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Abstract

:

Natural fractures were generally accepted as a key factor influencing the gas seepage performance in tight gas reservoirs in Kelasu Thrust Belt (KTB). However, the mechanism was not fully clarified, especially from a microscopic perspective. Based on observation of core samples and cast thin sections and gas charging experiment on core plugs, the parameters of fractures and seepage performance in fractured tight reservoirs are studied; further, the controlling effect of fractures on gas seepage was discussed. The results show that in KTB fractures could be categorized by the size of their apertures as macro-fractures (aperture width ranges from 0.1 to 2 mm) and micro-fractures (aperture width ranges from 5 to 100 μm), which appear in the form of fractures networks. Tectonic deformations and abnormal high fluid pressure control the fracture density: near faults or anticlines (folds), fracture density increases, and fluid pressure of 15 MPa increases the aperture by 50%, and induces new fractures. The fracture networks with high linear density significantly improves tight reservoir quality and seepage performance: it enhances the reservoir permeability by 1–4 orders of magnitude, and the relative gas permeability by 2–10 magnitude; by enhancing permeability, the fracture networks reduce the initial flowing gradient from as high as 0.41 MPa/cm to 0 Mpa/cm, and make the gas flowing possible.
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1. Introduction


Tight sandstone reservoirs, including tight gas reservoirs and tight oil reservoirs, are one of the most significant unconventional oil & gas resources in the 21st century [1,2]. Despite their low porosity (<10%) and permeability (<0.1 × 10−3 μm2) [3,4,5,6], it is predicted that tight sandstone reservoirs will comprise 21% of the world total exploitation of unconventional oil and gas in the next twenty years [7,8]. In the meantime, natural fracture becomes a popular topic in tight gas reservoir researches. The type, scale, distribution, and timing of development of the natural fractures greatly influence the migration [9], accumulation [10], and development efficiency [11] of tight gas. For these reasons, it is of great importance to clarify the characteristics of natural fractures in the exploration and development processes.



In the Kelasu Thrust Belt (abbreviated as KTB) in the Kuqa Depression, tight sandstone gas reservoirs are widely developed across the Cretaceous Bashijiqike Formation. The reservoirs display high gas contents (60% to 85%), and proved reserves of 2 × 1012 m3 and gas yield of 0.4–2.8 × 106 m3 per day in a single well [12] at depths of 6000–8000 m. Compared with tight gas reservoirs in other basins like the Ordos Basin in China [13,14], Sichuan Basin in China [15], Western Canadian Basin in Canada [16], the reduction of tight gas reservoirs in KTB is several times higher. Studies have been carried out on the tectonic evolution [17,18,19,20,21,22,23,24], structural characteristics [25,26], stratigraphy [27,28], reservoirs [29,30,31,32], and hydrocarbon migration histories [33,34] in KTB, to explain why tight gas reservoirs in KTB have such high gas reserves and production at such great depths. It is generally agreed that tectonic faults and fractures played an important role in enhancing gas migration and production efficiency. Tao [35] fully described the characteristics of the natural fractures in KTB using FMI images and cores, and explain the relationship between fracture formation and in-situ stress. Sun [36] further studied the fracture-pore systems using cast thin sections, and identified a fracture zone in KTB. On this basis, Shen [24] determined gas source faults as key elements in natural gas migration and accumulation, and evaluated their effectiveness combining geochemistry and fluid potential analysis method. However, these studies explained the high reserve of KTB tight reservoirs in a macro view, and had not clarified the microscopic mechanism of gas seepage in gas charging or production process, including but not limited to pathways, characteristics, and controlling factors; whereas, a deep understanding of above could help explain and predict gas saturation and distribution, which is of great value to further explorations.



The effects of fractures in improving permeability and seepage performance of tight reservoirs were studied and discussed in the KTB. First, different scales of fractures were identified on outcrops, core samples and thin sections, and thereafter classified by their aperture as macro-fractures and micro-fractures. The features of two groups of fractures were characterized and compared in details. Second, based on core charging experiments, the mechanisms how fractures control the seepage performance were explained. Third, how different scales of fractures improve permeability which directly controls gas charging and production processes was discussed, and further what factors influence this improvement.




2. Geological Setting


2.1. Tectonic Setting and Structural Evolution


The Kuqa Depression is located in the northern part of the Tarim Basin and to the south of Tianshan, and is further divided into seven substructural units, including the Northern Monoclinal Belt, Kelasu Thrust Belt, Yiqikelike Thrust Belt, Wushi Sag, Baicheng Sag, Yangxia Sag, and Qiulitak Anticlinal Structural Belt (Figure 1). The KTB is located in the northwest of the Kuqa Depression, and could be further divided into four segments, including the Awate, Bozi, Dabei, and Keshen, from west to east. Several studies have covered the structural evolution of the Kuqa Depression [19,37,38], and a prevailing conclusion was drawn that the Kuqa Depression has experienced three stages of evolution [39,40]: the late Permian-Triassic peripheral foreland basin stage; the Jurassic-Paleogene extensional rift basin stage; the Neogene reactivated foreland basin stage. The continuous structural deformation caused by the Cenozoic Tianshan uplifting shaped the Kuqa Depression [41,42], and led to the formation of a series of thrust faults and strike-slip faults [42]. These faults are reported as pathways for oil migration and accumulation in Paleogene and Neogene period, and gas migration in Neogene and Quaternary period [23].




