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Abstract

:

The successful development of shale oil in China has claimed that laminated shale is a favorable lithofacies for the effective extraction of petroleum. Clarifying the role of laminae in shale oil generation, migration, storage, and enrichment is urgent and important. Starting from the describing and classifying of the lamina, the common methods and terms used to delineate lamina types are briefly summarized. The results of different schemes are often mutually inclusive, which prompted scholars to work towards a unified division scheme. The influencing factors of oil retention in shale systems, including organic matter (OM) type, total organic carbon (TOC) content, OM maturity, mineral composition, pore structure, and preservation conditions, are systematically discussed. Subsequently, comparative work on source rock quality, reservoir properties, and hydrocarbon expulsion efficiency of shales with different laminar structures is carried out. The comparison results of shale with different rock structures reveal that the laminated shale has a high expulsion efficiency. However, the strong oil generation capacity and superior storage space of laminated shale synergistically control the considerable amount of retained oil in the shale system. Especially the oil mobility of laminated shale is also considered because of great pore size and pore connectivity. The fine evaluation of laminar structure and prediction of laminar distribution has great significance for the selection of shale oil “sweet spot area” or “sweet spot interval”.
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1. Introduction


In recent years, shale oil, with enormous resource potential, has gradually become an increasingly important component of the global hydrocarbon endowment [1,2,3,4]. With the application of horizontal drilling and multi-stage hydraulic fracturing technologies, the large-scale development of shale oil in the United States has been obtained [1]. From 2009 to 2019, the annual production of oil molecules from the shale formations, e.g., Wolfcamp Formation in the Permian Basin, Bakken Formation in the Williston Basin, and Eagle Ford Formation in the Maverick Basin, has increased to 2.83 billion barrels [5]. This has changed the energy landscape of the U.S.A., driving it to become a net exporter of energy [6,7]. Similarly, results of drilling in several petroliferous strata, e.g., Qingshankou Formation of the Songliao Basin [2,8], Kongdian Formation and Shahejie Formation of the Bohai Bay Basin [9,10,11], Xin’gouzui Formation and Qianjiang Formation of the Jianghan Basin [12,13], Yanchang Formation of the Ordos Basin [14,15,16], Lucaogou Formation and Fengcheng Formation of the Junggar Basin [3,17], has documented the substantial hydrocarbon liquids resource in China. Estimates have suggested that the proven geological reserves of China exceed 13 × 108 t [14,18]. An annual shale oil production exceeded 270 × 104 t in 2021, which makes it possible for shale oil to become a new energy supply [3,18,19].



As for North America, commercial shale oil formations are generally located in marine sedimentary environments [1,20,21]. In contrast, the shale oil reserves in China are mainly derived from lacustrine shale [2,22,23]. The main difference between marine and lacustrine shale systems is their sensitivity to climate change and the associated changes in sea level or lake level [1]. Generally, frequent lake level changes associated with climate in the lake basin have led to the development of a large number of different types of lamina in lacustrine shale systems [1,22,24,25,26]. The heterogeneity of the lacustrine shale system becomes more prominent. However, the expansion of exploration indicates that the breakthrough in continental shale mainly comes from shale series with well-developed laminae [22,27,28]. More importantly, statistics of producing wells suggest about 70% of oil flows produce from laminated shale lithofacies [29,30]. In other words, the extraction of petroleum for lacustrine shale systems in China has shown that laminated shales are favorable lithologies, which is also supported by the presence of residual asphaltene along pavement planes and between laminae fractures in core observations [9,10,11]. Therefore, systematically evaluating the influence of lamina structure on shale oil enrichment is the basis for answering the question of high production from oil wells and is also the key to achieving efficient shale oil development.



To date, the works of pioneers have realized that laminar structure is closely related to organic matter enrichment, reservoir space, and oil and gas production [9,10,11,15]. However, the diversity in different laminae and how they affect the accumulation of shale oil have not yet been satisfactorily investigated. In order to fully understand the role of laminae in the process of shale oil enrichment, a systematic review work on the influence of laminae on shale oil generation, migration, retention, and storage is carried out. In this work, we first summarized the most common division schemes and terms in the literature relating to laminae in the shale system. Subsequently, the influencing factors, including OM type, TOC content, OM maturity, mineral composition, pore structure, and preservation conditions, of shale oil content are presented. In such cases, the effects of laminae on shale oil enrichment are systematically discussed in terms of controlling the generation, discharge, retention, and storage of hydrocarbons in shale systems. This work is anticipated to offer a theoretical foundation for shale oil resource assessment and promising exploration area prediction.




