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Abstract

:

Shale gas is a prospective cleaner energy resource and the exploration and development of shale gas has made breakthroughs in many countries. Structure deformation is one of the main controlling factors of shale gas accumulation and enrichment in complex tectonic areas in southern China. In order to estimate the shale gas capacity of structurally deformed shale reservoirs, it is necessary to understand the systematic evolution of organic pores in the process of structural deformation. In particular, as the main storage space of high-over-mature marine shale reservoirs, the organic matter pore system directly affects the occurrence and migration of shale gas; however, there is a lack of systematic research on the fractal characteristics and deformation mechanism of organic pores under the background of different tectonic stresses. Therefore, to clarify the above issues, modular automated processing system (MAPS) scanning, low-pressure gas adsorption, quantitative evaluation of minerals by scanning (QEMSCAN), and focused ion beam scanning electron microscopy (FIB-SEM) were performed and interpreted with fractal and morphology analyses to investigate the deformation mechanisms and structure of organic pores from different tectonic units in Silurian Longmaxi shale. Results showed that in stress concentration areas such as around veins or high-angle fractures, the organic pore length-width ratio and the fractal dimension are higher, indicating that the pore is more obviously modified by stress. Under different tectonic backgrounds, the shale reservoir in Weiyuan suffered severe denudation and stronger tectonic compression during burial, which means that the organic pores are dominated by long strip pores and slit-shaped pores with high fractal dimension, while the pressure coefficient in Luzhou is high and the structural compression is weak, resulting in suborbicular pores and ink bottle pores with low fractal dimension. The porosity and permeability of different forms of organic pores are also obviously different; the connectivity of honeycomb pores with the smallest fractal dimension is the worst, that of suborbicular organic pores is medium, and that of long strip organic pores with the highest fractal dimension is the best. This study provides more mechanism discussion and case analysis for the microscopic heterogeneity of organic pores in shale reservoirs and also provides a new analysis perspective for the mechanism of shale gas productivity differences in different stress–strain environments.






Keywords:


Sichuan Basin; Longmaxi Formation; unconventional petroleum resources; shale gas reservoir; pore structure; fractal dimension; tectonic compression












1. Introduction


In recent years, with the success of the “shale gas revolution” in North America and the continuous growth of global energy demand, the exploration and development of shale gas resources have attracted increasing attention all over the world [1,2,3]. Shale gas is a large-scale, high-potential but difficult-to-exploit unconventional oil and gas system [4]. Organic matter in shale is not only the source of natural gas but also the storage space [5,6], of which, the widely developed organic pores make significant contributions to the shale reservoir space [7]. Well-developed organic pores can form interconnected pore networks that control shale gas content and methane adsorption capacity [8,9]. Therefore, the study of organic pores is of great significance for reservoir quality evaluation and shale gas resource exploration.



The sizes, morphologies, structures, and types of organic pores greatly influence the reservoir capacity and distribution pattern of shale gas [10]. When characterizing the complex pore network of shale reservoirs, FE-SEM imaging technology can qualitatively observe two-dimensional shale pores and quantitatively extract pore structure parameters such as surface porosity and pore diameter [11], while low-pressure N2 /CO2 adsorption experiments can quantitatively characterize pore size distribution, pore volume, and specific surface area [12]. These pore structure parameters can characterize the content estimation, transport dynamics, and occurrence state of shale gas [13]. Furthermore, SEM images combined with successive FIB milling of the rock surface can also reconstruct the three-dimensional digital pore network model [14], which can be used to quantify the pore throat distribution and coordination number to evaluate the connectivity and permeability of the shale pore system [15,16].



In view of the complexity and non-homogeneity of pores in shale reservoirs, fractal characteristics have been introduced as a new method for studying shale pore structures that cannot be addressed using Euclidean geometry theory [17,18,19]. Fractal dimension (D) can be used to quantitatively evaluate pore surface roughness and structural irregularity, and in general, a large fractal dimension value represents a more complex pore structure [20,21,22]. The fractal characteristics of shale are currently studied using image methods and low-pressure nitrogen adsorption, focusing on linking fractal characteristics to pore structure and rock components [23,24]. The fractal dimension is usually higher for smaller pore sizes and larger porosities, while the effect of mineral or TOC content remains inconclusive, even resulting in completely opposing conclusions in various studies [25,26,27]. Therefore, it is particularly important to identify the factors influencing pore fractal dimension in the geological background of the study area, which is also one of the focuses of this study.



Organic pore development is restricted by multiple factors such as TOC, organic matter types, maturity, mineral composition and rigid frame, pore fluid, and pressure [28,29,30,31], and its formation and evolution mechanism is very complex. The essence of organic pore formation is kerogen decomposition during hydrocarbon generation, but this is non-linear [32]. In the over-maturity stage (the Ro = 2.0–3.5%), the number of micropores increases and micropores will connect with each other to form meso-macropores with larger pore sizes as the thermal maturity increases [33,34]. The thermal evolution is also accompanied by a change in the overlying formation pressure and fluid properties [35,36]. Furthermore, dissolution will provide charging volumes for subsequent bitumen generation [37,38], and mineral recrystallization may also enhance the brittleness of shale, thereby protecting the pores from compression [39,40]. In recent years, there has been abundant progress in identifying the controlling mechanisms of organic pore generation and evolution such as sedimentary environment, mechanical compaction, and burial evolution [37,39,40,41], while work on identifying the restriction mechanism of stress, especially tectonic deformation, on pore development started relatively late. The influence of tectonic activities on the preservation conditions of shale gas is considered to be the key factor controlling the enrichment and high yield of shale gas [42,43]. Scholars have systematically investigated the pore structures and gas adsorption/desorption properties of shale reservoirs in tectonically complex areas and tried to reveal the influence of tectonic deformation in gas shales on the evolution of pore structures [44,45,46]. For example, the deformation strength gradually weakens from the center of the anticline to the two wings, so the pore characteristics are different in these areas [47]. From the perspective of pore-fracture configuration, the presence of organic pores in contact with the fractures will lead to formation pressure leakage, resulting in smaller and deformed pores [48]. In addition, the influence mechanisms of ductile folding and brittle sliding on pore structure are also different [49,50]. However, there are still insufficient studies on the morphological characteristics and distribution of organic pores under different tectonic evolution histories and tectonic stress backgrounds.