2.2. Stratigraphy


The KTB area of the Kuqa Depression is filled with Mesozoic-Cenozoic formations except upper Cretaceous because of the regional uplift in late Cretaceous (Figure 2). Main lithology of the strata contains mudstone, sandstone and conglomerate. The thick and widely developed sandstone in fan-delta and braided river delta sedimentary facies in the Cretaceous Bashijiqike Formation form the tight sandstone reservoirs. The thick layer of gypsum and salt in the Paleogene Kumugeliemu Formation are reported as effective caprocks [33,43] for tight gas reservoirs. Liang [32] reported that the Middle to Lower Jurassic and Upper Triassic coals and mudstones are source rocks for this area which experienced multi-stage oil and gas generation from 5 to 2 Ma.




2.3. Tight Gas Reservoirs


Gas reservoirs in the KTB are mainly distributed in the Cretaceous Bashijiqike Formation, at depths of 6000–8000 m. Except for the KL2 gas reservoir (the gas reservoirs that penetrated by the KL2 well, Figure 1a), all the other gas reservoirs discovered so far are tight gas reservoirs, with average porosity less than 5% and permeability less than 0.5 × 10−3 μm2 (Figure 3). Compared with tight gas reservoirs worldwide, there are two predominant features in the gas reservoirs in the KTB. First, abnormal high fluid pressure is very common with pressure coefficient ranging from 1.65–2.27 (Table 1). The high fluid pressure is reported as a result of regional tectonic movements [22,23], and may relate to the high productivity of the reservoirs.



Another important feature of the gas reservoirs in the KTB is their high level of gas saturation. Table 1 shows the comparison of gas saturation in the KTB and other basins worldwide. The average porosity of the tight reservoirs in the KTB is similar to that of the other reservoirs; however, in KTB the gas saturation is much higher (Table 1). In the meanwhile, the gas yield in the KTB is also much higher. Du [12] reported that the highest gas yield from tight gas reservoirs in a single well in the KTB reached 0.4–2.8 × 106 m3 per day without hydraulic fracturing treatment. Compared with other areas, the gas yield in the KTB is tens of times higher (Table 1).





3. Samples and Methods


3.1. Samples


In this research, core samples, core plugs and cast thin sections were used for observations and experiments. Core samples from six wells in the Bashijiqike Formation in the KTB were analyzed, and the total core length reached 1025 m (Table 2). The inclination angle, apparent length, aperture, and density of the fractures were measured. In addition, 100 cast thin sections and six core plugs (Table 3, sample No. 2–7) were made from core samples to further study the features of fractures and seepage characteristics. All the cast thin sections were made along the vertical direction to make sure that inclination angles could be measured. All the fracture parameters were also measured. Because of different scales, the parameters of fractures measured on core samples and in thin sections displayed pronounced differences. These core plugs, 5–6 cm in length and 2.54 cm in diameter, were used for gas charging experiments to study the seepage features in the reservoirs.




3.2. Methods


3.2.1. Counting Linear Density


All the fracture parameters could be directly measured on the core samples or in thin sections, except for the density of the fractures. On core samples, the number of macro-fractures were counted on each segment of the cores, and linear density of the macro-fractures are defined as [47]:


 DLC=∑1nFn∑1nLn 



(1)




in the equation above, DLC is the linear fracture density of core samples (piece/m), n is the total number of segments, Fn is the number of fractures on the nth segment, Ln is the length of the nth segment (m).



Linear density of the micro-fractures, which is observed in cast thin sections, is calculated in a similar way. The number of micro-fractures was counted on each circular view shed of the microscope, and the linear density of the micro-fractures is defined as:


 DLT=∑1nFnn×L 



(2)




in the above equation, DLT is linear fracture density in thin sections (piece/mm), n is the total number of the view sheds, Fn is the number of fractures on the nth view shed, L is the diameter of the circular view shed of the microscope (mm).




3.2.2. Pressure Experiments on Fractured Core Samples


The objective of pressure experiments is to study the change of fracture characteristics when abnormal high fluid pressure exists. In the Bashijiqike Formation, the fluid pressure coefficient reaches up to 1.83–2.21 with strong overpressure [22], and its effect on fractures characteristics such as aperture and length is non-negligible. Taking the KS205 well as an example, the fluid pressure is up to 159.5 MPa at buried depth of 7088 m, the pressure coefficient is up to 2.25, and the effective confining pressure is only 10 MPa. Using a Xradia 510 Versa X-ray microscope (ZEISS, Beijing, China) a high pressure and high temperature (HPHT) carbon fiber core holder and a gas charging system (its relative parameters are described in Figure 4), a workflow was designed to study the effects of abnormal fluid pressure on fractures:

	
Cut the core samples (Well KS205, 7204.9 m) to 5–6 cm long cylinders of 2.54 cm diameter.