2. Classification and Terminology for Shale Laminae


A lamina is the smallest megascopic layer without internal layers in a sedimentary succession [31,32]. Laminae commonly form in a relatively short period of time, typically within a year or more [31,33]. Within a relatively small vertical scale, the thickness of lamina usually ranges from μm to mm [34,35,36]. Among the multitude of division schemes, the mineral composition is the parameter most often involved in describing and classifying lamina in shale systems [15,34,37,38,39]. In such cases, organic matter laminae, calcite laminae, dolomite laminae, clay laminae, and quartz-feldspar laminae are identified as five major types of laminae [11,15,40,41,42,43] (Figure 1A–C). It is worth noting that the types of laminae are also distinctly different in various basins or regions. For example, calcite laminae are well-developed in the Dongying Sag [35,44,45], while dolomite laminae and felsic laminae are more prominent in the Cangdong Sag [27,46]. In addition, the clay laminae and organic matter laminae are widely observed in the Triassic Yanchang Formation of the Ordos Basin [15]. Especially some special laminae, e.g., tuffaceous laminae, are also widely observed in the lacustrine sedimentary basin (Figure 1C) [15,47].



The thickness is another essential attribute to describing laminar type [35,48,49,50]. Following the usage of Ingram [48], laminae thickness is smaller than 10 mm, which was subsequently divided into thick laminae (thickness between 3 and 10 mm) and thin laminae (thickness < 3 mm). Different people in the geological literature also seem to use other terms to describe laminated thickness. One of the categories is layer (100–500 mm), thin lamina (10–100 mm), lamina (1–10 mm), and sheet (<1 mm) [49]. The demarcation line between the lamina and layer, according to the work of Liu et al. [35], is placed at 1 mm (lamina < 1 mm and layer > 1 mm). Additionally, Zeng et al. [40] further pointed out that laminae with a thickness range of 0.2–1 mm can be defined as wide laminae, while those with a thickness of less than 0.2 mm are named fine laminae (Figure 1D–F).



Lamina can be continuous and discontinuous within a small lateral extent. Thus, the terms continuous laminae and discontinuous laminae are also used to capture laminar structure [33,40]. The practical examples of this type have been presented by thin section images (Figure 1G–I). In addition, some scholars proposed a combination of continuity, shape, and geometry to delineate the lamina. As a result, a total of 12 different types of lamina are identified, and a detailed description can be found in Lazar et al. [33].



Other methods for dividing shale lamination, including lamination color (can divide into dark laminae and bright laminae) and grain size, are also partially mentioned [50,51]. We also note that the results of the different division schemes are often mutually inclusive. For example, the wide laminae shown in Figure 1D belongs to both felsic laminae and continuous, parallel laminae. As a result of the multivariate division scheme, the comparability of research results of different scholars is reduced. Therefore, it is worth exploring how to establish a unified laminar division scheme that can take into account various geological attributes.




3. Controlling Factors of Oiliness in Shales


3.1. Restriction of Organic Matter Properties on Oiliness


The breakage of chemical bonds in organic matter is the fundamental process of oil generation [23,52,53]. The weak bonds, such as the aromatic ether bonds (-O) and thioether bonds (-S), will break with an increase in thermal maturity [54]. Under intense heat, the organic matter decomposes partly into the asphalt and partly into the oil. Moreover, asphalt could be further converted to petroleum with increasing temperature [55,56]. Accordingly, maturity and oil content showed a trend of synergistic increase in the early stage [9,57,58,59] (Figure 2). However, excessive maturity can also lead to a decrease in the oil generation capacity of kerogen. The oil generated in the early stage will be reduced by secondary cracking [60]. At the same time, the increase in hydrocarbon content will create overpressure and generate associated fractures, which will improve the migration capacity of hydrocarbons and thus further reduce the oil content of shale reservoirs [58,61]. Shale oil exploration practices suggested that the Ro (i.e., vitrinite reflectance) of oil generally plays between 0.5% and 1.6% [58,62]. In particular, the work of Yang and Zou [63] claimed that the amount of retained oil in shale systems Ro of 0.9–1.3% is superior.



