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Abstract

:

Until recently, the characteristics of nano-microscale structures in the naturally deformed, overmature, marine shales were poorly known. Thermally overmature Lujiaping shales in the complex tectonic area of the northeast part of the upper Yangtze area, China have experienced strong tectonic deformation and are considered as potentially important strata for shale gas exploration. Naturally deformed samples from the main source rocks are selected from the Lower Cambrian Lujiaping Formation in the Dabashan Thrust-fold Belt to investigate nanometer- to micrometer-sized structures. A combination of scanning electron microscope (SEM), low-pressure nitrogen adsorption (LPNA), and low-field nuclear magnetic resonance (NMR) suggests that the pore types are dominantly fracture-related pores with a lesser abundance of mineral-hosted pores. These two pore types account for the 90% of total pore space. Organic matter (OM)-hosted pores are rare and make up a small part of the pore systems (less than 10%) due to high thermal maturity and intensive tectonic compression. Overall, the Lujiaping deformed, overmature samples have abundant nanometer- to micrometer-sized inorganic pores. High-resolution SEM images provide direct evidence of the formation of nano- and microsized structures such as OM–clay aggregates and silica nanograins. OM–clay aggregates are commonly observed in samples, which also exhibit abundant open microfractures and interparticle pores. Quartz can occur as silica nanograins and botryoids typically 20–100 nm in size, which may influence porosity through the creation or occupying interparticle pore space.
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1. Introduction


Unconventional natural gas production from organic rich shales makes up an ever increasing percentage of total natural gas production all over the world [1,2]. Shale gas exploration and development, initiated successfully in the North America and extended to China, will have application in several other countries in the coming years [1,2,3,4]. Organic-rich shale currently produces commercial unconventional hydrocarbons and exhibits a wide variation in nano- and microscale geological attributes and geochemical properties [1,2,3,4,5]. The lower Cambrian Lujiaping Formation marine, organic-rich shales in the Dabashan Thrust-fold Belt of South China are being studied for their potential as shale gas reservoirs [6,7,8,9,10]. Several studies have discussed structural style and conditions of shale gas enrichment [6,10], while other studies have characterized microstructures and associated reservoir quality [7,8,9]. Such investigations concentrate on nano- to microscale pore systems in the Lujiaping Shale using high-pressure methane sorption analysis, mercury injection capillary pressure (MICP), low-pressure nitrogen adsorption (LPNA), low-field nuclear magnetic resonance (NMR), and focused ion beam-scanning electron microscope imaging (FIB-SEM). These techniques have been used both qualitatively and quantitatively to determine pore sizes and pore types in shale for many years [11,12,13,14,15,16,17,18]. In this paper, the tectonic and thermal controls on the evolution of nanometer- to micrometer-size pore structures and inorganic/organic structures in the Lujiaping shales are discussed.



The contribution of thermogenic, OM-hosted nanopores to overall porosity is such that organic porosity can be as high as 40% of total porosity [19,20,21,22,23,24]. However, recent studies have suggested that organic porosity in naturally deformed shales are poorly developed, and that fractured-related and mineral-hosted pores are more widely recognized as being the most significant components of porosity in naturally deformed shales [25,26,27]. The discovery of mineral-hosted and fracture-related pore systems in naturally deformed shales sparked many questions concerning their characteristics, prediction, and reservoir quality: (1) Are such pore networks primary (hosted within initially particles and shale matrix) versus secondary (formed during tectonic deformation)? (2) Is the lack of organic pore development due to thermal evolution, tectonism, or the combination of the both? (3) What is the function of tectonism in the occurrence and thermal evolution of organic pore systems? In addition, the formation of nanosized to microsized structures (clay–organic nanocomposites and nanograins) in the process of tectonic evolution has also attracted much attention from scholars. The answers to such questions are central to making wise decisions on the benefits or detriment of microstructural properties in shale gas reservoirs.



The structural evolution of organic-rich shale in complex tectonic areas of South China has received little attention [7,8,9,25,26]. In this paper, we use outcrop samples from the fractured and folded shale layers of the Lujiaping Formation to study the influence of the tectonic deformation and thermal maturity on the nanometer- to micrometer-sized structures. The main objectives of this paper are to (1) describe the deformation microstructures and mineralogy of the Lujiaping Shale samples, (2) characterize the common pore types, (3) quantify the pore size distribution (PSD), (4) describe the features of OM–clay aggregates and silica nanograins, and (5) discuss the evolution of reservoir characteristics in Cambrian organic-rich shale during thermal maturation and structural deformation. We hope these results will provide a fundamental starting point for continued research on the reservoir properties in naturally deformed, overmature shale systems.




