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Abstract


Faults have complex internal structures, which can be divided into the fault core and the damaged zone. During the fault formation process, the damaged zone will develop a large number of fractures cross cutting the adjacent host rocks, where the size and density of fractures would decrease as a function of distance from the fault core. Statistics show that compared with the host rocks, the rock’s secondary porosity may significantly get improved until it is 5%–10% higher than the host rock’s, and the permeability could be increased from zero to six orders of magnitude higher where fractures are developed. Based on the distribution of the fault core and damaged zone, we established an idealized geologic model to analyze the influence of the fault associated microstructures on the fluid flow efficiency. The results demonstrated that the reservoir property will be effectively improved when the fractures are developed to a certain magnitude, which will provide an advantageous conduit for fluid flow. The physical properties of wells are significantly different between the reservoirs transformed by the fractures and the reservoirs that have not been affected. The reservoir unit near faults has been modified by the associated fractures improving the reservoir quality. In addition, the portions of the reservoir farther from the fault core are less influenced and retain their initial poor characteristics. In order to evaluate the enhanced reservoir properties caused by faults and associated fractures, we performed statistical analysis of valid porosity ratio of the Nantun reservoirs as a function of the distance from 49 wells to faults in the research area. The results of this study demonstrated that connected fractures enhance the properties of the reservoirs and there is a distinct range that separates oil producing wells and water producing ones. This phenomenon verifies that faults are important and must be considered carefully during the exploration and production for hydrocarbon to provide higher quality reservoirs.
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1. Introduction


Fault zones are the main products of diastrophic activity, and they play an important role in rock mass deformation and fluid flow. In petroleum exploration and development, faults can become migration pathways, barriers or a combination of both. The presence of faults increases the risk factors associated with hydrocarbon drilling, exploration, and production. Previous research including structural and micro-structural analyses of cores, outcrop samples, well bores, and production data have been used to evaluate the fault zones and their internal micro-structures in hydrocarbon accumulation and production.



At sub-seismic resolutions, faults are generally defined as planes or surfaces with shear displacement discontinuities [1,2,3,4]. Whereas, most faults have a certain thickness and exhibit typical binary structures that consist of fault core and damaged zone [5,6,7]. Fault cores are shear bands that may include slip surfaces, tectonic lenticles, and fault rocks (fault gouge, fault breccia, cataclastic rocks, and shale smear) [5,8,9,10,11,12]. The thickness of fault core generally varies with the amount of fault displacement, from a few centimeters for sub-seismic faults to several meters for kilometer-scale faults. The damaged zone is a network of subsidiary structures (secondary faults, fractures, deformation bands, and dikes) that bound the fault core and may alter the permeability relative to the fault core and the undeformed host rocks. Kim (2004) divided damaged zones into tip damaged zones, wall damaged zones, and linking damaged zones, based on position within and around a fault plane. According to the differences in the properties of the rocks, particularly damaged zones, and host rocks, faults can be divided into two categories. The first category occurs in low porosity rocks, where deformation produces fault breccias and gouges in fault core, and a large number of fractures are developed in the damaged zone. The density of fractures will progressively decrease with increasing distance from the fault [7]. When the fracture density is consistent with the host rock’s fracture density, the damaged zone terminates. The second category happens when a fault develops in porous rocks (porosity is greater than 15%), that produces cataclastic rocks, and deformation bands are developed in damaged zones, that are formed by particles sliding or rotating and by particles being damaged by local compaction, expansion, or shearing [4,13,14,15,16,17,18,19,20,21]. Similar to the distribution characteristics of the fractures, the density of the deformation bands decreases with increasing distance from the fault, and the damaged zone will terminate when the density of fractures is the same as the host rocks [22,23].



The damaged zone and its microstructures represent a petrophysical anomaly belt in the reservoir rock compared to the host rock because the microstructures alter the properties of the rocks. In general, deformation bands are found in most siliciclastic sandstone reservoirs where they tend to have lower permeability than the host rocks [15,17,24,25,26]. Thus, they are considered by many to prevent the flow of fluids during oil migration [25,26,27,28,29,30,31]. In contrast, fractured reservoirs appear to have better petrophysical properties than host rocks when the fractures are opened. Conversely, once the fractures have been closed or cemented, they will no longer improve the reservoir’s petrophysical properties. The interconnected fractures usually form the fluid migration channel [32,33,34].



The displacement and thickness of fault zones are generally positively correlated [35,36,37]. This represents a growth trend, i.e., a small fault will gradually broaden with increasing displacement [36,38,39]. Childs et al. (2009) showed that the damaged zone around a fault can reach approximately 1000 m when the fault has a 100 m displacement, which indicates that a large number of microstructures are developed in the fault trap and the reservoir has been strongly altered.