Kerogen, an organic macromolecule comprising semi-random crosslinked nuclear structures, is the origin of petroleum [52]. The classification of kerogens from sedimentary source rocks into three main types, i.e., type I, type II, and type III [64]. The type I kerogen is highly aliphatic, with an H/C atomic ratio, frequently > 1.5, and the oxygen content is often low. The H/C and O/C atomic ratios of immature type II kerogen are ~1.3 and ~0.15, respectively. Meanwhile, type III kerogen is frequently derived from higher plant debris, with an H/C atomic ratio of less than 0.8 [65]. Great efforts have shown that Type I or II kerogen, with a highly effective organic carbon ratio, possess great oil generation capacity [64,65,66,67]. The thermal simulation experiment conducted by Zhao et al. [59] pointed out that when Ro was 0.6–1.0%, the hydrocarbon content per unit organic matter for type I kerogen is more than one times higher than that of other types of kerogen (Figure 2). The work of Sun et al. [68] also noted a positive correlation between the hydrogen index and retained content. However, some geological observation suggests that type II kerogen could possess more shale oil deposits than type I kerogen [69]. They attribute this phenomenon to the high hydrocarbon expulsion efficiency of shales with type I kerogen and relatively limited storage space [57,69].



Organic matter abundance also has a significant impact on shale oil content (Figure 2). Typically, a high total organic carbon (TOC) content means more oil can be generated, thus contributing to an increase in the hydrocarbon content of the reservoir [26,58,70]. Additionally, previous works have shown that an increase in TOC also increases organic acids content during the hydrocarbon generation process, which promotes the development of dissolution pores and recrystallized interparticle pores related to carbonate minerals [71,72,73,74]. On this premise, the enrichment degree of shale oil has also improved [29,75,76]. Notwithstanding, the oiliness does not always monotonously increase with an increase in TOC. For example, Zhao et al. [77] pointed out that the effect of TOC on shale oil content is not significant when the TOC of shale in the Kongdian formation exceeds 4%. Other inflection points, such as TOC at 1.8% [78], 2% [59,79,80], and 2.6% [78], have also been reported in different regions. In addition, Hu et al. [26] noted that the storage of hydrocarbons is unfavorable after TOC greater than 10% in the salinized lake basin.




3.2. Restriction of Mineral Composition on Oiliness


One of the mechanisms of mineral composition affecting shale oil is the adsorption of petroleum on the mineral surface [81,82]. In other words, the retention amount of shale oil on mineral surfaces is attributed to specific surface areas [83,84]. In other words, varied mineral types have different specific surface areas, which could influence the amount of adsorbed oil. Based on hydrocarbon-solution adsorption studies, the adsorption capacity of feldspar for asphaltene is about 7 mg/g, while that of quartz is 4.5 mg/g [85]. Mohammadi and Sedighi [86] also reported that the maximum adsorption capacity of calcite is relatively low, with a value of 2.16 mg/g. Similarly, Li et al. [83] obtained the amount of oil adsorbed by quartz and carbonate minerals as 3 mg/g and 1.8 mg/g, respectively. Furthermore, their work has supplemented the oil adsorption capacity of clay minerals, which can reach 18 mg/g [83]. However, some studies have reported that only 5–10% of oil molecules are adsorbed on the surfaces of mineral particles [59]. It is reasonable to speculate that the retention effect of minerals adsorption on shale oil is negligible compared to that of organic matter (~179 mg/g) [87]. Notwithstanding, the mechanism by which mineral particles control oil content by influencing the pore structure cannot be ignored [88,89]. For example, Feng et al. [90] noticed that the increase of quartz and clay content in the Qingshankou Formation shales improves the reservoir space, which in turn promotes the enrichment of shale oil. In addition, Cheng et al. [91] presented that the carbonate content of the Shahejie Formation shale exhibited negative relationships with shale porosity, which leads to a significant reduction of retained oil contents.




