous shale (TS-6-1) with slope of 0.36; (b) argillaceous shale (TS-6-7) with slope of 0.55; (c) argillaceous shale (TS-6-8) with slope of 0.42; (d) siliceous shale (TS-6-3) with slope of 0.38; (e) siliceous shale (TS-6-4) with slope of 0.48; (f) calcareous shale (TS-6-5) with slope of 0.34. 
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Figure 6. Plots of log cumulative DI water SFI versus log imbibition time for the lacustrine Shahezi shales from the CFD. (a) Argillaceous shale (TS-6-1) with slope of 0.22; (b) argillaceous shale (TS-6-7) with slope of 0.26; (c) argillaceous shale (TS-6-8) with slope of 0.25; (d) siliceous shale (TS-6-3) with slope of 0.23; (e) siliceous shale (TS-6-4) with slope of 0.28; (f) calcareous shale (TS-6-5) with slope of 0.38. 
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Figure 7. Slopes of the n-decane SFI and DI water SFI of different lithofacies of the lacustrine Shahezi shales from the CFD. 
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Figure 8. Correlations of (a) the effective tortuosity and (b) geometrical tortuosity with the DI water SFI slopes of different lithofacies of the lacustrine Shahezi shales from the CFD. 






Figure 8. Correlations of (a) the effective tortuosity and (b) geometrical tortuosity with the DI water SFI slopes of different lithofacies of the lacustrine Shahezi shales from the CFD.



[image: Minerals 09 00198 g008]







[image: Minerals 09 00198 g009 550]





Figure 9. Correlations of the geometrical tortuosity (Le/L) with (a) the total organic carbon (TOC) contents, (b) quartz contents; (c) carbonate contents and (d) clay mineral contents of the lacustrine Shahezi shales from the CFD. 
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Table 1. Basic properties of lacustrine shale samples from the lower Cretaceous Shahezi Formation in the Changling Fault Depression (CFD).
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Sample ID

	
Depth Beneath to Surface (m)

	
Lithofacies

	
Total Organic Carbon (wt %)

	
Mineral Composition (wt %)




	
Quartz

	
Feldspar

	
Calcite

	
Dolomite

	
Pyrite

	
Siderite

	
Clay

	
Mixed Illite-Smectite

	
Illite

	
Chlorite






	
TS-6-1

	
3696.00–3696.03

	
Argillaceous Shale

	
1.09

	
21.1

	
8.9

	
1.2

	
1.6

	
2.3

	
0.8

	
63.2

	
72

	
19

	
9




	
TS-6-3

	
3734.30–3743.32

	
Siliceous Shale

	
2.27

	
36.1

	
13.2

	
3.8

	
0.5

	
1.8

	
-

	
45.2

	
66

	
23

	
11




	
TS-6-4

	
3738.00–3738.05

	
Siliceous Shale

	
4.64

	
38.5

	
7.2

	
2.7

	
2.1

	
2.2

	
0.8

	
45

	
74

	
16

	
10




	
TS-6-5

	
3759.00–3759.02

	
Calcareous Shale

	
2.12

	
30.1

	
5.2

	
30.5

	
-

	
-

	
3.1

	
30.1

	
67

	
20

	
13




	
TS-6-7

	
3765.00–3765.03

	
Argillaceous Shale

	
4.75

	
29.6

	
8.3

	
0.9

	
2.4

	
1.8

	
0.3

	
50.9

	
79

	
13

	
8




	
TS-6-8

	
3787.30–3787.33

	
Argillaceous Shale

	
2.18

	
30.5

	
9.6

	
2.9

	
1.3

	
2.6

	
-

	
51.3

	
75

	
16

	
9
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Table 2. Image processing results of the Shahezi shales with various lithofacies in the CFD.
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Sample ID

	
Lithofacies

	
Pore Type

	
Number of Pores

	
Percentage (%)

	
Pore Size (nm)

	
Fractal Dimension




	
Min Value

	
Max Value

	
Mean






	
TS-6-4

	
Siliceous Shale

	
OM pore

	
67

	
30.73

	
30.7

	
890.5

	
113.6

	
1.68




	
InterP pore

	
116

	
53.21

	
57.8

	
458.7

	
90.1

	
1.24




	
IntraP pore

	
35

	
16.06

	
45.9

	
210.8

	
54.2

	
1.08




	
TS-6-5

	
Calcareous Shale

	
OM pore

	
0

	
0

	
-

	
-

	
-

	
-




	
InterP pore

	
44

	
63.77

	
192.9

	
336.5

	
181.7

	
1.17




	
IntraP pore

	
25

	
36.23

	
78.5

	
423.9

	
193.1

	
1.21




	
TS-6-7

	
Argillaceous Shale

	
OM pore

	
132

	
22.68

	
42.6

	
155.9

	
56.3

	
1.52




	
InterP pore

	
336

	
57.73

	
78.4

	
801.7

	
224.6

	
1.72




	
IntraP pore

	
114

	
19.59

	
55.9

	
231.6

	
89.3

	
1.38
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Table 3. Pore structure parameters obtained from low pressure gas physisorption and mercury intrusion capillary pressure (MICP) of lacustrine shale samples from the Shahezi Formation in the CFD.
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Sample ID

	
CO2 Physisorption

	
N2 Physisorption

	
Mercury Injection Capillary Pressure

	
Total Pore Surfaces Areas (m2/g)

	
Total Pore Volumes (cm3/100 g)




	
DFT Surface Area (m2/g)

	
DFT Pore Volume (cm3/100 g)

	
BET Surface Area (m2/g)

	
BJH Pore Volume (cm3/100 g)

	
Average Pore Size (nm)

	
Surface Area (m2/g)

	
Pore Volume (cm3/100 g)

	
Porosity (%)

	
Tortuosity

	
Le/L






	
TS-6-1

	
6.478

	
0.12

	
2.413

	
0.38

	
9.85

	
0.010

	
0.29

	
1.29

	
5922

	
8.74

	
8.901

	
0.79




	
TS-6-3

	
8.223

	
0.18

	
2.815

	
0.40

	
8.85

	
0.009

	
0.61

	
2.42

	
2495

	
7.77

	
11.047

	
1.19




	
TS-6-4

	
14.843

	
0.26

	
3.523

	
0.49

	
7.99

	
0.007

	
0.39

	
3.01

	
1879

	
7.52

	
18.373

	
1.14




	
TS-6-5

	
6.385

	
0.44

	
3.871

	
0.75

	
6.13

	
0.005

	
0.19

	
1.86

	
2112

	
6.27

	
10.261

	
1.38




	
TS-6-7

	
8.532

	
0.36

	
2.389

	
0.51

	
7.04

	
0.009

	
0.28

	
2.08

	
2458

	
7.15

	
10.93

	
1.15




	
TS-6-8

	
13.752

	
0.33

	
2.546

	
0.49

	
13.68

	
0.007

	
0.25

	
3.22

	
2160

	
8.34

	
16.305

	
1.07
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