2. Geological Background and Sample Characterization


The Sichuan Basin, which is a huge superposed basin and the largest shale gas-producing region in China, is geologically complicated due to a complex interaction of multistage tectonic movements and sedimentary history [28,29,30,31]. Since the Yanshanian movement (~180–140 Ma), fold belts and detachment belts, as well as thrust belts, have formed in the peripheral areas by intensive lateral compression, which has caused complex folds and faults combinations [29]. The basin is bounded by the Longmenshan fault in the west, the Micangshan uplift in the north, the Dabashan intracontinental orogen in the northeast, the Daloushan in the southeast, and the Emei-Daliangshan fold belt in the southwest [29] (Figure 1a). The Dabashan thrust-fold belt is separated into the South Dabashan and the North Dabashan by the NW-striking Chengkou fault in the transitional zone of the northeast edge of the upper Yangtze block; thus forming a thrusting nappe, ductile shear zone in the front edge of the orogen [6,7,10] (Figure 1b). Shale gas in these deformed rocks is well-preserved and exploration activity has revealed a high gas content [7,8].



Representative shale samples were selected from two groups of organic-rich, overmature samples characterized by different deformation structures and from two outcrops (e.g., Longtian and Xiuqi in Chongqing) [9,25,26]. Nanosized to microsized structural characteristics within the Lujiaping Formation are studied in relation to structural deformation and maturation. The sample numbers are abbreviated as L1, L2, L3, and L4 in the fractured zone of Longtian and D1, D2, D3, and D4 in the intensive folds of Xiuqi. Primary sedimentary structures from the Longtian outcrop are difficult to discern due to the presence of brittle deformation structures and abundant calcite veins. Some microfractures developed along grain cleavage or other preexisting weak zones are filled with calcite and partially faulted, showing certain displacement and movement directions and strongly brittle deformation (Figure 2a,b). Four deformed shales taken from the Xiuqi outcrop have been mylonitized almost completely, resulting in distinct anisotropy. We have observed abundant evidence of ductile or brittle deformation such as microfolds, S-C fabric, microfracture, and cataclastic flow in these shales at millimeter and micrometer scales (Figure 2c,d).




3. Methods


3.1. Geochemistry and Petrology


Before experimental analyses of organic geochemistry, each sample was ground to a fine powder (less than 100 mesh) and removed carbonates using hydrochloric acid. The total organic carbon (TOC) was measured by a LECO CS-230 Carbon/Sulfur Analyzer (San Joseph, MI, USA). A 3Y-Leica DMR XP microscopy (Lycra, Frankfurt, Germany) equipped with a microphotometer (MPV-Ⅲ) was used to measure the Ro of shale samples with vitrinite particles measured at least 30 times. The samples prepared for whole-rock mineralogical analysis were crushed and sieved to 80 mesh size, mixed with ethanol, and then smear mounted on glass slides for random powder X-ray diffraction (XRD) analysis. Scanning range is 5°–80° and speed 4°/min.




3.2. Thin Section Microscopy and SEM Imaging Analyses


The nano-microscale structures were directly observed and described using thin section and SEM. All polished thin sections were analyzed for rock fabrics and microstructures. Standard procedures were used in preparing the thin-section. Thin sections are 30–40 μm thick and 3 cm long, and petrographic studies were done using a Leica DMLP polarizing microscope (Lycra, Frankfurt, Germany) with a Leica DFC450C camera system. The SEM is equipped with low and high secondary electron probes and an X-ray spectrometer. Samples were cut into 5 mm × 5 mm × 5 mm chips and polished to 0.1 mm thick using argon ion-milling. Gold coating is 20 nm thick. Structures can be measured on SEM images using the ImageJ software that is chosen for 2-D and 3-D modeling [32].




3.3. Low-Pressure Nitrogen Adsorption (LPNA)


LPNA analyses have been used to quantify pore structures using N2 adsorption at −196 °C by an automated pore size analyzer (Autosorb IQ, Quantachrome, Boynton Beach, FL, USA). The pore size distribution analysis was calculated using the density function theory (DFT) calculation model, which can provide a more accurate approach for pore size analysis in the micro- to mesopore-scale [26]. Therefore, in the present study, powered samples were analyzed with N2 adsorption to obtain information about micropores and mesopores; macropores are also observed by SEM imaging.




3.4. Low-Field Nuclear Magnetic Resonance (NMR)


The samples were also taken for low-field NMR, which has been widely used in porous rocks, such as coal, gas shale, and oil shale [13,19,33,34,35]. The theory of this method is that T2 can provide abundant information associated with pore fluids in porous rocks in a typical low-field NMR measurement. In other words, the pore fluid shows a linear relationship with the NMR T2. All samples were resaturated with water for NMR analyses. Based on this theory, the pore size distribution (PSD) can be reflected in the NMR T2 spectrum, with a lager pore space having a longer NMR T2 relaxation time and smaller pores having a shorter relaxation time [19]. A detailed description of such methods can be found in Yao et al. [13].