3.3. Restriction of Pore Structure on Oiliness


Adsorbed oil and free oil are two primary forms of petroleum in a shale system [54,92]. The enrichment of oil molecules in shale reservoir experiences the process of adsorption on the surface of organic matter, mineral particles, and pores, as well as freeing in pores and fractures core [93,94]. Molecular dynamics simulation conducted by Wang et al. [95] revealed that multiple adsorbed layers of liquid hydrocarbons are stored in nanopores. The thickness of each adsorbed oil film is counted as about 0.48 nm [95,96]. Based on the hydrocarbon vapor adsorption and pore calculation model, similarly, Dang et al. [94] noticed that within the micropore and mesopore range, the average thickness of the adsorbed oil film increases between 0.19 nm and 1.59 nm, and the number of adsorption layers increases from one to three. On the other hand, the average thickness of the adsorbed oil film increases significantly between 1.59 and 1.81 nm for the macropore region, and the number of adsorption layers increases from three to four or five. Chen et al. [97] argued that 80% of shale oil is distributed in macropores. The occurrence states and content of shale oil in pores with different scales are distinct.



Based on the data of typical shale oil systems in China, we performed a comparative analysis of the relationship between the porosity and oil content of shale [46,79,98,99,100] (Figure 3). We note that although the influence degree of porosity on S1 or oil saturation varies in different regions, the overall performance is that the oil content increases with the increase of porosity (Figure 3). Additionally, the positive correlation between pore volume and oil content has also been widely reported [70,87,89]. Moreover, Jiang et al. [101] indicated that the increase in pore connectivity could also promote the improvement of movable oil saturation (i.e., the ratio of movable oil volume to pore volume, calculated by nuclear magnetic resonance). By and large, the development characteristics of shale pores exert an important role in controlling oil content, which is the key to whether shale oil can be enriched [57,58].




3.4. Restriction of Preservation Condition on Oiliness


The limited mobility of oil molecules compared to gas molecules suggests that preservation conditions for oil reservoirs are relatively less stringent [22]. However, this does not mean that the importance of preservation conditions can be ignored. The preservation conditions of the shale system mainly include the fracture development degree and scale and the sealing ability of the overlying or underlying tight reservoirs [75,102,103,104]. On the one hand, micro-fractures are important storage spaces for shale oil, and the increase in development provides conditions for the enrichment of shale oil [40,50]. Zhao et al. [59] found that when the overlying layer of shale is not destroyed, the greater the degree of micro-fractures, the higher the oil test yield. In the case of fault-related fracture development, on the other hand, the micro-fractures can act as a “bridge” to link microscopic pores and macro-fractures, leading to a large dispersion of oil molecules [105,106,107]. As a result, shale oil abundance in shale reservoirs is low and even without oil [22,108]. The exploration practice claimed that the distance between high-yield wells and faults in the Jiyang Depression is generally more than 100 m [75,103]. Quantitative calculations also show that the shale oil retention degree of the Lucaogou Formation in the Miquan area of the Junggar Basin is only 21.1% under strong tectonic action [109]. Collectively, a relatively stable tectonic environment is conducive to the preservation of retained oil in shales, forming high oil abundance [22,77,108].





4. Influence of Laminae on Shale Oil Content


4.1. Laminae and Quality of Source Rock


The source rock quality is closely related to organic matter content. Generally, with the increase in TOC content, the amount of generated hydrocarbons will also rise [42]. The predecessors generally used TOC of 2% as the boundary to determine the quality of terrestrial source rocks. Those with TOC content greater than 2% are classified as organic-rich shales, indicating that the source rock quality is good [29,30,108]. Previous works have noticed that the degree of development of lamina is highly correlated with TOC content [10,15,40]. In a laminated shale system, the rigid laminae and plastic laminae often appear alternately and superimposed vertically [10,110]. More importantly, plastic laminae are mainly composed of clay and organic matter [38,40]. On this premise, the more densely developed the lamina is, the more clay and organic matter layers are present, which in turn increases organic matter abundance. Our statistical results also suggest that the TOC content of laminated shales is superior, and more than 80% of the samples are organic-rich shales. The TOC of some samples even exceeded 12% (Figure 4). Compared to the laminated shale, however, the TOC value of massive shale is significantly lower. The peak value of TOC moves to <2%, indicating that the massive shale is dominated by organic-poor shale (Figure 4). A similar phenomenon has been widely reported in previous works [28,29,40,43,87,88]. Moreover, Zeng et al. [40] state that the type of lamina also controls organic matter enrichment, and the average TOC content of the fine lamina is higher than that of the wide lamina. Shi et al. [10] revealed that shale with high laminar continuity exhibits greater oil generation potential.