	
Put the core plug into the HPHT carbon fiber core holder and set the confining pressure at 15 MPa, then use the X-ray microscope to scan the core samples at 0 MPa pore pressure.



	
Use the gas charging system to inject He gas into the core samples until the pore pressure reaches 2 MPa and 5 MPa respectively, and maintain each pressure for 48 h.



	
Use the X-ray microscope to scan the core samples respectively at the two pore pressures above.



	
Use Avizo software to interpret the three datasets from the 3D micro-CT scanner.



	
Compare the fracture parameters interpreted by the micro-CT scanner with confining pressure of 15 MPa and pore pressures of 0 MPa, 2 MPa and 5 MPa, respectively.









3.2.3. Core Charging Experiment


The objective of core charging experiments is to measure the initial flowing pressure gradient and flow rate in core plugs when charging gas into them. An ISCO100DX micro-injection pump (Teledyne, Thousand Oaks, CA, USA) was used for gas injection. Its minimum injecting rate is 0.01 uL/min, and rated pressure is 68.96 MPa (10,000 psi). In the experiment, the actual injecting pressure (radial pressure) was controlled by the computer. An HBS-2 constant pressure pump (Huabao Instrument, Yangzhou, China) was used to adjust and maintain the confining pressure to make sure that the gas flows through the core plugs instead of the annular space between the core plug and the holder. This pump was also controlled by the computer and could automatically increase the confining pressure (initial pressure was set as 3 MPa) as the radial pressure rises. A differential pressure gauge was used to measure the pressure difference between the inlet and outlet during the experiment. A gas flow meter was used to measure the gas flow rate on the outlet after gas-water separation. The experiment was conducted at 20 °C. The core sample was first saturated by water. To avoid the adsorption of the plug, Ar was used as injection gas. The inlet pressure (read at the micro-injection pump) was increased from 0 to 8 MPa in a controlled manner. The initial confining pressure was set as 3 MPa, and automatically increased with the radial pressure.






4. Results


4.1. Fractures Classification


Origin and scale are two commonly used indices for fracture classification [48]. The origin of fractures is determined by their occurrence and angular relationship with bed surface. It is generally believed that in the tight gas reservoirs of the KTB, structural fracture is the main form of the fractures which was a result of regional tectonic movements. On the core samples it was easily observed that structural fractures cut through formation boundaries, which shows the controlling effects of tectonism on fracture development. Fractures of other forms such as dissolved fractures or diagenetic fractures were rarely observed, as reported by Shen [24].



Classification of fractures by their scales is more meaningful for the research of gas seepage and productivity. Though sharing the same origin, fractures in tight gas reservoirs of KTB feature a wide range of scales. Foremost, aperture width is key to the classification of fractures, because it directly controls the seepage of natural gas in fractures. Furthermore, Neuman [49], through numerical analysis, pointed out that average fracture length, a power function of aperture width, is another important parameter controlling gas flow characteristics. Based on different characteristics of aperture width and length, four types of fractures were identified and categorized in the Bashijiqike Formation:

	
Giant fractures (with length > 10 m and aperture width > 1 cm), which are recognized on outcrops and usually cut through sandstone members (Figure 5a,b).



	
Macro-fractures (with length of 0.05–3 m and aperture width of 0.1–2 mm), which are recognized on cores and FMI logs (Figure 5c–e).



	
Micro-fractures (with length of 0.05–2.5 mm and aperture width of 5–100 μm), which are recognized in thin sections and usually cut through grains (Figure 5f,g).



	
Nano-fractures (with length circa. 50 μm and aperture width circa. 50 nm), which extend along the edges of grains (Figure 5h).








Giant fractures are so large that existing techniques are unable to quantitatively measure its contribution, though non-negligible, to permeability and seepage mechanism. Nano-fractures are too small and yet relevant data is not sufficient for detailed study. So in this paper, the characteristics of macro- and micro-fractures is the main object. Table 2 shows the characteristics of these two types of fractures in several wells of the Bashijiqike Formation. It is worth noting that both macro- and micro-fractures can be filled by calcite, which was observed in core samples and thin sections. These fractures have no contribution to permeability improvement for tight reservoirs. Only effective fractures, which are unfilled or partially filled, were counted on core samples or thin sections.