4. Results


4.1. Organic Geochemistry and Mineralogy


Organic geochemistry and mineralogy of Lujiaping sediments are well-documented as rich source rocks [7,8,9]. It is important to characterize the TOC, Ro, and mineral composition of samples because each of these parameters has a significant effect on pore structural evolution and pore type [19,36]. Organic geochemistry and mineralogy data of the shale samples are shown in Table 1. All shale samples display high-quality organic carbon (TOC > 2.17%), while Ro ranges from 2.92% to 3.26%. The dominant mineral constituents throughout all samples are quartz, carbonate, and feldspar with an average of 48%, 16%, and 11%, respectively; clay minerals and pyrite with an average of 17% and 6.5%, respectively. These samples have a high content of brittle minerals.



The literature shows that the Lujiaping Formation organic-rich shales have variable TOC content, Ro, and mineral composition [7,8,9]. Ma et al. [7] and Han et al. [8] measured the TOC values of 0.44% and 6.91%, and vitrinite-like macerals reflectance (Ro) between 3.3% and 4.3% with type II kerogen for the Lower Cambrian Lujiaping shale in the Dabashan arc-like thrust-fold belt, southwestern China. Other studies of the Lujiaping Formation describe similar mineralogy to those presented here [9]. As pointed out by Zhu et al. [9], the Lujiaping Shale samples are all quartz and carbonate minerals rich and all contain greater than 50% relatively brittle minerals (quartz, carbonate, and feldspar). In general, the shale with high levels of brittle minerals can increase the effectiveness of hydraulic fracturing of a shale gas reservoir.




4.2. Nanometer- to Micrometer-Sized Pore Structures


Gas storage structures of shale form by both depositional and diagenetic processes, affected by thermal evolution and tectonic deformation [9,12,19,23,25,26,36]. Abundant nanometer- to micrometer-sized pores can be observed in shale matrix exhibiting variance in size, shape, and abundance [12,19,20]. Loucks et al. [20] suggested that geoscientists working on shales use pore size terminology whereby nanopores have widths less than 1000 nm. Pore space can also be divided into micropores (pore width <2 nm), mesopores (pore width between 2 and 50 nm), and macropores (pore width >50 nm) as recommended by the International Union of Pure and Applied Chemistry (IUPAC). Loucks et al. [20] and Slatt and O’Brien [37] used SEM to characterize and define abundant types of gas storage space, such as OM pores, interparticle pores, intraparticle pore, microchannels, and microfractures.



A major aim of this study is to document and characterize visible pore types using FIB-SEM and to define major pore networks. Several recent articles have addressed pore types and pore networks in the Lujiaping Shale using FIB-SEM, gas adsorption, high-pressure mercury injection, and low-field NMR [7,8,9]. However, none of these studies clarified the size distribution of different types of shale pores and compared these results. Several types of pores occur within the samples: (1) OM-hosted pore, (2) mineral-hosted pore (e.g., intraparticle pore and interparticle pore), and (3) fracture-related pore (e.g., microchannel and microfracture). OM-hosted pore is one of the important matrix-related pore types and associated with organic particles; mineral-hosted pore is another matrix-related pore space and associated with mineral grains, and lastly, fracture-related pore is linear nanometer to micrometer size opening whose derivation is not controlled by individual matrix particles [20]. The relative abundance of each pore type quantified by this investigation is plotted on a histogram (Figure 3), following the Slatt and O’Brien [37], Loucks et al. [20], and Ko et al. [38] classification. These pore types were quantified by point counting SEM images using ImageJ software, as discussed in the Section 3.2. Note that there is plenty of evidence of pore networks within OM–clay aggregates of the deformed shales studied in this investigation. Characterizing different pore types and pore networks in the OM–clay aggregates is discussed later.



4.2.1. Fracture-Related Pores


Microchannels and microfractures are the two most common fracture-related pores in the naturally deformed Lujiaping samples (Figure 4). The relative abundance of microchannels and microfractures appears to vary with tectonism. For example, in deformed shales, microchannels and microfractures are more abundant [9,11,25,39,40] than that in undeformed shales [19,20,37]. A large quantity of open microchannels and microfractures has been found in the samples that we have investigated using SEM-based imaging. These open fracture-related pores are nonmatrix pores, which can have an important effect on hydrocarbon production [11,20,37]. Lujiaping shale gas reservoirs have large amounts of microchannels and microfractures that are not cemented and impermeable. Therefore, the presence of preexisting fractures can have a strong influence on induced fracture propagation. These open pores are linear nanometer to micrometer-sized openings, whereas microchannels have relatively smaller size and a stronger local connection than that of the microfracture [37]. Microchannels occur within the matrix of shale samples have various sizes and shapes (Figure 4a,b), and may provide significant permeability pathways. Such microchannels observed by SEM are generally more than 100 nm in width and 200 nm in length. Microfractures in the Lujiaping deformed shales occur at a variety of widths and lengths (Figure 4c,d). They are more than 300 nm in width and 2000 nm in length. Such pore types are open and may connect to adjacent pores (example Figure 4b) and create even better permeability [20]. Figure 4 shows fracture-related pores within the deformed Lujiaping Shale that are similar to pores described by Zhu et al. [9].