The hydrogen index expressed as HI = (S2/TOC) × 100 (note: S2 is the amount of hydrocarbons generated by pyrolysis between 300 °C and 650 °C, mg petroleum/g rock), is an important indicator to reveal the potential of kerogen in a rock to generate hydrocarbon [54]. The distribution characteristics of HI in different structural shales are similar to those of TOC, i.e., the values of HI show laminated shales > layered shales > massive shales (Figure 4). Xin et al. [28] also exhibited that most laminated shales have good to excellent hydrocarbon generation potential, while that of massive shales is dominated by poor to fair potential. These results demonstrated that laminar structure has a significant effect on hydrocarbon generation intensity [15,44,87].




4.2. Laminae and Storage Property


As mentioned above, the laminar structure is generally composed of alternating brittle laminae and plastic laminae in the vertical direction [11,110]. The interfaces between different laminae belong to weak surfaces, resulting in a significant fracture strength parallel to laminae smaller than that perpendicular to laminae [112,113,114]. During the diagenetic evolution process, the pore fluid pressure gradually increases and easily breaks through at these weak surfaces to form micro-fractures developed along the layers [112]. The reservoir property (e.g., porosity and permeability) of the shale reservoir is largely improved. The systematic comparison of reservoir characteristics in multiple sets of shales, e.g., Shahejie Formation shale, Kongdian Formation shale, and Lucaogou Formation shale, with different structures is conducted [44,76,111,115,116] (Figure 5). The wide porosity distribution and the high average value of lamellar shales indicate this type of shale has superior reservoir properties [29,75,76,87,111,117]. The well-developed micro-fractures also make lamellar shales possess a larger average pore size. This phenomenon is confirmed by the pore size distribution from the splicing of low-temperature nitrogen adsorption and mercury injection capillary pressure (MICP) data, as well as nuclear magnetic resonance (NMR) transverse relaxation time (T2) spectra (Figure 5). Especially the MICP data conducted by Bao [111] and Zhang et al. [115] revealed that pores with a size above 100 nm are widely recognized in laminated shales but are not observed in massive shales. In addition, Zhao et al. [116] performed the nano-CT scans on laminated shales, layered shales, and massive shales in the Kongdian Formation of the Huanghu Depression. As presented in Figure 5, the results from nano-CT scanning indicate that the pores of the laminated shales are connected by large throats and own great connectivity along the laminar direction. However, the pores of massive shales have no dominant direction in space and are mainly connected by small throats [116]. The pore connectivity of massive shales in three-dimensional space is limited (Figure 5). Furthermore, Shi et al. [10] found that pore structure is also related to laminar structure. Generally, the porosity of laminar shales with good continuity is higher than those of laminar shale with poor continuity [10].



To summarize from above discussion, the development of laminae improves the shale reservoir property, mainly including porosity, pore size, and pore connectivity. All these parameters provide an effective guarantee for shale oil enrichment [57,70,87,89,116].




4.3. Laminae and Expulsion Efficiency of Shale Oil


It is well known that micro-fractures are both an important storage space for hydrocarbons and a major channel for their transport and seepage [60,61,118]. Therefore, the development of lamina can have an impact on permeability while providing shale reservoir physical properties [29,76]. The experimental results of the permeability test show that the permeability of Qianjiang Formation shale in the Jianghan Basin is significantly different for samples with different laminae development degrees [22]. The horizontal permeability of shale with interlayer micro-fractures can reach 1000 times that of shale without interlayer micro-fractures [22]. Differences of tens to hundreds of times about this value have also been reported in the Shahejie Formation shale in the Jiyang depression [76]. Therefore, the laminar structure will control the hydrocarbon expulsion efficiency in shale reservoirs, which in turn affects the degree of hydrocarbon enrichment [119,120,121]. Simulation experiments of hydrocarbon generation and expulsion reveal that when the Ro is larger than 0.9%, the laminated shale has a hydrocarbon expulsion efficiency of greater than 45%. The layered shale has a lower hydrocarbon expulsion efficiency of less than 20% in general [61,117]. Moreover, Wang et al. [29] also suggested that the order of the oil-discharge ratio is laminated shales > layered shales > massive shales (Figure 6). It is important to note that petroleum extracts usually consist of saturated hydrocarbons, aromatics, resins, and asphaltenes [9,122]. Overall, a preferential release of saturates over aromatics and over polar compounds is illustrated [16,26,61,123]. Therefore, the laminated shales with great oil-discharge efficiency would also promote oil component physical fractionation and improve oil quality, which has an important impact on the later production of shale oil [14,26,123].