4.2. Characteristics of Macro- and Micro-Fractures


Though sharing the same origin, these two types of fractures have distinct characteristics. Firstly, the inclination angles vary. Macro-fractures that are directly controlled by tectonism under the geological background of thrust belt feature high inclination angles of relatively narrow range (44° to 86°). On the contrary, micro-fractures that normally derive from macro-fractures feature a wide range of inclination angles (12° to 89°) (Table 2). Secondly, there is also evidence of difference in fracture lengths. The apparent length of the macro-fractures ranges from 0.03 m to 3.54 m on core samples; some fractures with high inclination angles are even long enough to split the core sample (Figure 5c,d). However, the apparent length of the micro-fractures is much smaller, and cannot be accurately measured. This is because the density of the micro-fractures observed in thin sections is so high that they connect and intersect with each other and, as a result, form fractures network (Figure 6), which makes it difficult to identify the original extension of one single fracture. Nevertheless, a small number of fractures found on the flank of the network show that the apparent length of the micro-fractures is less than 2.5 mm overall.



Density of fractures is an important parameter that characterizes the extent to which fractures develop. The density of effective fractures (defined as fractures that are unfilled or partially filled) usually controls by how much the permeability of tight reservoirs can be improved. Linear density and areal density are commonly used parameters that characterize the density of fractures. The former refers to the average number of fractures in unit length, and the latter refers to the average number of fractures in unit area. In this paper linear density was used for simplification. In our research, linear density of macro-fractures on core samples ranges from 0.19 piece/m to 1.79 piece/m. Considering the significant apparent lengths and low linear density of macro-fractures, in our observations these fractures do not intersect with each other, therefore have little connectivity. The micro-fractures, in comparison, display much different characteristics. The linear density of micro-fractures ranges from 0.82 piece/mm to 4.37 piece/mm. It is worth mentioning that due to sampling bias, the actual linear density of micro-fractures would be smaller than the measured value given above. This is because the best parts of the core samples were used to make cast thin sections. However, it is still concluded that micro-fractures intersect and connect with each other. Figure 6 shows the CT scanning images of micro-fractures in samples of Well DB202, 5872.6 m. It shows that micro-fractures frequently intersect with each other on a large scale, and form a fracture network which extends to every part of the sample. It is not difficult to understand that this micro-fracture network also connects the macro-fractures, and the entire fractures network plays an important role in improving the permeability of the reservoir.




4.3. Effects of Abnormal High Fluid Pressure on Fracture Characteristics


Abnormal high fluid pressure is a common characteristic in the Kuqa Depression, especially in the KTB. The pressure coefficient in the Bashijiqike Formation is normally larger than 2. It is intuitive that this high fluid pressure significantly controlled the fracture characteristics such as aperture width and length. However, this was rarely reported in previous research. Using specially designed device (relative parameters are described in Figure 4) and workflow, the characteristics of fractures under high fluid pressures were quantitatively measured, and the results are shown in Figure 7.



Fracture lengths and aperture widths are significantly influenced by abnormal high fluid pressures. As shown in Figure 7a, before the experiment the aperture width and apparent length of a fracture in the core sample are 0.21 mm and 24.74 mm respectively (indicating a macro-fracture, as described in Section 4.1). At 15 MPa (fluid pressure) and 25 °C in the experiment, the aperture width and apparent length reached 0.44 mm and 27.5 mm under high fluid pressure (Figure 7b), which saw an increase of 50% and 10% respectively.



Not only the fracture length and aperture width are influenced by high fluid pressure, but also the fracture densities. As shown in Figure 7c,d, at zero fluid pressure there was only one fracture in the view shed, while at 15 MPa other smaller fractures (with aperture of 800–1000 μm) appeared. This shows that high fluid pressure induced new fractures and increased the fracture density.




4.4. Seepage Performance in Tight Gas Reservoirs


Initial flowing pressure is a popular topic in fluid flow studies of tight reservoirs [50,51]. Different from conventional sandstone reservoirs, initial flowing pressure in tight reservoirs is a precondition to fluid flow in the gas charging and production processes: only when actual pressure gradient is greater than initial flowing pressure gradient, fluid (oil or gas) begins to flow. Initial flowing pressure gradient (MPa/cm) is the parameter used to calculate initial flowing pressure. The smaller the initial flowing pressure gradient, the easier the fluid tends to flow. Lv [50] reported that initial flowing pressure gradient is closely related to the permeability of the porous media, and if permeability is high enough, initial flowing pressure gradient would become zero. Table 3 and Figure 8 show the initial flowing pressure gradients of the reservoir samples from the Bashijiqike Formation. For comparison purpose, data (Sample 1) from Lu [46] is referred to.



The initial flowing pressure gradients of all the samples collected from the Bashijiqike Formation range from 0 to 0.41 MPa/cm. It is closely related to the overall permeability of the samples: in samples 1 and 2, permeability reached over 100 × 10−3 μm2 and initial flowing pressure gradient is nil, which means fluid flows at a very small actual pressure gradient; when the overall permeability decreases, initial flowing pressure gradient increases, which means fluid flow becomes harder. It is important to note that the seepage performance enhancement mentioned above mainly reflects the effects of micro-fractures, because the lengths of samples used for core charging experiment are only several centimeters, but the highest linear density of macro-fractures in the samples is 1.79 piece/m. However, this does not mean macro-fractures has no effect in reducing initial flowing pressure gradient. Despite of their relatively low density, macro-fractures display longer extension and larger aperture width, all these are favorable characteristics for enhancing seepage performance.