Unconventional oil and gas reservoirs have become the primary focus of the energy industry, but great challenges facing oil and gas exploration and development in China. Faults in low porosity reservoirs are the main factor in oil production, through transforming reservoir quality. Therefore, efforts to identify high quality reservoirs and guidelines for more efficient exploration and development of such petroleum traps should be established. Although the importance, in practice, proving that faults and their associated microstructures have a significant influence on fluid flow in petroleum reservoirs is difficult. This is related to our limited knowledge of sub-seismic structures within low porosity reservoirs. Such as where these microstructures are developed and what their petrophysical properties are. Are they distributed and arranged in a regular pattern? How much do they contribute to the hydrocarbon migration?



In this paper, we will use the Nantun Formation sandstones in the Tanan Depression of the Hailar-Tamtsag Basin as an example to investigate the mechanisms of fault deformation in low-porosity reservoirs, to investigate the regularities in distribution of microstructures, and the types of microstructures associated with faults. Furthermore, their transforming effect on low-porosity reservoirs based on field observation, petrophysical characteristics of wells, mathematical calculations, and fluid-flow simulations are presented as well. This study will provide us some insight into the role of faults in enhancing reservoir quality and flow in a major sandstone formation and a source of hydrocarbons in China.




2. Geologic Setting


The Tamtsag Basin is located in the eastern part of Mongolia, and extends to the northeast into China. It belongs to the same basin as Halaer Basin in northern China; where they have a uniform tectonic setting and basin evolution process [40,41,42,43,44]. The Hailar-Tamtsag Basin is a Meso-Cenozoic continental rifted basin superimposed on the Mongolia-Hinggan orogenic belt [40,45,46]. It has experienced five periods of evolution: the residual basin period, the initial rifting period, the intense rifting period, the fault-depression transformation period, and the post-rifting period [45].



The Tanan Depression is a NE-trending secondary tectonic unit of the basin that is faulted to the east and overlaps the Tamtsag Basin to the west [45,47,48,49]. The depression is mainly composed of a series of half-graben depressions controlled by a NE-dipping normal fault. It can be divided into the western slope, western sub-sag, western buried-hill faulted zone, central sub-sag, central buried-hill faulted zone, eastern sub-sag, and eastern fault nose [50,51] (Figure 1).



The Jurassic-Cretaceous system is the main sedimentary body in depression, the strata in the depression are divided into the Lower Cretaceous basement, TongBomiao, Nantun, Damoguaihe, and Yimin Formations, and the upper Cretaceous, Palaeogene, and Neogene Qingyuangang Formation (Figure 2). The depression underwent multi-stage tectonic deformation in the initial rifting period, which is equivalent to the deposition period of Tongbomiao Formation. In this stage faults began to form, but the size of faults and the throws were not large, which formed an obvious uplift and erosion that resulted in T3 angular unconformity. Subsequently, the depression entered the intense rifting period, while with the strong fault activity, fault size and fault throw significantly increased. Finally, at the end of this period, tectonic uplift made partial truncated unconformity in the T22 interface [51,52]. In Damoguaihe Formation and early-middle Yimin Formation, only a few faults were active, then strong tectonic deformation occurred again in the end of Yimin Formation, that led to the reactivation of rift faults and then formed new faults.



The hydrocarbons in the depression are mainly distributed in the formations during the rifting period. The research area has two sets of regional caprocks, namely, the argillaceous rocks (contain the tuff) in the upper of Nantun Formation and the argillaceous rocks in the Damoguaihe Formations. The complicated tectonic framework of the Tanan Depression controls the provenance and orientation of the lithologic bodies, resulting in high sedimentation and unloading rates. The reservoir’s thickness, lithology, physical properties, and sedimentary facies vary throughout this area. The basin has abundant low porosity reservoirs, which have undergone commercial oil and gas development. These reservoirs are located in the basement, the Tongbomiao Formation, Nantun Formation, and Damoguaihe Formation. The oil and gas mainly come from the source rocks in the upper and middle of first member of Nantun Formation.



The main focus of this study is the first member of the Nantun Formation. In this period, the lake basin expanded and deepened, resulting in a change in the sedimentary environment. The depression developed a relatively complete depositional system including lowstand, lacustrine transgressive, and highstand system tracts [53]. Some near provenance fans developed, and distribution of superposition vertically, which is the main oil and gas bearing reservoir unit in the area and contains complex polycyclic lithologic intervals of interbedded sandstone and mudstone. The reservoirs are generally coarse-grained and poorly sorted, and the pores are mainly secondary pores such as intergranular dissolved pores. The oil shales, argillaceous limestones, and black mudstones at the top of the first member of the Nantun Formation are the main source rocks. They are 150–450 m thick and the hydrocarbon-generation area is greater than 700 km2. This dense layer forms an effective seal for the oil and gas.