The southern Sichuan Basin has experienced complex multi-stage tectonic movements such as Caledonian, Hercynian, Indo-Chinese, and Himalayan, and the differences in shale reservoirs in the Basin are closely related to the tectonic deformation mechanism [51]. Therefore, this study focused on a typical Marine shale reservoir of the Silurian Longmaxi Formation in southern China. The Weiyuan block in the southwestern Sichuan depression and the Luzhou block in the southern Sichuan fold belt were selected because of their similar sedimentary environments, composition types, and organic matter abundance. Scanning electron microscopy (SEM) and focused ion beam scanning electron microscopy (FIB-SEM) were used to visually observe the morphology, size, and distribution of each pore, while liquid injection was used to quantitatively obtain pore size distribution, pore volume, and specific surface. Through analysis of the above pore characteristics and parameters combined with knowledge of the tectonic background of the late Mesozoic-Cenozoic differential extrusion, the genetic mechanism linked with storage and the permeability properties of organic pores with different morphologies were revealed, which provides a theoretical basis and case analysis for constructing the microscopic pore structure characteristics of organic-rich shale under complex tectonic backgrounds.




2. Geological Setting


The Sichuan Basin is located in the northwest portion of the Yangtze Plate and has experienced numerous complex tectonic movements including Caledonian, Hercynian, Indosinian, Yanshanian, and Himalayan [52] and undergone two complete geological evolution cycles of weak tensioning-weak compression-weak tensioning-weak compression since the Sinian Dengying period, accompanied by two stages of geoclastic tensioning and two stages of compression [53]. Taking the Huaying Mountain and Longquan Mountain anticlinal belts as boundaries, the Sichuan Basin can be divided into three tectonic zones and six sublevel tectonic units [54,55]. The Weiyuan Block located in the southwestern Sichuan low-steep fold belt and the Luzhou Block in the southern Sichuan low-steep fold belt were selected as the study area (Figure 1), both of which are located in the complex superposition of the south-north Daliang mountains-Wumeng mountains tectonic deformation belt on the eastern margin of Qinghai-Tibet Plateau and eastern Sichuan fold belt. Strong composite tectonic deformation since the Indosinian period has formed a complex tectonic framework and differential uplift denudation in the study area [56]. The comb anticline structure arranged in an echelon is developed from north to south in the Luzhou block, the syncline structure is wide and gentle, and the developed fault is small in scale [57]. Meanwhile, the Weiyuan is generally controlled and restricted by the Weiyuan large vault anticline [58].



At the end of the Ordovician and the beginning of the Silurian, two global transgressions and multi-stage large-scale volcanic activities caused extensive sedimentation of the Silurian Longmaxi Formation in the Sichuan Basin and its periphery with siliceous, calc, and clay shales as the main lithofacies [61,62]. The Longmaxi Formation shale in the study area has undergone a multi-stage tectonic and thermal evolution process of shallow burial, slow uplift, secondary deep burial, and rapid uplift since its deposition [63], and the thermal evolution is in the high mature-overmature stage, so it has generally experienced oil generation, oil cracking into gas, bitumen cracking into gas, and kerogen direct gas generation [64].




3. Materials and Methods


3.1. Samples


In this study, a total of 12 representative samples from Wells W1 and W2 in the Weiyuan Block and Well L203H57-3 in the Luzhou Block were selected for comparison, and the samples were all from 1–4 small layers of Long11 sub-member (Figure 1). In principle, the samples of each small layer in the Luzhou are involved, and they all represent the main lithology of the interval. For example, the sample of Long111 consists entirely of siliceous shales, which are the most common lithology in this layer, Long112 contains siliceous shales and calc-siliceous shales, and Long113 is dominated by clay siliceous shales (Table 1). For comparison, we selected well locations (closer to the center of the depositional water body) in the deep-water plain sedimentary microfacies of Weiyuan and selected the siliceous shale in the lower part of the Long11 sub-member. Thin sections were prepared by cutting 2~3 mm thick sections perpendicular to the direction of core bedding, and then the images in the visual field were determined to be consistent with the direction of formation deposition according to the direction of mineral laminae and fracture and orientation of clay minerals under scanning electron microscopy. All SEM experiments were accomplished in the Laboratory of Reservoir Microstructural Evolution and Digital Characterization of Yangtze University.




3.2. MAPS


The morphology and distribution of organic pores were observed using MAPS (Modular Automated Processing System) scanning, which was used to automatically acquire high-resolution large-format mosaic images. The surface area of interest was divided into a grid format and a sequence of BSE/SE images were acquired in real-time [65]. Therefore, compared with ordinary SEM images, MAPS has a wider imaging range, an adjustable field of view, and is more representative. The equipment used for MAPS and FIB-SEM scanning was a HELIOS NanoLab650 dual beam FIB and SEM workstation, with voltage ranging from 1 to 30 KV and current ranging from 0.78 pA to 26 nA. MAPS with 500 nm resolution was first used for overall rough scanning of the sample to observe the fracture and veins in a large field of view. On the basis of this larger scope of vision, a representative region (400 μm × 400 μm) was selected under this field of view for local fine scanning with a higher resolution (4 nm). Then, Avizo software (https://www.thermofisher.cn/cn/zh/home/electron-microscopy/products/software-em-3d-vis/avizo-software.html (accessed on 22 September 2024)) was used to extract organic porosity and the specific parameters of each pore such as length, width, and equivalent radius based on the MAPS scanned images. The number of organic pores extracted from each sample ranged from 10,759 to 57,920, with an average of 28,314.




3.3. FIB-SEM


The two-dimensional microstructure, structural characteristics, and three-dimensional connectivity of the samples were studied using focused ion beam scanning electron microscopy (FIB-SEM) on a HELIOS NanoLab650 operating in high-vacuum scanning mode. The three-dimensional images (10 μm ×10 μm ×10 μm) scanned in this experiment were selected from MAPS fine scanning, and the objects selected in this study were mainly large organic matter with organic pores. The three-dimensional pore-throat model of organic pores was extracted by image analysis and processing, and parameters such as aperture and coordination number of the three-dimensional organic pores were quantified.




3.4. QEMSCAN


QEMSCAN (Quantitative Evaluation of Minerals by Scanning Electron Microscopy) mineral analysis scanning was carried out using a QEMSCAN 650F with a voltage of 1~30 KV, and a current of 0.78 pA~26 nA, following the Chinese National Standard GB/T 20726-2015 [66]. The field of view selected in this experiment corresponds to that of the MAPS scan used to obtain the mineral content and distribution in this area.




3.5. Low-Pressure N2/CO2 Adsorption-Desorption


We performed low-pressure N2/CO2 physisorption tests using a Micromeritics ASAP 2460 Surface Area and Porosity Analyzer, the experiment was completed in China University of Petroleum (East China). Low-pressure N2 adsorption was carried out at 77.35 K (−195.85 °C) with a relative pressure of N2 ranging from 0.002 to 0.993. Low-pressure CO2 adsorption was measured at 273 K (ice-water mixture) with a relative pressure of CO2 ranging from 0.006 to 0.029. The isothermal adsorption curve was generated according to the amount of N2 adsorbed under a certain pressure, then the surface area of shale samples was calculated by using the Brunauer–Emmett–Teller (BET) method, while the Barrett–Joyner–Halenda (BJH) method was used to obtain the pore volume and pore size distribution [67]. Based on the adsorbed quantity of CO2, a density functional theory (DFT) model was used to calculate the specific surface area and pore volume of the micropores [68].