When the actual pressure gradient is greater than initial flowing pressure gradient, flow rate controls how fast gas charges into the reservoir, and indirectly influences gas content and production. Figure 8 shows the flow rate difference in some samples in the Bashijiqike Formation. The samples of various permeability display very different features. For samples 1 [46] and 2, flow rate reached over 6.0 mL/s under the pressure gradient of less than 0.2 MPa/cm; while for samples 6 and 7 of low permeabilities, flow rates were both less than 1.0 mL/s even under pressure gradient of 0.8 MPa/cm. It is concluded that permeability has a profound influence on the seepage characteristics of tight reservoirs.





5. Discussion


5.1. Controlling Factors of Fracture Density


Structural fractures in tight reservoirs are reported to be closely related to tectonic deformation [9,52]. Our data shows that linear density of both micro- and macro-fractures are generally negatively correlated with distance to faults (Figure 9, Table 2). In the Bashijiqike Formation, KTB, the linear density decreases quickly with increasing distances to faults, especially when the distance ranges from 0 to 0.5 km (Figure 9). This can be deemed as the “impact zone” for the influence of faults to fracture development and evolution. Beyond this zone, the influence of faults to fracture density becomes much smaller.



Data from DB202 well seems to deviate from the rule above. Compared with KS2-1-6 well (0.5 km to the nearest fault), DB202 is much farther from the nearest fault (1.8 km), however, the linear density of both macro- and micro-fractures is larger than that of KS2-1-6, especially the latter. This shows that fault is not the only factor that controls fracture development in the KTB. Other forms of tectonic deformation like folds are also reported as key factors that impact fracture development [53]. Our data provides proof for this conclusion: DB202 is located only 50 m to the top of an anticline (Figure 1d), while KS2-1-6 is located 1.5 km to that of another (Figure 1e). Folding process led to dense fracture formation [53], especially at the core of the synclines, or top of the anticlines. The nearer to the anticline top, the denser the fractures are.



Thus, it is concluded that in the Bashijiqike Formation of the KTB, faults and folds both have an impact on fracture density. However, because of limited data, a detailed evaluation of the correlation between fracture (macro- and micro-fractures) density and distance to folds is not discussed in this paper. Nevertheless, fracture density identified from well log data may support our conclusion. As shown in Figure 10, the fracture density of five wells were obtained and analyzed, and the fractures are comparable to, if not larger than, the macro-fractures mentioned above. The fracture density is at large determined by their location on the folds: the fracture density of KS206 well, which is located at the top of the anticline, ranges from 3.3 piece/m to 4 piece/m, and is much higher than that of KS2-1-1 well, KS2-1-4 well, and KS2-2-1 well (0 piece/m to 2.3 piece/m), which are located on the limbs of the anticline.



In addition to tectonic deformations such as faults and folds, abnormal high fluid pressure also has significant influence on fracture density. High fluid pressure breaks down the rock and, as a result, generates new fractures, as discussed in Section 4.3. However, drawing an easy correlation of abnormal high fluid pressure and high fracture density is questionable, because it lacks evidence on the timing of the fracture formation as well as the evolution of the high fluid pressure. More details are discussed in Section 5.3.




5.2. Contribution of Fractures to Permeability


Due to low permeability and porosity of tight reservoirs, the reservoir trapping process is very slow, which largely affects gas content and recoverable reserves. However, with the presence and development of fractures it is another story. In this paper, contribution of fractures to permeability is defined as [51]:


 η=1−KmK 



(3)







Km represents matrix permeability (10−3 μm2), and K represents overall permeability of the samples (10−3 μm2). Table 3 shows that η ranges from 64.71% to 99.99% in the Bashijiqike Formation of the KTB. Moreover, the linear densities of macro- and micro-fractures are both correlated well with overall permeability (Table 2 and Table 3, Figure 11).



As the linear density of micro- or macro fractures increases, the overall permeability increases rapidly at first; but when the liner densities of micro- and macro fractures reach 2.5 piece/mm and 0.6 piece/m respectively the overall permeability increases relatively slow. These results mean that the extent of fracture development, characterized by linear density, largely determines the permeability of the reservoirs. Further, permeability, as shown by Figure 8 and Table 3, is a key factor that determines the seepage performance of the reservoirs. The higher the linear density, the better the seepage performance. In reservoir trapping and production processes, better seepage performance means more gas is charged into or discharged out of the reservoirs. Therefore, larger linear density is a key indication of more gas reserves or production. Data from Lu [51] and Hou [54] supported this conclusion. They found out that in the Jurassic fractured tight gas reservoirs in the eastern Kuqa Depression, daily gas production of well DX1 of fracture density of 0.5 piece/m reached 726,416 m3/day; while that of well DB102 of fracture density of 0.02 piece/m was merely 20,768 m3/day.