Note that fracture-related pores can be produced during both thermal maturity and tectonic deformation [9,22,23,24,25]. Formation of thermally controlled fractures is related to thermal cracking within OM or at the boundary between OM and mineral particles [22,23,24]. Instead, tectonically controlled fractures are primarily related to the presence of brittle mineral grains [9,25,39,40]. Such fractures appear extend far enough to cut through or around mineral particles.




4.2.2. Mineral-Hosted Pores


Mineral-hosted pores described in this study consist of interparticle and intraparticle pores. Interparticle pore is the second most common pore type (Figure 5) and includes interparticle clay pores (Figure 5a) and the open pores between framework brittle mineral grains (Figure 5b–d). Many interparticle pores have been damaged or reformed by tectonic deformation. During this process, pores also develop a preferred orientation (Figure 5a). These tectonism-induced interparticle pores within the Lujiaping Formation have been seen in other studies [7,9], and are most likely well connected and may provide interconnected pathways for shale gas flow. Zhu et al. [9] showed excellent examples of interparticle pores that exist along the edges of OM particles or clays, or occur between rigid grains (their Figure 6) of deformed shales. Such pores range between 100 and 5000 nm within the macropore size range and can significantly contribute to an effective pore network [9].



Intraparticle pore is the third most common pore type (Figure 6) and range in size from 20 nm to 5000 nm with the mesopore to macropore size range. Most intraparticle pores are within calcite and feldspar and form by dissolution in unstable grains. These pores develop in local domains and may not be well connected to the effective pore network. Loucks et al. [20] also recognized intraparticle dissolution pores in undeformed marine shales. According to Loucks et al. [20], this type of intraparticle dissolution pore occurs along crystal rims or within grains and is most likely developed in the subsurface by corrosive fluids. It is generally believed that these pores are formed by the dissolution of unstable minerals by organic acids generated during hydrocarbon generation of organic carbon. Zhu et al. [25] suggested that a large number of dissolution pores developed in deformed shales may have resulted from the open porous network systems produced by tectonism in shale. Such open systems can potentially transmit acidic fluids, resulting in minerals dissolution.




4.2.3. OM-Hosted Pores


Recent studies have shown that OM-hosted pores usually display isolated, bubble-like, elliptical cross-sections, and are generally produced during hydrocarbon maturation [19,20,21,22,23,24]. OM pores are relatively uncommon in all of the deformed samples (Figure 7). OM-hosted pores can only be observed in samples D3 and D4 due to rigid mineral frameworks (Figure 7c,d). There is no evidence of OM pores in the samples L1–L4 (Figure 7a,b). The OM-hosted pores have angular or subangular shapes, with most of the pores being smaller than 50 nm. In addition, the sizes of these OM-hosted pores in our deformed shales appear to be five orders of magnitude smaller than those found in other marine shales (e.g., Barnett Shale and Longmaxi Shale) [19,20,32,36,37]. Similarly, rare OM-hosted pores were observed in deformed shales from previous investigations [7,9,25]. A large number of observations of the Cambrian shales in South China [7,8,9] have confirmed that organic porosity is not well developed. The reasons for a lack of OM-hosted pores may include (1) the burial depth (more than 7000 m) and strong compaction, (2) high degree of thermal evolution (Ro > 3%), and (3) strongly tectonic deformation. Ma et al. [7] and Zhu et al. [9] stated that few OM pores would develop in Lujiaping shale during the folding and thrusting movements from the Late Triassic time. Furthermore, the angularity of the pores in samples D3 and D4 may be due to one or more of the reasons outlined above [25,26].



Only a few OM pores can be preserved because the organic grains are gradually undergoing significant hydrocarbon generation followed by tectonic compression. Therefore, we use Figure 8 to reveal the structure evolution of OM pores during both thermal maturity and tectonic deformation. With hydrocarbon maturation increase, the OM pores may experience a series of processes, such as development, growth, and mineral-filling. If the shales are influenced by the tectonic compaction, pore shapes tend to appear less rounded, and show more branch-like and line-like edges due to lack of support and protection of the surrounding minerals. These parallel-elongate secondary pores show rectilinear alignment, which is a regularity perhaps related to the structural deformation.



Also, we use the aspect ratio of pores to discuss the evolution of pore morphology during hydrocarbon maturation and tectonism. In general, pores within shale matrix appear to be nonequant. Loucks et al. [19] suggested that average aspect ratios (length divided by width) of pores within OM from Barnett shale have a mean of 2.8:1. Figure 9 illustrates four pores of different aspect ratios and extending directions taken from OM pores of the Lujiaping shales. The detailed features of pore shape in two dimensions and three dimensions are identified by SEM and the software ImageJ Pore shapes can be extracted from gray value, showing a very clear pore shape and surface morphology.