3.6. Fractal Theory


3.6.1. Frenkel–Halsey–Hill (FHH) Model


Based on the data obtained from the low-pressure N2 adsorption-desorption experiments, the fractal dimension of the shale was calculated using the FHH model, which has been widely applied and is reported in detail in [27,69]. The FHH model can be simplified as:


  ln  (    V   V 0      )  = K ln  [  ln  (      P 0   P    )   ]  + C  



(1)




where P is equilibrium pressure, Mpa; V is the volume of N2 adsorbed under equilibrium pressure, cm3/g; V0 is the volume of monomolecular adsorption gas, cm3/g; P0 is the saturation pressure, Mpa; C is a characteristic constant; and K is the slope of the fitted line from the plot of ln(ln(P/P0)) versus ln(V). In this study, the fractal dimension based on low-pressure N2 adsorption (D) is obtained by Equation (2).


  D = K + 3  



(2)








3.6.2. Box Counting and Dilation Method


In the calculations of the MAPS fractal dimensions, we used the method of gray extraction and box-counting methods to calculate the fractal dimension of only the organic pores. The method involves regarding the SEM image as a three-dimensional surface, and dividing it into many boxes with side lengths of ε, making the number of divisions in each direction the same, and then calculating the number of boxes N(ε) covering the organic pore, when the box size is reduced to zero, the fractal dimension can be obtained, the number of boxes can be calculated as follows [70]:


  log N  ( ε )  = −  D L  log ε + c  



(3)




where ε is the length of the box side; N(ε) is the number of boxes of size ε containing organic pores; c is the constant that describes the vertical intercept; and DL stands for length fractal dimension. Linear fractal dimension refers to the fractal dimension obtained by two-dimensional images, which meets 1 < DL < 2. On the basis of the assumption of isotropic structure, the fractal dimension of a surface (DS) in three-dimensional space is obtained by using DS = DL + 1 [71].






4. Results


4.1. Mineral Composition and Brittleness Index


The mineralogy composition based on QEMSCAN scanning of the shale of the Longmaxi Formation derived from three wells (W1, W2, L203H57-3) is presented in Table 1. In the same small layer, the mineral composition of the two study areas is relatively similar. Taking the Long111 and Long112 layers as an example, the clay mineral contents in Luzhou and Weiyuan vary from 1.8% to 5.8% (avg. 3.8) and 2.4% to 6.2% (avg. 4.2), respectively. But there are obvious differences between strata in a single well. For example, the clay mineral contents vary from 6.1% to 27.5% (avg. 17.5) in the Long111 and Long112 layers of one of the Luzhou wells. To clarify this difference, we introduced the brittleness index to characterize it.



The mineral composition of Marine shale in southern China is relatively complex and quartz, feldspar, calcite, and dolomite are all brittle minerals [72]. Therefore, the calculation method of the brittleness index in this manuscript adopts the mineral composition calculation method, which is expressed by the proportion of brittle minerals as follows:


   Brittleness   Index    =    Quartz + Feldspar + Calcite + Dolomite   Quartz + Feldspar + Calcite + Dolomite +  Clay   Mineral     × 100 %    



(4)







The results show that the brittleness indexes of the Long111 and Long112 layers are higher, with averages of 94.8% and 96.3%, than those of the Long113 and Long114 layers, with averages of 81.4% and 70.6%, respectively.




4.2. SEM Observation and Statistics


The extraction of organic pore porosity based on the grayscale of the MAPS images is shown in Table 2. It was found that the porosity of organic pores of shale samples was positively correlated with the brittleness index. The organic porosity of the Long111 and Long112 layers with higher brittleness index is higher, with an average of 1.66% and 1.56%, while the small layers of Long113 and Long114 had a low brittleness index and an organic porosity of only 0.89% and 0.48% (Figure 2). It is speculated that the brittle mineral skeleton can improve the mechanical strength of shale such that the organic pores can be preserved under strong external force [73].



In the layer with a high brittleness index (>90%), the organic porosity of shale samples from Luzhou is different, ranging from 1.25% to 2.12%, even though the brittle mineral framework provides protection to the organic pores (Figure 2). At the same time, MAPS also showed that organic pores were distributed in various forms. Therefore, according to the data on pore diameter and length-width ratio of the organic pores, organic pores with a pore diameter greater than 50 nm and length-width ratio less than 2 were defined as suborbicular pores and the organic pores with a diameter greater than 50 nm and length-width ratio greater than 2 were defined as long strip pores. Meanwhile, the organic pores with a diameter of less than 50 nm were defined as honeycomb pores because the small diameter and the deformation under stress were not obvious. The proportion of pores of different morphologies for all samples with organic pore porosities of greater than 1% was calculated and the results are shown in Table 2. Samples with porosities lower than 1% were not counted due to the small amount and size of organic pores that could be observed under MAPS and because these were of little statistical significance.




4.3. Pore Structure Examined by Gas Adsorptions


The obtained N2 adsorption isotherms of the selected samples conformed to both type II and type IV(a) physical adsorption isotherms defined by IUPAC (Figure 3) [74], suggesting that the samples are dominated by micropores and mesopores with a heterogeneous surface. Adsorption in Longmaxi shale occurs mainly in the 0–0.1 and 0.9–1 regions in terms of relative pressure, and there is no plateau at high relative pressure, which indicates that the micropores and mesopores are well developed. The adsorption-desorption isotherms of all samples have obvious hysteresis loops, indicating that capillary condensation occurs in the mesopores [75]. Based on the IUPAC classification of hysteresis [74], the morphology of the hysteresis loops is H2(a), H3, and H4, that is, multiple [ hysteresis loops are superimposed, which reflects the fact that shale samples are disordered porous materials with an uneven pore network structure.



N2 adsorption isotherms and hysteresis loops can reflect pore shape [28], such as open cylindrical, layered slit, and ink bottle. Comparing the adsorption-desorption isotherms of shale samples between two study areas, the desorption curves of Weiyuan are steeper, and the hysteresis loops are similar to type H2(a), while the hysteresis loops of Luzhou are more inclined to type H2(b), which indicates that the size distribution of pore necks is narrow in Weiyuan shale, while the range of pore neck sizes in Luzhou is wider [74]. Meanwhile, based on the classification of Labani [76], hysteresis loops can be divided into six types (A–F). Our analysis shows that the hysteresis loops in Weiyuan are type B, while those of Luzhou are closer to type E [27]. The results indicate that the pore shapes of Weiyuan consist of slit-shaped pores, while Luzhou may be dominated by ink bottle pores.