5.3. Impact of Fractures on Gas Seepage


Micro- and macro-fractures both work as pathways in the reservoir trapping process. However, their distinct linear density determines that they have different distribution patterns, and as a result contributed in different ways to the fracture networks. The linear density of macro-fractures is not high enough so they seldom connect or intersect with each other. With large apertures, macro-fractures could effectively enhance the permeability of the reservoirs. But this type of fractures alone has limited effect because they are rarely interconnected, which means macro-fractures have limited capability to migrate gas to most parts of the reservoirs. Micro-fractures, on the other hand, have relatively limited potential in enhancing the overall permeability of the reservoirs because of their limited scales and affected vicinity; however, their density is orders of magnitude time that of macro-fractures, and frequently intersect and connected with each other (Figure 6). In a nutshell, macro- and micro-fractures together form an effective fracture network that connects almost every part of the reservoir.



Gas migration and charging model is generalized in Figure 12. Major faults that connect source rocks and reservoirs are pathways for natural gas to migrate into the Bashijiqike Formation. The overlying plastic salt rocks prevent faults and fractures from developing further, and thus act as cap rocks. Giant fractures, macro- and micro-fractures are dense at the top of the anticline or near faults (Figure 12a). Giant fractures are large in fracture length and aperture width, through which gas can move into the complex fracture networks jointly formed by macro- and micro-fractures (Figure 12b); these fractures could act as both reservoir space and pathways. In this way, the natural gas migrates and charges into the fractured reservoirs. As fractures greatly improve the permeability of the reservoir, the migration and trapping process becomes more effective. At the limbs of the anticline and the areas distant from faults, the fracture systems are not developed. However, the nano-fractures, which were not generated by tectonic activity, are still dense at these location (Figure 12c), but their scale is small and yet they are less effective for gas charging. Without permeability enhancement induced by the macro- and micro-fractures, the gas migration and trapping process in tight reservoirs are ineffective, which points to small gas saturation and reserves.



Both reservoir trapping and production are seepage processes, either into or out of the reservoir. These two processes largely control the reserves and production of tight gas reservoirs. Table 2 and Table 3, Figure 8 and Figure 11 together show that fractures improve the seepage performance by enhancing permeability in tight reservoirs of the KTB: higher fracture density leads to higher permeability, and thus, smaller initial flowing pressure gradient and higher flow rate. However, a key factor still needs to be considered, that is, the timing of fracture formation. If fractures formed before or with reservoir trapping, fractures can significantly reduce the initial flowing pressure gradient (as shown in Table 3 and Figure 8) required to overcome resistance caused by capillary force (characterized by initial flowing pressure gradient), so that the charging process would be easy. In addition, once the charging process began, flow rate would be higher in the reservoir with higher fracture density, which brings more gas reserves to the reservoir. Reversely, if fractures formed after gas charging, the permeability and seepage performance enhancement induced by fractures would not improve the reserves, if not damage it. Several studies have discussed the timing of fracture development and gas charging. Fan [55] and Zeng [23] reported that in the KTB, the formation of structural fractures caused by tectonic compression happened simultaneously with gas charging. Based on this, it can be inferred that fractures played a key role in enhancing gas reserves in the Bashijiqike Formation of the KTB.



This conclusion provides more information about the correlation of reservoir trapping, fluid pressure, and fracture density. Hydrocarbon generation and overcharging is the widely accepted origin for abnormal high fluid pressure in the Bashijiqike Formation of the KTB [33,55]. As discussed above, tectonic compression and gas charging happened simultaneously. Therefore, it can be deduced that fractures induced by tectonic compression created pathways for natural gases; vice versa, the high fluid pressure caused by large amount of natural gas enhanced the density of the fractures, as shown in Figure 7.



The permeability only defines the flow performance of single-phase fluids, which is rare in real world [56,57,58]. The characteristics of multiphase fluid flow are more meaningful, in which the relative permeability of natural gas is a function of water saturation. Shanley [59] reported that contrary to the conventional reservoirs, there is a limited range of gas-water cut for flow to happen; and even permeability has dead zones in which neither gas nor water could flow. Lu [51] reported the relative permeability and maximum saturation of gas in reservoirs with or without fractures. It was concluded by Lu, as shown in Figure 13, that the presence of fractures (comparison between sample A and C) enhanced the relative permeability and maximum gas saturation.



More details of the sample and experiment can be found in the article published by Lu [51]. Based on this work, this paper made a step further by adding the parameter of fracture linear density to quantitatively study the influence of fractures to gas flow. Relevant data from Research Institute Petroleum Exploration and Development and PetroChina Tarim Oilfield Company was obtained, and it showed that sample C [51] had macro-fracture density of 1.24 piece/m. Moreover, the relative permeability curve of a sample with macro-fracture density of 0.59 piece/m (sample B) was added. The results show that fractures have little influence on the relative permeability of water, but greatly enhance the relative permeability of gas. Sample A of no fractures has very low relatively gas permeability (only 0.06 when gas saturation is 40%), even its porosity reaches 4.5%. The relative permeability of gas increases as fracture density increases, (example of Sample B); and when fracture density reaches 1.24 piece/m, the relative gas permeability is much higher (0.42 when gas saturation is 40%, 7 times that of sample A), although its porosity is less than that of sample A.