4.2.4. Pore Size Distribution (PSD)


Pore size distribution (PSD) was documented using a combination of LPNA to measure the micro- to mesopore range and low-field NMR to measure micro- to macropore PSD [9,13,26,33,34,35]. Both of these two methods indirectly measure nanometer-size pore structures. Nanometer- to micrometer-size pore structures and pore types can be observed qualitatively by SEM imaging [19,20].



The results of the LPNA analysis reveal that there is a distinct bimodal PSD within the Lujiaping Formation (Figure 10a,b). Two subgroups of pore sizes are evident: one ranging from 0.8 to 3 nm and the second ranging from 3 to 10 nm (Figure 10a,b). Figure 10a,b suggests that micropores dominate more of the pore volume than mesopores. The total pore volume of these samples is largely controlled by pore sizes smaller than 10 nm. All of the eight samples have a similar bimodal PSD. Low-field NMR measurement was conducted on eight samples from the Lujiaping Formation. As noted in the methods section, samples were resaturated with water for analyses. T2 relaxation time curves can provide an estimation of PSD of shale samples. Such curves cannot provide quantitative data on actual pore sizes; however they could indirectly reflect PSD. The shape of the T2 relaxation time curves of samples, such as L1, L4, and D4, shown in Figure 10c,d, reveals a relative PSD similar to that of the LPNA curves in Figure 10a,b. The T2 relaxation time curves of most of the other samples show unimodal PSDs, indicating that the samples are dominated by micro- to mesopores. Under the examination of SEM, it is evident that most macropores larger than 50 nm are fracture-related and mineral-hosted pores, whereas pores smaller than 50 nm may be OM-hosted pores and part mineral-hosted pores (Figure 4, Figure 5, Figure 6 and Figure 7). All samples develop abundant fracture-related and mineral-hosted pores. These fracture-related and mineral-hosted pores are macropore-sized. Most larger pores cannot be measured by LPNA or shown by NMR T2 relaxation time curves. A combination of SEM, LPNA, and low-field NMR could lend support to our study of nanometer- to micrometer-size pore structures in the Lujiaping samples.





4.3. Nanometer- to Micrometer-Size Material Structures


4.3.1. OM–Clay Aggregates


Lujiaping Shale has been defined as a rock containing abundant OM and clay minerals. OM and clay minerals are frictionally weak relative to other common grains (e.g., quartz, feldspar, pyrite, and calcite). Some important deformation microstructures may be controlled by the content and mechanical properties of organic grains and clay minerals in shale [41,42,43]. Observations of our naturally deformed samples reveal that OM–clay aggregates within the shale matrix are common (Figure 11). Other studies of the Lujiaping Formation describe similar OM–clay aggregates to those shown in this paper [7,9]. We infer that such OM–clay aggregates can affect the preservation of organic carbon in marine black shale, perhaps especially in deformed shales. A large volume of literature has presented data on the preservation mechanism of organic carbon revealing that large amounts of the OM preserved in most shales are intimately associated with clay minerals [41,42,43,44,45]. Organic grains adsorb onto clay mineral surfaces or concentrate in interlayer or interparticle pores of clays.



Pore structures within OM–clay aggregates were commonly observed and well developed in all deformed shales (Figure 11). The aggregates contain abundant microfractures and interparticle pores. The aggregates are generally open and with good connectivity between aggregates, which is a function of both thermal evolution and tectonic deformation. Other Lujiaping studies have noted similar pore structures in the OM–clay aggregates [7,9]. Zhu et al. [9] report well-developed and high-connectivity pore networks in the Lujiaping Shale. Four types of pores have been identified in OM–clay aggregates (see their Figure 8) [9]. They also showed an evolutionary model of the formation of OM–clay aggregates during tectonic deformation (see their Figure 9), suggesting that these nanometer- to micrometer-sized material structures are naturally formed and are beneficial to the preservation of organic carbon during thermal and tectonic evolution.




4.3.2. Silica Nanograins


The XRD analyses show that Lujiaping Shale is a very siliceous mudstone with 27 wt %–65 wt % silica (average 48%). A study of shale samples with high-resolution SEM reveals that quartz minerals occur as silica nanograins and botryoids typically 20–100 nm in size and can be only observed under high magnification (Figure 12). Drake et al. [46] also recognized abundant silica nanospheres in the less argillaceous facies of the Upper Devonian Woodford Shale. They used SEM to observe four distinct forms of quartz: (1) randomly distributed angular detrital silica grains (less than 60 μm), (2) siliceous microfossils, (3) tiny euhedral quartz overgrowths and quartz crystals (less than 10 μm), and (4) silica nanospheres (200–500 nm). They believed that such silica nanospheres are ubiquitous in the Woodford Shale, and 2–3 times more common than the other three types of silica grains. Interparticle quartz nanopores between the quartz nanograins are common and apparent. However, the origin of these nanograins is unknown. It is not clear whether they are related to thermal and tectonic evolution in our samples. Drake et al. [46] suggested that such silica nanograins may be a product of microbial precipitation.