Based on the N2 adsorption and desorption curves, a BJH model was used to calculate the specific surface area and pore volume of shale [77]. The specific surface area of the pores of the Weiyuan shale ranges from 22.64 m2/g to 34.76 m2/g (Table 3), with an average of 27.48 m2/g. The pore volume ranges from 0.0118 to 0.0176 cm3/g, with an average of 0.0143 cm3/g. The specific surface area of the pores of the Luzhou shale ranges from 13.36 m2/g to 18.12 m2/g, with an average of 16.44 m2/g. The pore volume ranges from 0.0066 to 0.0090 cm3/g, with an average of 0.0081 cm3/g. The specific surface area and volume of the pores of Weiyuan shale are higher than those of Luzhou shale, which is consistent with the higher porosity calculated by MAPS.



Meanwhile, the specific surface area and volume of shale micropores were calculated using a DFT model [78], The specific surface area of the micropores of the Weiyuan shale ranges from 3.02 m2/g to 4.47 m2/g, with an average of 3.77 m2/g. The micropore volume ranges from 0.0020 to 0.0027 cm3/g, with an average of 0.0023 cm3/g. The specific surface area of the micropores of the Luzhou shale ranges from 2.58 m2/g to 3.79 m2/g, with an average of 3.39 m2/g. The micropore volume ranges from 0.0011 to 0.0017 cm3/g, with an average of 0.0015 cm3/g. The specific surface area and volume of the micropores of Weiyuan shale are, thus, also higher than those of Luzhou shale.




4.4. Fractal Characterization


Based on the fractal FHH model and N2 adsorption data, the plots of ln(V) versus ln(ln(P0/P)) from the studied shale samples are shown in Figure 4. These show a significant linear relationship with a high correlation coefficient (R2 > 0.9), indicating that the Longmaxi Formation shale has obvious fractal features. Previous studies have commonly divided FHH plots into two regions, reflecting two different adsorption characteristics, corresponding to the fractal characteristics D1 and D2 [79,80]. Fractal dimension D1 corresponds to low-pressure region fractal characteristics (P/P0 < 0.45), reflecting the van der Waals forces of monolayer–multilayer adsorption in micropores. Fractal dimension D2 mainly represents mid- to high-pressure region fractal characteristics (P/P0 > 0.45), indicating capillary condensation based mainly on the spatial complexity and irregularity of mesopores and macropores [71,81].



The results of fractal analysis based on the N2 adsorption experiments are shown in Table 4. Although the fractal results of the N2 adsorption experiments are based on all the pores of the entire shale sample, they still represent the fractal characteristics of the organic pores to a certain extent. The results show that fractal dimension D1 of the shale samples in Weiyuan is observed to be higher than that of the samples in Luzhou, while the data with respect to fractal dimension D2 are more complicated. Due to the resolution limitation of a large amount of data collected in MAPS used in the comparison, the minimum pore diameter that can be identified is only 10 nm, and macropores are more affected by stress extrusion pore extrusion deformation [9,82], so D2 received more attention in this study. In the following discussion, samples from Luzhou were further divided according to whether veins or fractures developed. In general, the samples with developed veins or fractures (L203-8, L203-9) had the highest D2 values (mean of 2.877), the homogeneous Weiyuan samples had the second highest values (mean of 2.872), and the D2 values of the homogeneous samples from Luzhou (L203-5, L203-7) were the lowest (mean of 2.859).



Based on the box-counting and dilation method and SEM images of the organic pores, plots of ln(N(ε)) versus ln(ε) for the studied shale samples were generated and are shown in Figure 5. These show an excellent correlation coefficient. The fractal dimension obtained from the measurement of the area of the organic pores extracted based on MAPS is shown in Table 5. The results are similar to the fractal dimension calculated by the FHH model and again show that the fractal dimension of Weiyuan is larger than that of Luzhou in the homogeneous region.





5. Discussion


5.1. Microscopic Deformation Characteristics


The relatively stable brittle mineral framework provides support and preservation for the pores in the organic matter to a certain extent, but under the action of intense tectonic compression, compaction, mineral recrystallization, and other stresses [49], rigid mineral particles will also locally squeeze adjacent organic matter components. As a result, the outline of organic matter components and internal organic pores are significantly deformed [83], and the originally round organic matter pores are deformed into ellipses by extrusion (Figure 6). SEM images showed the following evidence of deformation of organic pores under stress conditions: (1) The deformation of organic pores was directional, that is, the long axes of elliptical organic pores are arranged in the direction perpendicular to the extrusion of particles (Figure 6a). (2) The deformation of organic pores closer to the edge of organic matter is more obvious, and the roundness of organic pores away from the contact interface between mineral particles and organic matter is better (Figure 6b). (3) The images of 10 nm slices arranged in sequence on a three-dimensional scale (Figure 7a–e) show that long organic pores on both sides of the particles are gradually obvious as the edges of mineral particles become clearer inside the red frame. By reproducing the 3D image of the mineral framework in this scanning area, it can be observed that the mineral particles in the red frame range are obviously raised (Figure 7f), and it is inferred that the mineral particles have an extrusion effect on the nearby organic pores.



The above arrangement characteristics of organic pores are common in the shale reservoir of the Longmaxi Formation in southern Sichuan. It is believed that under the influence of tectonic compression and mineral recrystallization, mineral particles will squeeze the organic matter around them, resulting in the deformation of organic pores and thus, the pore morphology becomes a long strip with a higher length-width ratio.




5.2. Influence of Reservoir Internal Stress


Based on the deformation characteristics of local organic pores, the morphological differences between organic pores in different stress deformation regions are discussed. In this study, the regions of vein development (Figure 8a) and high-angle fracture development (Figure 8b) were selected as examples of stress concentration regions. The selected veins are calcite and quartz veins with a width of 0.5~1.5 mm. Calcite and quartz were deposited and cemented in the tectonic uplift stage [84]. During the formation and later opening of fractures, the two sides of the area are squeezed, and the compressive stress near the vein is stronger [85], so this represents a stress concentration region. Organic matter with undeveloped pores can be observed in the selected high-angle fracture. In the stage of tectonic uplift, the high-angle fracture continued to open and heal and was filled with fluid [86,87]. During the formation and later opening of the high-angle fracture, its two sides are squeezed, and the extrusion stress near the high-angle fracture becomes stronger, so this also represents a stress concentration region. Similarly, two areas with no large micro-fractures and good development of organic matter and brittle minerals were selected to represent non-stress-concentration regions (Figure 8c,d). The fine SEM scans showed that the organic pores in stress concentration regions such as veins and high-angle fractures were deformed significantly, had poor roundness, and were dominated by long organic pores (Figure 9), while the organic pores in non-stress-concentration regions maintained good shape and roundness, and were dominated by round and elliptical organic pores (Figure 10).