6. Conclusions


Classified by their densities and apertures, four types of natural fractures, including giant fractures, macro-fractures, micro-fractures, and nano-fractures, exist in the Bashijiqike Formation, KTB. Tectonic deformations and abnormal high fluid pressure greatly influence the linear density and aperture: near faults or anticlines (folds), the linear density increases, especially in the distance of less than 0.5 km; further, fluid pressure of 15 MPa in lab, much less than actual fluid pressure in KTB, still increases the fracture aperture by 50%, and induces new fractures. Fracture linear density is the key parameter that controls the fracture connectivity and effects on gas seepage performance. The linear density of macro-fractures ranges from 0.19 to 1.79 piece/m, and that of micro-fractures ranges from 0.82 to 4.37 piece/mm; the latter ones, with larger densities, frequently intersect with each other and, together with the former ones, form a fracture network, which increase the permeability of the reservoirs by 1–4 orders of magnitude, and the relative gas permeability by 2–10 magnitude. By enhancing the overall and relative permeability, the fracture networks reduce the initial flowing gradient from as high as 0.41 MPa/cm to 0 Mpa/cm, and increase the flow rate greatly. By enhancing permeability and gas seepage performance, the fracture network is the key factor that improves tight reservoir quality and reserve quantity.
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Figure 1. Tectonic location and structures of the Kelasu Thrust Belt, KTB for abbreviation, in Tarim Basin, China. (a) Location of the Tarim Basin in China; (b) Structural division of the Tarim Basin, in which 1 refers to the Kuqa Depression, 2 refers to the Tabei Uplift, 3 refers to the North Depression, 4 refers to the Central Uplift, 5 refers to the Southwest Depression, and 6 refers to the South East Depression; (c) Structural subdivision of the Kuqa Depression, in which 7 refers to the North Monocline Zone, 8 refers to the Kelasu Tectonic Belt, 9 refers to the Baicheng Sag, 10 refers to the Qiulitage Tectonic Belt, 11 refers to the Yangxia Sag, and 12 refers to the South Slope Belt; (d) Schematic view of Dabei Well Block; (e) Schematic view of Keshen Well Block. 
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Figure 2. Mesozoic-Cenozoic stratigraphy, tectonic events, structural evolution history, and distribution of source, reservoir, and cap rocks of KTB (modified from Wang [44] and Guo [22]). 
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Figure 3. Porosity-permeability crossplot of sandstone reservoirs in the Bashijiqike Formation, KTB, in which fractured and non-fractured reservoirs show different characteristics. 
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Figure 4. ZEISS Xradia 510 Versa X-ray microscope and high pressure and high temperature (HPHT) carbon fiber core holder for pressure experiment. (a) X-ray receiver, ZEISS; (b) HPHT carbon fiber core holder, core diameter: 25.4 mm, core length: 5–6 cm, fluid pressure: <30 MPa, confining pressure: <70 MPa, working temperature: <150 °C, the pressure and temperature is controlled by the self-developed fluid charging system; (c) Rotary table for 3D scanning; (d) X-ray source, ZEISS, with working power of 70 eV. 
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Figure 5. Fractures with various scales. (a,b) Giant fractures on outcrops; (c) Macro-fractures, well KS8, 6719 m; (d) Macro-fracture, well KS205, 7086 m; (e) FMI of Well KS2-2-12, 6566–6567 m; (f) Micro-fractures, well KS8, 6735.39 m; (g) Micro-fracture that cut grains, well DB103, 5927.64 m; (h) Nano-fractures, well KS207, 6932.57 m. 
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Figure 6. 3D CT images of micro-fracture networks. The sample are from core sample of Well DB202, 5872.6 m. The micro-fractures intersect with each other and form a complex network. 
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Figure 7. Change of fracture characteristics under high inner fluid pressure, core samples are from Well KS205, 7204.9 m. (a,c) CT images of one fracture under no fluid pressure under confining pressure of 15 MPa; (b,d) CT images of the same fracture under fluid pressure of 5 MPa and confining pressure of 15 MPa. 
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Figure 8. Relationship between flow rate and pressure gradient of different samples in the Bashijiqike Formation, KTB. More details of the samples are shown in Table 3. As permeability increases, the initial flowing pressure decreases, and the flow rate increases under certain pressure gradient. 
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Figure 9. Relationship of liner density and distance to faults for micro- and macro-fractures in the Bashijiqike Formation, KTB. 
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Figure 10. Fracture density identified in single wells and its relationship with anticline. 
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Figure 11. Relationship of linear density and overall permeability for micro- and macro-fractures in the Bashijiqike Formation, KTB. 