5. Discussion


5.1. Influence of Combined Thermal Evolution and Tectonic Deformation on the Development of the Nanometer- to Micrometer-Sized Structures


Nanometer- to micrometer-sized structures vary due to tectonic deformation and systematically across thermal maturity in organic-rich rocks, but a comprehensive dual study of the effect of tectonism and organic maturity on pore structures and processes in organic-rich shales is lacking. OM-hosted pores are mainly nanometer- to micrometer-sized, and are widely developed in gas shales, such as the Longmaxi Shale, the Yanchang Shale, the Barnett Shale, and the Marcellus Shale [19,20,36,37,47,48,49,50,51]. Recent studies of the Barnett Shale in North America that use SEM imaging suggest that the porosity within OM particles can be higher than 40% of total porosity [22,23,24]. Some scholars believe that organic nanopores are produced by exsolution of gaseous hydrocarbons during the secondary thermal cracking of liquid hydrocarbons in the gas window [20,21,22,52], but other geologists disagree with this conclusion, and have observed and found that OM-hosted nanopores can be formed within organic carbon in oil window [53]. The debate is not settled and additional investigations are needed to better understand the thermal control of pores in OM.



On the other hand, several authors have noted that tectonism can significantly affect nanometer- to micrometer-sized sedimentary structures and pore networks along with the proportion of various pore types in organic-rich rocks [7,9,25,54,55,56,57,58,59,60]. Based on the results of a structural evolutionary analysis on organic-rich shale, Zhu et al. [9] suggested that clay–organic aggregates and related interparticle pores and open microfractures are formed by tectonic deformation. Also, a conclusive relationship between nanometer- to micrometer-sized pore structure evolution and tectonism was found in other cases, such as the deformed Longmaxi Shale [25]. In particular, Zhu et al. [25] show the development of abundant macropores in the Longmaxi Shale and suggest, similar to the findings of Liang et al. [26], that the proportions of different pore types were significantly changed by structural deformation, and that strongly deformed shales have the least organic pores and the lowest adsorption capacity. The microstructures of tectonically deformed coal (TDC) have also been analyzed in detail by coal geologists [54,55,56,57,58,59,60,61,62]. These studies have mainly focused on three different aspects: (1) development of TDCs by brittle and ductile deformation of coal seams, (2) macro- and micro-deformation behavior of TDCs, and (3) impact of tectonism and coal rank on the characteristics of pore structures. Brittle deformation in coals has been shown to increase porosity, permeability, and pore size relative to undeformed coals, whereas ductile deformation could result in the development of more nanosized pores, which has a significant effect on the adsorption capacity of coal. Note that gas outburst and strongly ductile deformation are closely related due to their occurrence in coalfield shear zones [54,55,56,57,58,59,60]. Such relationships have been documented by different workers [54,55,56,57,58,59,60]. For example, Pan et al. [55] summarized the importance of different deformation mechanisms on the evolution of coal pores. Brittle deformation can produce more mesopores and enhance the interconnectivity of the pore systems, whereas ductile deformation strongly affects micropores, methane adsorption capacity, as well as coalbed methane contents. Li et al. [56] described and recognized how tectonic deformation could influence the macromolecular structures and the presence of nanoscale pores smaller than 100 nm.



In addition, other factors, such as deposition, compaction, and magmatic intrusion, are also well known [20]. However, the impact of combined thermal evolution and tectonic deformation in the development of the nanometer- to micrometer-sized pore and material structures has not been well studied and understood. This observation is mainly based on qualitative and quantitative comparisons between shales of varying maturity and structural deformation. The geological controls on organic porosity development are complex. Thermal maturity and the TOC content are the two most important controls on organic nanopores of the gas shales, but the trend is broad, which indicates other secondary factors are present [12,21,22,23,24,28,48]. For example, clay doping, clay catalysis, microbial degradation, water film, tectonism, etc. may mask or exacerbate the effects of such thermal controls.



Compared to the previous studies on most undeformed mature or high mature shale reservoirs [19,20,21,22,23,24,36,37,38,47], our results demonstrate significant variations in pore structures related to tectonic deformation and thermal maturity. Generally, we expect to find positive relationships between OM-hosted pore volumes and the whole pore network, or between OM-hosted pores and TOC. In our set of samples, however, no relationships were detected between the total pore volumes and OM-hosted pores or between OM-hosted pore volumes and TOC (Figure 7). We suggest that important relationships may be apparent among samples of different maturity or TOC content in undeformed shales, whereas in the case of our deformed shale samples, these relationships are obstructed by strong influences in tectonism. In addition, this lack of correlation between OM-hosted pore volumes and the total pore volume within these shale samples suggest that both fracture-related and mineral-hosted pores are significant contributors to the pore network. Tectonic deformation usually has a positive correlation with the fracture-related pores [9,25]. All of our eight samples have a higher count of microfractures than the undeformed shales. A positive relationship between mineral-hosted pores and tectonism, as well as a generally negative correlation between OM-hosted pores and tectonism also implies that tectonic deformation may significantly control pore types within organic-rich Lujiaping shales. Organic porosity is no longer the prevailing dominant pore type in deformed shales due to both strong tectonic deformation and overmature organic carbon [7,9,25]. Samples that have more fracture-related and mineral-hosted pores are dominated by abundant brittle mineral grains. Such naturally deformed overmature shales show greater connectivity and gas storage space because they have more open fractures and mineral-hosted, microscale pore volumes compared to undeformed mature or highly mature shales.