Since organic pores with small diameters generally have better roundness and less obvious deformation characteristics, they are of little reference significance in a discussion of the cause of stress modification [47,83]. Therefore, the long-axes and short-axes data of 138,437 organic pores with diameters greater than 50 nm were extracted from the four fine scanning areas, and the length-width ratios of organic pores in different regions were quantified (Figure 11a). The results showed that the length-width ratios of organic pores (the long-axes/short-axes of organic pores) are higher in the stress concentration region (near the high-angle fractures and the veins), the deformation of the organic pores is more obvious, and their shape is closer to that of a long strip. Meanwhile, the organic pores in the non-stress-concentration regions have a lower length-width ratio and are more rounded in shape.



We also compared the differences in fractal characteristics between different stress regions. DS values derived from the SEM images using the box-counting and dilation method are given in the captions of Figure 9 and Figure 10. The results also show that the fractal dimensions (D2 and DS) of the samples in the stress concentration regions are higher (Figure 11b), which indicates that the pore structure of the organic pores around the high-angle fractures or veins is more complex. It is speculated that the compressive stress may lead to pore deformation and enhance pore heterogeneity in a single organic matter region.



Therefore, in the vertical variation of the Long11 sub-member shale in L203, high-angle fractures and veins are widely developed in samples (8, 9) at the bottom, resulting in obvious deformation of the organic pores and a complex pore structure, which are manifested as high length-width ratios, a high proportion of long strip pores (Table 2), and a high fractal dimension, while the samples in the middle (5–7) are generally less affected by internal reservoir stress, resulting in higher roundness of the organic pores and a lower fractal dimension. Meanwhile, the upper part of the samples (1–4) has higher clay mineral contents (Figure 2), resulting in weak compaction resistance and lower organic porosity.




5.3. Influence of Tectonic Stress


The morphologies and fractal dimensions of organic pores in different study areas are different (Table 2 and Table 4). In this section, we discuss the influence of tectonic stress on pore deformation in the reservoir. Therefore, we choose to compare samples of undeveloped veins and high-angle fractures in Luzhou (L203-5, 7) with shale samples from Weiyuan to exclude the influence of reservoir internal stress. The results show the following: (1) As pointed out above, strong stress will lead to the extrusion of suborbicular pores into long strip pores. The distribution frequency of long strip pores is higher (Figure 12a) and the ratio of suborbicular pores to long strip pores in Weiyuan is smaller than that of Luzhou (Table 2), indicating a higher proportion of long strip pores in Weiyuan. (2) Based on the type of hysteresis loop found by N2 adsorption, the porosity of Weiyuan shale consists mainly of slit-shaped pores, while that of Luzhou is closer to ink bottle pores (Figure 3), which is consistent with the results of organic pore length-width ratio calculations calculated by MAPS. (3) The fractal dimension D2 calculated by the FHH model and the fractal dimension DS measured by the box-counting method are both higher for Weiyuan (Figure 12b), indicating that the organic pores of Weiyuan are more heterogeneous and the pore structure is more complex. (4) According to the results of CO2 adsorption and N2 adsorption (Table 3), it is found that although the pore volume and specific surface area of micro-, meso-, and macropores of the Weiyuan shale samples are larger, the difference between the meso- and macropores obtained by N2 adsorption experiments is more obvious, while the difference between the micropores calculated by CO2 adsorption experiment is relatively unnoticeable. This means that there may be fewer micropores in shale samples from Weiyuan, which is consistent with the smaller proportion of honeycombed pores calculated by MAPS (Table 2). Previous studies have shown that brittle deformation in natural shale may cause micropores to connect with each other and become mesoporous, thus reducing the number of micropores [44,88]. All the above phenomena indicate that the pore structure of Weiyuan is more complex and the deformation is more obvious.



In terms of geological background, the sedimentary environment of the two study areas is similar, both are deep-water plain sedimentary facies, and the lithofacies and mineral composition are roughly the same [89]. Therefore, according to the differences in organic pore morphology between the two study areas, the mechanism of the difference is analyzed in terms of the evolution background of Weiyuan in the southwestern Sichuan depression and Luzhou in the southern Sichuan fold belt.



Burial evolution curves for the Weiyuan and Luzhou blocks show (Figure 13) that after the Silurian Longmaxi Formation was deposited in southern Sichuan, the Chuanzhong uplift was uplifted and eroded as a whole at the end of the Silurian, and its movement intensity gradually weakened from the western, central, and southeast Sichuan regions [90]. Therefore, due to the influence of early uplift and denudation, oil generation in Weiyuan was late and the formation underwent pressure relief, resulting in a low formation pressure coefficient [91,92]. Against the background of late stress extrusion, organic pores in the Weiyuan block with a low-pressure coefficient were also more prone to deformation. Conversely, the Silurian Longmaxi Formation shale in Luzhou enters the oil generation window earlier after being quickly buried and stabilized, and the preservation condition of organic pores is more stable in the later period.



During the late Mesozoic to Cenozoic tectonic activities, during the early period of uplift and denudation, the Jiangnan Xuefeng orogenic belt in the Late Jurassic and Early Cretaceous was extruded from the southeastern margin of the basin to the basin, and the Late Cretaceous Qianzhong Uplift pushed northward. In the later period of uplift and denudation, the Daliang Mountain front area in the southwest margin of the Sichuan Basin was subjected to superimposed deformation under the influence of stress in the late Paleogene, and the Qinghai-Tibet Plateau continued to expand eastward from the Cenozoic onward. At this time, Weiyuan was significantly more subjected to stress transformation than Luzhou (Table 6) [53,93]. In the process of tectonic extrusion, the formation pressure coefficient gradually decreases with uplift and denudation, and the formation pressure coefficient is lower when the tectonic compressive stress is stronger in the Weiyuan block. Therefore, the transformation of organic pore morphology by reservoir stress is more obvious, which shows that the organic pores in Weiyuan are more prone to deformation.



To sum up, the shale of the Weiyuan Silurian Longmaxi Formation has been more strongly reformed by tectonic activities since its deposition, the pore structure of shale changes more obviously, which is reflected in the fact that micropores in Weiyuan connected to each other to become mesopores or macropores, resulting in a reduction in the number of micropores, and, as macropores are susceptible to compressive deformation under stress, this results in a significant increase in the number of long strip pores. The pore structure in Weiyuan shale, modified by compressive stress, is more complex and shows strong anisotropy, which is expressed in the higher fractal dimension.




5.4. Factors Influencing Fractal Dimensions


Based on the differences in pore characteristics in different intervals and study areas, this study also investigated the relationship between shale composition, pore structure, and fractal dimension to explore pore complexity and the main factors influencing this under a stress modification environment.