Note that shales containing laminae, as mentioned above, exhibit a superior hydrocarbon generation ability (Figure 4). After the considerable amount of oil generation and meeting its storage requirements, the excess oil will be discharged to the adjacent layer [46,57]. In such cases, even if the oil expulsion efficiency of the laminated shale is high, the strong hydrocarbon generation capacity and superior storage space can still ensure that a large amount of oil molecules are retained in the shale system [29,119,120,121]. With the results, laminated shale exhibits intense blue fluorescence on thin sections, with linear distribution or local concentration of fluorescence along the lamination plane. However, the fluorescence intensity of massive shale is weak and scattered (Figure 6). Collectively, the oil-bearing of laminated shale is great, and the oil saturation and S1 owned higher values. Additionally, the oil saturation index (OSI = S1 × 100/TOC) is considerable [75,87,111,124] (Figure 7). Plenty of researchers have also confirmed that laminae in shale can greatly influence the occurrence and amount of shale oil [10,15,70,125].





5. Conclusions


	(1)

	
Mineral composition, thickness, continuity, geometry, color, and grain size are critical parameters for classifying shale lamination. However, the classification and terminology of shale laminae with different delineation schemes are often mutually inclusive. Therefore, a unified laminar capture scheme that can take into account various geological attributes needs to be proposed urgently.




	(2)

	
The oil-bearing property of shale reservoirs is influenced by a variety of factors. The type of organic matter, abundance, maturity, mineral composition, pore structure, and preservation conditions synergistically control the enrichment degree of petroleum molecules in the shale system. Generally, a shale system with aliphatic-rich organic matter, high TOC content, moderate Ro, excellent storage space, and great preservation condition generally has a superior shale oil content.




	(3)

	
As the degree of shale laminae development improves its hydrocarbon source rock quality and pore structure parameters (e.g., porosity and pore size) increase accordingly. However, the development of micro-fractures associated with laminae will also promote the transport and discharge of hydrocarbons. Overall, the strong hydrocarbon generation capacity and superior storage space make the lamellar shale still have considerable retention of petroleum even with high oil expulsion efficiency.




	(4)

	
The large pore size and good pore connectivity of laminated shale effectively improve the mobility of petroleum molecules, which is conducive to the high production of shale oil in the subsequent fracturing period. Combined with oil-bearing characteristics, thus, laminated shales are generally identified as sweet spot lithofacies for shale oil development in China. By doing so, the identification and prediction of laminae in the geological profile will be the focus of future work.
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Figure 1. Terminology for the description of laminae, mainly including mineral composition, thickness, and continuity, in different classification schemes. (A–C) The types of laminae described by the mineral composition of laminae. (D–F) The types of laminae described by the thickness of laminae. (G–I) The types of laminae described by the continuity of laminae. Modified after [11,15,40,41,42,43]. 
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Figure 2. Oil-bearing characteristics of shales with different organic matter type, content, and maturity. Modified after [9,57,58,59]. 
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Figure 3. The relationship between porosity and S1 (A) and oil saturation (B). Date from [46,79,98,99,100]. 
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Figure 4. Distribution characteristics of TOC and hydrogen index for different types of shale. Date from [28,43,87,88,89,111]. 
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Figure 5. Distribution characteristics of porosity, pore size, NMR, and Nano-CT scanning for different types of shale. Date from [29,44,75,76,111,115,116]. 
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Figure 6. Oil-discharge ratio and hydrocarbon retention characteristics for different types of shale. Modified after [29,121]. 
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Figure 7. Distribution characteristics of oil saturation, S1, and oil saturation index (OSI) for different types of shale. Date from [28,75,76,87,111,124]. 
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