The authors suggest that OM pores are poorly-developed in deformed shales and further suggest that mineral-hosted porosity, microchannels, and microfractures are significant aspects of the storage and migration of gas. Therefore, our study supports the ideas that (1) thermal maturity is mainly responsible for the formation of organic pore structures, (2) tectonism is largely responsible for mineral-hosted or fracture-related pore structure evolution, (3) total porosity is altered during thermal maturity and structural deformation, (4) a decrease in organic pores may be related to structural deformation, and (5) mineral-hosted pores and microfractures can contribute to gas storage and migration pathways in deformed overmature shales. In the present study, no significant correlations have been observed between abundance of OM and pore volumes measured via SEM, in part due to the limitation of resolution, but organic micropores and mesopores could be indirectly obtained by LPNA and NMR curves. Our overall observations suggest that fracture-related pores together with mineral-hosted pores jointly contribute to the pore network in shales, which is in agreement with other Lujiaping shale studies [7,8,9].




5.2. Evolution of Reservoir Characteristics in Cambrian Organic-Rich Shale during Thermal Maturation and Structural Deformation


Figure 13 illustrates diagrammatically some hypothetical relationships between arrangement and abundance of the three different pore types and porosity, permeability, connectivity, and gas storage characteristics in deformed, organic-rich shale. If organic pores are dominant in shales, then modest porosity, permeability, and connectivity of OM within shales is expected. Shale gas in this case will mainly be adsorbed gas. If mineral-hosted pores are dominant, then bad to poor porosity, and permeability should be expected. Shale gas storage, where mineral-hosted pores are dominant, will be free gas. Finally, if the microfractures are dominant in shales, these layers may produce relatively good porosity and permeability within shales, and shale gas is also predominantly free gas.





6. Conclusions


In this study, we investigated the variations and features in the nanometer- to micrometer-sized structures related to thermal maturity and tectonic deformation in the Lower Cambrian Lujiaping overmature shale. The Lujiaping Formation in the Dabashan Thrust-fold Belt has experienced several episodes of intensive tectonic motion after the end of hydrocarbon generation. The deformation of organic-rich shale is clearly evident. Our results reveal the following conclusions:



(1) All shale samples show high-quality OM content (TOC > 2.17%) and the Ro ranges from 2.92% to 3.26%. The dominant mineral constituents are relatively brittle minerals such as quartz, carbonate, and feldspar, with a combined average of 70 wt %.



(2) The Lujiaping Formation pore network is dominated by inorganic porosity, such as fracture-related and mineral-hosted pores. OM-hosted pores observed by SEM are not dominant contributors to the pore network, but may exist as micropores and mesopores.



(3) Our study demonstrates a link between pore structure, and pore type thermal evolution and tectonism. Further research is needed to comprehensively assess the relative importance and abundance of mineral-hosted versus OM-hosted pore types as well as fracture-related pores throughout the Lujiaping Shale. Moreover, we expect our findings to be applicable to other organic-rich, overmature, and strongly deformed shales developed in complex tectonic areas.