A comparison of fractal dimension values for different mineral components in shale shows that the proportions of quartz, clay minerals, and pyrite are not correlated or weakly correlated with fractal dimension (Figure 14). This can be explained from two aspects. Previous studies have shown that organic pores are the most important reservoir space in the overmature shale in the study area [31,94]. Therefore, different minerals such as intergranular pores of quartz and interlayer fractures of clay minerals have little contribution to the pore structure, and thus, have little influence on the fractal characteristics of the pores in the samples. Secondly, the content of mineral components also indicates the sedimentary environment—strawberry pyrite reflects the degree of redox state, and, while clays are often indicative of terrigenous inputs [95,96,97], quartz is relatively complex, and its origin may be the coupling of various geological events [98,99,100]. As the purpose of this study was to explore pore deformation characteristics under different stress environments, samples with a relatively consistent depositional environment were specially selected for comparison to control variables. Therefore, the weak correlation between fractal and mineral composition was within expectation. It is worth mentioning that in the correlation between fractal and mineral content, the negative correlation with clay mineral contents is relatively more obvious, which may be related to the lower brittleness of clay mentioned above, making the pores more susceptible to extrusion deformation.



The correlation between fractal dimension and pore structure parameters is further discussed. As presented in Figure 15, the fractal dimension shows good positive linear relationships with pore volume and specific surface area, thereby indicating that the pore structure becomes more complex and heterogeneous with increasing pore volume and specific surface area. The results are consistent with the results of previous studies on marine shales in South China and North America [27,101,102].



As illustrated in Figure 16, the correlation between the proportion of different pore types and the fractal dimension is completely different: the correlation between suborbicular pores and fractal dimension is negative, long strip pores are positively correlated, and the correlation between honeycomb pores and D2 is weak. It should be noted that since the abscissa in the graph shows the relative content of pores with different morphology features, which represents the proportion of such pores in the sample, the results of correlation do not reflect the long strip pores have better fractal characteristics than the suborbicular pores. According to the data, the fractal dimension of the suborbicular pores and long strip pores is highest when the proportion is close to 33%, which indicates that the fractal dimension of pores is higher when all kinds of pores in the sample are developed. This result can be interpreted as indicating that the development of different pore morphology types represents stronger heterogeneity [71]. From the point of extrusion stress, a sample with a higher proportion of long strip pores may be the result of stronger stress modification, and brittle or ductile deformation under stress will enhance the complexity of pore structure, resulting in an increase in fractal dimension [103]. The weak correlation between honeycomb pores and fractal dimension may be due to their limited contribution to pore structure. In addition, pores with a small diameter are not significantly affected by stress modification [49,103].




5.5. Storage and Permeability Performance of Different Pores


The differences in the storage and permeability performance of various pores were further clarified by FIB-SEM. Honeycomb pores are formed when organic matter reaches a certain maturity and there is sufficient gas expansion force [104]. The aperture of the honeycomb pores is small and the distribution is concentrated, generally in the 2 to 30 nm range, with obvious peaks (Figure 17a,b). The fractal dimension of honeycomb pores calculated by the box-counting method based on SEM images is the lowest, with an average value of 2.922. The data show that low values of the coordination number of pore throat account for a high proportion, while high values are rare, so the connectivity of the honeycomb pores is poor. Moreover, by comparing the pore data in Figure 17a,b, it is found that the connectivity of honeycomb pores gradually becomes better with an increase in aperture size.



Suborbicular pores include round pores with good preservation conditions and elliptical and diamond (irregular) pores that are not obvious in later reconstruction. Suborbicular pores are usually formed by the communication and aggregation of honeycomb pores [37,105] and are less affected by the internal stress of the reservoir, and thus, can maintain a good roundness and morphology. They are characterized by varying aperture sizes, distributed in the 20 to 80 nm range, no obvious peaks, and good overall roundness (Figure 17c–e). The fractal dimension of suborbicular pores calculated by the box-counting method based on SEM images is medium, with an average value of 2.949. The data show that the coordination number of round pores is obviously higher than that of honeycomb pores, and the proportions of low and high coordination numbers increase slightly when round pores are transformed into ellipses. When the round pores are transformed into angular and irregular pores, the overall connectivity is slightly reduced. In general, there was little difference between the connectivity of suborbicular pores of different shapes, and the overall connectivity was better than that of honeycomb pores.



The long strip pores are the result of organic pores experiencing large deformations under the influence of strong stress. The aperture size distribution range of long strip organic pores is large, and it is distributed in the 20 to 120 nm range without an obvious peak value. The fractal dimension of long strip pores calculated by the box-counting method based on SEM images is the highest, with an average value of 2.972. The data show that the pore throat coordination number of long strip pores was significantly higher than that of pores of other morphologies, so their connectivity was the best (Figure 17f). It is speculated that with an increase in extrusion, the deformation of organic matter is accompanied by partial shrinkage fractures [106], and, therefore, more organic pores become connected leading to an increase in coordination number.



In conclusion, the honeycomb pore is a type of pore that is in the early stage of thermal evolution or has not undergone significant stress modification and has a small aperture size, low fractal dimension, and poor connectivity and storage-permeability performance. With the evolution process of hydrocarbon generation and tectonic extrusion, the honeycomb pores are gradually connected into suborbicular pores with complex fractal characteristics, and the larger the pore aperture, the better the connectivity and storage-permeability performance. To a certain extent with an increase in aperture size, the fluid pressure decreases and the transformation effect of strong reservoir extrusion on organic pores gradually becomes obvious. In areas with strong local stress, the organic pores with high roundness and large pore diameter are transformed into long strips by stress, and long strip pores have the highest fractal dimension, a complex pore structure, and the best connectivity.





6. Conclusions


In this study, the fractal dimension and deformation characteristics of organic pores under the influence of different stress concentrations were studied in the Weiyuan block in the southwestern Sichuan depression and the Luzhou block in the southern Sichuan fold belt, and the storage and permeability of organic pores with different morphologies were further discussed. The main conclusions of this study are as follows:



(1) In the vertical variation of Long11 sub-member shale in L203, the brittle mineral framework has a positive impact on the preservation of organic pores. The upper interval of the core samples has a low brittleness index and low organic porosity. The veins or high-angle fractures in the lower interval are more developed, and the local stress extrusion is stronger. The organic pores deformed under the protection of a rigid mineral framework, which manifested as the development of long strip pores and a high fractal dimension. The middle research interval was less affected by the internal stress of the reservoir, resulting in the higher roundness of the organic pores and a lower fractal dimension.