Figure 11. Relationship of linear density and overall permeability for micro- and macro-fractures in the Bashijiqike Formation, KTB.



[image: Energies 11 02808 g011]







[image: Energies 11 02808 g012 550]





Figure 12. Pathways and processes of reservoir trapping, and reservoir rooms of natural gas from macroscopic view to microscopic view in the Bashijiqike Formation, KTB. (a) In a macroscopic view, hydrocarbon gas migrates upwards from the lower strata through faults, and flow into the reservoir through the fracture network formed by giant, macro- and micro-fractures, and at the top of the anticlines and near fault, where fractures are dense, the gas accumulates; (b) At the location where fractures are dense, micro-fractures and nano-fractures form a fracture-network, which enlarge the reservoir space and connect most part of the rock, and thus enhance the gas saturation; (c) At the location where fractures are sparse or absent, only some nano-fractures develop, and hydrocarbon gas cannot effectively flow into these fractures because of their small scale and little permeability. 
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Figure 13. Gas-water relative permeability curve in samples with different macro-fracture linear density. In the legend Krw represents relative permeability of water, and Krg represents relative permeability of gas. 
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Table 1. Parameter statistics of tight sandstone gas reservoirs worldwide.
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	Basin
	Denver [45]
	San Juan [45]
	Appalachia [45]
	Erdos
	Sichuan
	Kuqa





	Gas field
	Wattenberg
	Blanco Mesaverde
	Appalachian
	Sulige
	Guangan
	Kelasu



	Formation
	Muddy
	Mesaverde
	Clinton-Medina
	Shihezi
	Xujiahe
	Bashijiqike



	Depth (m)
	2070–2830
	1677–1900
	1220–1829
	2850–3600
	2300–2650
	6000–8000



	Porosity (%)
	8–12
	8–10
	5–10
	6–12
	2–12
	2.2–10



	Permeability (10−3 μm2)
	0.05–0.005
	0.5–2
	<0.1
	0.88
	0.38
	0.57



	Pressure coefficient
	Abnormal low pressure
	Abnormal low pressure
	Abnormal low pressure
	0.83–0.89
	1.2–1.5
	1.65–2.27



	Gas saturation (%)
	56
	66
	49
	45–60
	35–65
	60–85



	Gas yield (104 m3/day)
	2.0–5.2
	0.57–0.96
	—
	2–5
	0.5–4
	22–117










[image: Table]





Table 2. Fracture characteristics of the Bashijiqike Formation, Kelasu Thrust Belt, KTB for abbreviation, Kuqa Depression 1.
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Well

	
Depth (m)

	
Fracture Characteristics

	
Distance to Fault (km)




	
Origin

	
Scale

	
Inclination Angle (°)

	
Apparent Length

	
Aperture

	
Linear Density 2






	
DB103

	
5677–5953

	
Structural fracture

	
Macro-

	
67–80

	
0.16–0.86 m

	
0.2–1.12 mm

	
1.79 piece/m

	
0.1




	
Micro-

	
22–81

	
0.25–2.50 mm

	
12–50 μm

	
4.37 piece/mm




	
KS2-1-6

	
6591–6822

	
Macro-

	
55–85

	
0.26–3.00 m

	
0.10–0.35 mm

	
0.39 piece/m

	
0.5




	
Micro-

	
12–80

	
0.42–1.54 mm

	
9–38 μm

	
2.51 piece/mm




	
KS801

	
7048–7291

	
Macro-

	
65–83

	
0.30–0.57 m

	
0.17–0.48 mm

	
0.34 piece/m

	
1.0




	
Micro-

	
25–86

	
0.05–1.09 mm

	
6–15 μm

	
1.62 piece/mm




	
DB202

	
5711–5956

	
Macro-

	
64–85

	
0.54–3.54 m

	
0.12–1.51 mm

	
0.6 piece/m

	
1.8




	
Micro-

	
62–89

	
0.31–2.12 mm

	
10–29 μm

	
2.98 piece/mm




	
DB6

	
6857–6925

	
Macro-

	
44–72

	
0.05–0.22 m

	
0.29–1.20 mm

	
0.19 piece/m

	
2.0




	
Micro-

	
20–82

	
0.02–1.43 mm

	
7–19 μm

	
0.85 piece/mm




	
KS9

	
7438–7580

	
Macro-

	
64–81

	
0.03–0.20 m

	
0.23–0.55 mm

	
0.24 piece/m

	
2.5




	
Micro-

	
12–85

	
0.06–0.73 mm

	
3–10 μm

	
0.82 piece/mm








1 Typical wells are chosen to be shown in table instead of all the data, for space consideration. 2 The linear density of macro-fractures was calculated using 100 m cores per well, and the micro-fracture linear density is calculated using 100 view sheds per well; specific method is shown in Section 3.2.1.
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