(4) We use high-resolution SEM images to observe two main types of nanometer- to micrometer-sized material structures, such as OM–clay aggregates and silica nanograins. Such structures could increase initial gas storage space through the formation of the microfractures and interparticle pore space.
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Figure 1. Simplified geological maps and location of the Sichuan Basin (a) and Dabashan (b) (Modified from Li et al. [6], Ma et al. [7], Kang et al. [10]). 1-1: Xuefengshan fold subzone; 1-2: Western Hubei-Eastern Chongqing-Northern Guizhou fold subzone; 1-3: Qiyueshan-Jinfoushan-Daloushan fold subzone; 2-1: Eastern Sichuan fold belt; 2-2: Central Sichuan fold belt; 2-3: Western Sichuan fold belt; 2-4: Southern Sichuan fold belt; 3: Longmenshan fold belt; 4: Michangshan fold belt; 5: Dabashan fold belt; 6: Emeishan-Daliangshan block-fault belt; 7: Xichang basin; 8: Kangdian tectonic belt. 
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Figure 2. Optical photomicrograph of sample L1 (a) and L2 (b). Brittle deformation and “X” joints can be found, showing complex cross-cutting relationships. Optical photomicrograph of sample D3 (c) and D4 (d). Deformation continued after veins formation, resulting in the development of fault-fold microstructures, rotated porphyroclast, and further veining. 
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Figure 3. Relative abundance of pore types within all shales. Fracture-related pores (e.g., microchannels and microfractures) account for the 60% of the total pore types, mineral-hosted pores (e.g., interparticle pores and intraparticle pores) account for ~30%, and OM-hosted pores account for ~10%. 
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Figure 4. SEM photomicrograph images of fracture-related pores in Lujiaping deformed shales. Natural microchannels are indicated with yellow arrows whereas the microfractures are indicated with red arrows. (a) Fracture-related pores within sample L2; (b) fracture-related pores within sample D1; (c) fracture-related pores within sample L3; (d) fracture-related pores within sample D4. 
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Figure 5. SEM photomicrograph images of interparticle pores in Lujiaping shales. Natural fracture-related pores are indicated with red arrows whereas the interparticle pores are indicated with yellow arrows. (a) SEM image showing abundant interparticle clay pores within sample L1; (b) SEM image showing abundant interparticle brittle mineral pores within sample L2; (c) SEM image showing abundant interparticle brittle mineral pores within sample D2; (d) SEM image showing abundant interparticle brittle mineral pores within sample D3. 
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Figure 6. SEM photomicrograph images of intraparticle dissolution pores in Lujiaping deformed shales. The dissolution pores are indicated with yellow arrows. (a) SEM image showing abundant intraparticle dissolution pores within sample L3; (b) SEM image showing abundant intraparticle dissolution pores within sample L4; (c) SEM image showing abundant intraparticle dissolution pores within sample D1; (d) SEM image showing abundant intraparticle dissolution pores within sample D2. 
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Figure 7. SEM photomicrograph images of OM-hosted pores in Lujiaping deformed shales. Natural thermally controlled fractures are indicated with red arrows whereas the OM pores are indicated with yellow arrows. (a) SEM image showing shrinkage crack pores within OM of sample L2; (b) SEM image showing shrinkage crack pores within OM of sample L4; (c) SEM image showing OM-hosted pores within sample D3; (d) SEM image showing OM-hosted pores within sample D4. 
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Figure 8. Schematic diagrams showing OM pore evolution of organic-rich shales during both thermal maturity (a–c) and tectonic deformation (c–e). 
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Figure 9. Evolution of the OM pore aspect ratio with increasing tectonic compression. 
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Figure 10. (a,b) Plots of pore volume versus pore diameter (nm) showing a distinct bimodal pore size distribution (PSD) within samples obtained from LPNA measurement. (c,d) NMR T2 relaxation time curves of shale samples. 
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Figure 11. SEM photomicrograph images of OM–clay aggregates and their related pore networks. Natural thermally or tectonically controlled fractures are indicated with red arrows whereas the OM pores are indicated with yellow arrows. (a) SEM image showing OM–clay aggregates of sample D1; (b) SEM image showing OM–clay aggregates and their related shrinkage crack pores and microfractures of sample L1; (c) SEM image showing OM–clay aggregates and their related pore systems within sample D2; (d) SEM image showing OM–clay aggregates and their related pore systems within sample D2. 
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Figure 12. SEM images showing the development of abundant rounded silica nanograins. Silica nanograins have a minimum size of ~20 nm and a maximum size of ~100 nm. Black areas are the open interparticle pore space. (a) Features of the rounded silica nanograins within sample L1 and (b) features of the rounded silica nanograins within sample D3. 
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Figure 13. Quantitative and qualitative description of hypothetical relationships between arrangement and abundance of three different pore types and porosity, permeability, connectivity, as well as gas storage characteristics. 






Figure 13. Quantitative and qualitative description of hypothetical relationships between arrangement and abundance of three different pore types and porosity, permeability, connectivity, as well as gas storage characteristics.



[image: Minerals 09 00354 g013]







[image: Table]





Table 1. Total organic carbon (TOC), Ro and XRD mineral composition characteristics of the shale samples.






Table 1. Total organic carbon (TOC), Ro and XRD mineral composition characteristics of the shale samples.





	
Location of Samples

	
Sample ID

	
Quartz

(%)

	
Carbonate

(%)

	
Clays

(%)

	
Pyrite

(%)

	
Feldspar

(%)

	
TOC

(%)

	
Ro

(%)






	
Longtian outcrop,

Chongqing

	
L1

	
38

	
27

	
13

	
6

	
8

	
6.55

	
3.14




	
L2

	
56

	
23

	
10

	
3

	
6

	
4.14

	
3.03




	
L3

	
65

	
10

	
13

	
6

	
4

	
5.24

	
3.01




	
L4

	
57

	
20

	
10

	
3

	
7

	
3.57

	
3.26




	
Xiuqi outcrop,

Chongqing

	
D1

	
27

	
22

	
17

	
8

	
24

	
2.17

	
2.92




	
D2

	
42

	
7

	
23

	
11

	
14

	
3.49

	
2.93




	
D3

	
47

	
9

	
11

	
8

	
19

	
8.57

	
2.99




	
D4

	
53

	
7

	
35

	
7

	
8

	
2.28

	
3.02
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