(2) The morphological characteristics of organic pores in the Weiyuan and Luzhou blocks are noticeably different. The N2 adsorption hysteresis loop of Weiyuan shale is close to type B, indicating that slit-shaped pores are dominant, the proportion of- micropores is relatively low, the macropores are mostly long strip pores, and the fractal dimension is higher. However, the N2 adsorption hysteresis loop of Luzhou shale is close to type F, showing the development of ink bottle pores with a relatively high proportion of micropores, and the morphology of macropores is mostly pores with a low fractal dimension.



(3) The factors influencing the fractal and morphology characteristics of the organic pores in the two study areas have been clarified. The formation pressure coefficient of Weiyuan is low, and the tectonic stress has been strong since the Cenozoic. Therefore, the deformation of organic pores is obvious, mostly long strip organic pores have developed and the pore structure is complex. The pressure coefficient of the Luzhou block is high, the compressive stress is weak in the later stage, and suborbicular organic pores have developed.



(4) There are differences in the storage and permeability properties of different forms of organic pores. The morphology and distribution of honeycomb pores are uniform, the fractal dimension is the lowest, and the connectivity is the worst; suborbicular pores have larger pore diameters and medium fractal dimension and connectivity; and long strip pores formed by stress transformation have a large pore aperture size distribution range, strong pore heterogeneity, the highest fractal dimensions, and the best connectivity.
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Figure 1. Tectonic location of Sichuan Basin and stratigraphic column of Longmaxi Formation. (a) Structural regional map of Sichuan Basin [59,60]. (b) Weiyuan block sampling distribution. (c) Luzhou block sampling distribution. 
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Figure 2. The interrelationship between brittleness index, clay mineral content, and organic porosity of the Long11 sub-member of Well L203H57-3. 
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Figure 3. Low-pressure N2 adsorption-desorption isotherms of shale samples in Luzhou and Weiyuan. The line connecting the filled points is the adsorption curve and the line connecting the hollow point is the desorption curve. 
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Figure 4. Plots of ln(V) vs. ln(ln(P0/P)) from N2 adsorption-desorption experiments using FHH model. (a) Fractal dimensions of L203-9 shale. (b) Fractal dimensions of L203-8 shale. (c) Fractal dimensions of W1-1 shale. (d) Fractal dimensions of W2-1 shale. 
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Figure 5. Plots of ln(N) vs. ln(ε) from MAPS images using box-counting and dilation method. (a) Fractal dimensions of an image from L203-9. (b) Fractal dimensions of an image from W1-1. (c) Fractal dimensions of an image from W2-1. (d) Fractal dimensions of an image from L203-7. 
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Figure 6. Mineral particles changing shape of organic pores under stress, L203H-7. (a) SEM images; the yellow line indicates the line along the long axes of the organic pores, and the yellow arrow indicates the direction of the mineral particles squeezing the organic matter. (b) Schematic diagram; light gray indicates mineral particles, dark gray indicates organic matter, black indicates organic pores, and yellow arrows indicate the direction in which mineral particles squeeze the organic matter. 
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Figure 7. FIB-SEM images, W1-2. (a) Three-dimensional mineral diorama reconstructed by Avizo; there are prominent raised minerals in the red frame. (b–f) Continuous SEM 2D slice images along the z-axis in the 3D mineral model in (a), i.e., the xy-axis slices shown successively, illustrating the change in organic pore morphology characteristics. 
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Figure 8. MAPS images of 500 nm resolution. (a) Regions of vein development, L203H-8; (b) Regions of high-angle fracture development, L203H-9. (c) Non-stress-concentration regions, L203H-5. (d) Non-stress-concentration regions, L203H-7. The area in the white box is the selected fine scanning region with a size of 400 μm × 400 μm. 
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Figure 9. MAPS images of stress concentration region (4 nm resolution). (a) Enlargement of the white box area (the region of vein development) in Figure 8a, L203-8. The yellow arrow indicates the direction of extrusion when the vein is consolidated or filled. (b,c) Partial enlargements of (a) showing long strip organic pores with DS = 2.962 and 2.989. (d) Enlargement of the white box area (the region of high-angle fracture development) in Figure 8b, L203-9. The yellow arrow indicates the direction of extrusion when the high-angle fracture opens and heals. (e,f) Partial enlargements of (d) showing long strip organic pores with DS = 2.986 and 2.991. 
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Figure 10. MAPS images of non-stress-concentration region (4 nm resolution). (a) Enlargement of the white box area (non-stress-concentration region 1) in Figure 8c, L203H-5. (b,c) Partial enlargements of (a) showing suborbicular organic pores with DS = 2.911 and 2.912. (d) Enlargement of the white box area (non-stress-concentration region 2) in Figure 8d, L203H-7. (e,f) Partial enlargements of (d) showing suborbicular organic pores with DS = 2.883 and 2.917. 
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Figure 11. Comparison of deformation characteristics of organic pores in different stress-affected regions in the Long11 sub-member. (a) Length-width ratio of organic pores. (b) D2 calculated by FHH model and DS measured by box-counting method. 
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Figure 12. Comparison of deformation characteristics of organic pores in the Long11 sub-member of Weiyuan and Luzhou shale. (a) The proportion of organic pores with different morphological characteristics. (b) D2 calculated by FHH model and DS measured by box-counting method. 
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Figure 13. Burial evolution diagram of Weiyuan and Luzhou blocks [56,91]. 
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Figure 14. Correlations between fractal dimension and mineral components. (a) Quartz. (b) Clay minerals. (c) Pyrite. (d) Brittle index. 
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Figure 15. Correlations between fractal dimension and pore structure parameters. (a) Pore volume calculated by CO2 adsorption. (b) Specific surface area calculated by CO2 adsorption. (c) Pore volume calculated by N2 adsorption. (d) Specific surface area calculated by N2 adsorption. 
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Figure 16. Correlations between fractal dimension and proportion of different pore types. (a) Suborbicular pore. (b) Long strip pore. (c) Honeycomb pore. (d) The ratio of suborbicular pores and long strip pores. 
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Figure 17. Aperture size distribution and coordination number spread of organic pores with different morphological characteristics. (a) Honeycomb pores with small aperture size, W1-1. (b) Honeycomb pores with large aperture size, W1-2. (c) Round pores in the red box, L203H-7. (d) Elliptical pores in the red box, L203H-7. (e) Diamond (irregular) pores, L203H-7. (f) Long strip organic pores, W1-1. 
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Table 1. Minerals characteristic of Long11 sub-member.
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Sample ID

	
Layer

	
Depth/m

	
Mineralogy Composition/%

	
Brittleness Index/%




	
Quartz

	
Feldspar

	
Illite

	
Chlorite

	
Calcite

	
Dolomite

	
Pyrite






	
L203H-1

	
Long14

	
3730.7

	
48.04

	
5.65

	
17.68

	
4.8

	
6.87

	
2.46

	
2.49

	
70.6




	
L203H-2

	
Long13

	
3733.2

	
64.28

	
2.65

	
5.83

	
0.12

	
0.93

	
12.46

	
2.52

	
92.2




	
L203H-3

	
Long13

	
3734.9

	
64.70

	
4.84

	
14.33

	
0.94

	
3.33

	
2.37

	
4.92

	
80.2




	
L203H-4

	
Long13

	
3735.6

	
49.99

	
6.85

	
25.85

	
1.29

	
0.92

	
2.56

	
4.53

	
72.1




	
L203H-5

	
Long12

	
3737.6

	
58.85

	
1.52

	
3.86

	
0.14

	
3.28

	
25.18

	
2.88

	
94.6




	
L203H-6

	
Long12

	
3740.6

	
59.58

	
1.33

	
3.59

	
0.06

	
10.71

	
8.91

	
9.55

	
94.1




	
L203H-7

	
Long12

	
3741.8

	
76.44

	
1.31

	
1.68

	
0.05

	
4.46

	
11.2

	
1.52

	
97.6




	
L203H-8

	
Long11

	
3742.9

	
69.66

	
2.44

	
5.36

	
0.09

	
13.55

	
9.07

	
3.68

	
94.9




	
L203H-9

	
Long11

	
3743.8

	
73.52

	
2.16

	
3.45

	
0.09

	
7.99

	
5.7

	
2.62

	
94.4




	
W1-1

	
Long12

	
2736.8

	
64.23

	
4.54

	
5.38

	
0.63

	
4.6

	
13.33

	
3.32

	
92.9




	
W1-2

	
Long11

	
2747.2

	
75.0

	
0.81

	
2.21

	
0.18

	
5.93

	
3.62

	
1.47

	
96.1




	
W2-1

	
Long11

	
2856.1

	
83.12

	
2.08

	
2.6

	
1.61

	
4.07

	
2.8

	
2.47

	
95.2











 





Table 2. Shale reservoir parameters of Long11 sub-member from MAPS.






Table 2. Shale reservoir parameters of Long11 sub-member from MAPS.





	
Sample ID

	
Organic

Porosity

	
The Proportion of Different Morphology Pores/%

	
Suborbicular Pores/Long Strip Pores

	
Fine Scanning

Region Selection




	
Suborbicular Pores

	
Long Strip Pores

	
Honeycomb Pores






	
L203H-1

	
0.48

	
/

	
/

	
/

	
/

	
/




	
L203H-2

	
1.26

	
41.3

	
17.4

	
41.3

	
2.37

	
/




	
L203H-3

	
0.76

	
/

	
/

	
/

	
/

	
/




	
L203H-4

	
0.67

	
/

	
/

	
/

	
/

	
/




	
L203H-5

	
2.12

	
47.5

	
22.2

	
30.3

	
2.13

	
/




	
L203H-6

	
1.25

	
35.0

	
27.1

	
38.0

	
1.29

	
vein




	
L203H-7

	
1.30

	
49.5

	
13.2

	
37.2

	
3.75

	
/




	
L203H-8

	
1.72

	
35.9

	
27.0

	
37.1

	
1.32

	
vein




	
L203H-9

	
1.59

	
35.9

	
26.2

	
37.9

	
1.37

	
high-angle fracture




	
W1-1

	
2.08

	
44.2

	
25.7

	
30.1

	
1.71

	
/




	
W1-2

	
2.25

	
42.5

	
29.4

	
28.1

	
1.44

	
/




	
W2-1

	
2.16

	
44.9

	
29.3

	
25.8

	
1.53

	
/











 





Table 3. Pore parameters of Long11 sub-member from gas adsorption.






Table 3. Pore parameters of Long11 sub-member from gas adsorption.





	
Sample ID

	
CO2 Adsorption

	
N2 Adsorption




	
VCO2 (10−3 cm3/g)

	
SCO2 (m2/g)

	
VBJH (10−3 cm3/g)

	
SBET (m2/g)






	
L203H-5

	
1.71

	
3.79

	
9.07

	
18.12




	
L203H-7

	
1.62

	
3.66

	
8.95

	
17.95




	
L203H-8

	
1.56

	
3.54

	
7.99

	
16.36




	
L203H-9

	
1.16

	
2.58

	
6.67

	
13.36




	
W1-1

	
2.07

	
3.02

	
13.62

	
25.04




	
W1-2

	
2.79

	
3.83

	
17.67

	
34.76




	
W2-1

	
2.00

	
4.47

	
11.83

	
22.64











 





Table 4. Fractal dimensions calculated by the FHH model from N2 adsorption experiments.






Table 4. Fractal dimensions calculated by the FHH model from N2 adsorption experiments.





	
Sample ID

	
P/P0 < 0.45

	
P/P0 > 0.45




	
R2

	
D1

	
R2

	
D2






	
L203H-5

	
0.971

	
2.629

	
0.933

	
2.855




	
L203H-7

	
0.975

	
2.625

	
0.924

	
2.863




	
L203H-8

	
0.977

	
2.641

	
0.953

	
2.874




	
L203H-9

	
0.976

	
2.625

	
0.930

	
2.881




	
W1-1

	
0.985

	
2.634

	
0.918

	
2.870




	
W1-2

	
0.982

	
2.646

	
0.901

	
2.883




	
W2-1

	
0.983

	
2.642

	
0.952

	
2.864











 





Table 5. Fractal dimensions calculated from MAPS images using box-counting and dilation method.






Table 5. Fractal dimensions calculated from MAPS images using box-counting and dilation method.





	
Sample ID

	
No. of Images

	
DS




	
Range

	
Average






	
L203H-5

	
10

	
2.867–2.937

	
2.907




	
L203H-7

	
10

	
2.858–2.944

	
2.912




	
L203H-8

	
10

	
2.954–2.989

	
2.971




	
L203H-9

	
10

	
2.963–2.991

	
2.973




	
W1-1

	
12

	
2.885–2.981

	
2.958




	
W1-2

	
12

	
2.901–2.979

	
2.951




	
W2-1

	
8

	
2.911–2.958

	
2.939











 





Table 6. Different tectonic backgrounds in Weiyuan and Luzhou blocks.






Table 6. Different tectonic backgrounds in Weiyuan and Luzhou blocks.





	Tectonic Activities
	Weiyuan
	Luzhou





	Period of entering the oil window
	Triassic, relatively late
	The end of the Silurian, relatively early



	Formation pressure coefficient
	Relatively low
	Relatively high, the reservoir sealing condition is better.



	Intensity of late Mesozoic deformation
	The intensity of structural deformation is relatively weak
	The intensity of structural deformation is relatively strong



	Intensity of Cenozoic tectonic deformation
	The intensity of structural deformation is relatively strong
	The intensity of structural deformation is relatively weak
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