3. The Fault Deformation Mechanism and Associated Microstructures


3.1. Fault Deformation Mechanism


The factors influencing the fault deformation mechanisms are both internally generated (lithology, mineral content, diagenetic stage, porosity, and permeability) and externally generated (temperature, pressure, and deformation depth) [20,54]. Previous studies have concluded that significant brittle deformation occurs in sandstone with porosity greater than 15% when the normalized confining pressure is less than 0.25 MPa and the fault permeability is constant or slightly reduced. When the normalized confining pressure is greater than 0.25 MPa, the sandstone is in the brittle-plastic transition stage and the fault permeability is significantly decreased. When the normalized confining pressure is less than 0.25 MPa and the porosity is less than 15%, the sandstone undergoes significant brittle deformation and fault permeability increases. Therefore, porosity of 15% is considered as the threshold between high porosity and low porosity zones in the sandstone [20]. Based on the porosity of the rocks, they can be divided into three groups. The first is high porosity rock, which Fisher et al. (2003) classified as having porosity greater than 15%. These include several different types of sandstones. The second is low porosity rocks, which have a porosity of less than 15% and mostly include conglomerate, sandstone, and argillaceous rocks in the over-consolidated diagenetic stage. The third is non-porous rocks, which usually have a porosity of less than 5%, such as carbonate rocks, volcanic rocks, and metamorphic rocks. However, not all deformations are brittle. Carbonates and silicalites are generally brittle rocks. Sulfates and halides are brittle in the shallow burial period, but they are generally plastic after deep burial. Volcanic rocks in the invasion and eruption phases are in a molten state, so fault deformation does not usually form a clear fault zone in these rocks.



Rawling et al. (2003) concluded that during the early solidification stage, high porosity sandstone has an granular/particulate flow deformation mechanism, which is caused by particles rotating and rolling during grain-boundary frictional sliding. This results in the rearrangement of particles to form disaggregation bands [55,56]. The disaggregation zone can be further divided into the dilational band and compressive band. The dilational band is related to abnormally high pore fluid pressures, which is characterized by an increase in volume, and the porosity and permeability being significantly increased. In contrast, the compressive band has relatively poor properties compared to the host rocks. The disaggregation zone has little effect on the reservoir properties and some disaggregation zones become channels for the vertical fluid migration. In the post-solidification stage, the mechanism of fault deformation is cataclasis, which occurs when the frictional sliding of grain boundaries causes the grains to rotate and roll, resulting in the cataclastic flow and forming the cataclastic bands [14,20,57,58,59] (Figure 3a). Cataclastic bands widely develop in the damaged zone and have mineral composition similar to the host rocks. The grain size of the bands decreases to microscopic sizes and the sorting becomes poor. The thickness of a single cataclastic band is few millimeters and they are inhomogeneous along the strike and dip. The thickness of a cataclastic band cluster can be as large as few centimeters or few decimeters.



The mechanisms of fault deformation in low porosity and non-porous rocks is different from that in porous rocks. The mechanism of fault deformation in low porosity rocks is fracturing when the burial depth is less than 3 km, which results in the generation of many intragranular cracks in the rocks, forming the incoherent fault breccia and fault gouge. In general, this fault zone is characterized by “inflation”, i.e., the permeability increases with the generation and opening of fractures [20,54]. As the fractures develop further, at a burial depth of greater than 3 km, frictional sliding occurs along the fractures as the broken granules roll, resulting in cataclastic flow deformation forming fault gouge, cohesion fault breccias, and cataclastic rocks (Figure 3b). In particular, the fault gouge zone has relatively lower permeability. Due to the relaxation and release of stresses [4,54], the deformation of the fault in the lifting stage after the consolidation diagenetic stage produces large numbers of fractures, creating a fault core that consists of incoherent fault breccias and fault gouge, which is a permeable fault zone. In addition, the overpressure and temperature also have a certain impact on the fault deformation. The effect of the confining pressure decreases with the injection of overpressure fluid along the fault zone, even though the deformation depth is still deep. This will cause an expansion in the fault breccias. In tight sandstones, the deformation of the fault zone leads to quartz pressolution-cementation and forms a sealing fault zone when the geothermal temperature is higher than 90 °C. One of the important factors determining whether low porosity rocks can serve as an effective reservoir is the degree of development in the damaged zone.




3.2. Fault Associated Microstructures


Microstructures formed by the deformation of high porosity rocks in the deformation zone, can be divided into three categories: the disaggregation band, the cataclastic band, and the pressolution-cementation cataclastic band in the early solidification, post-solidification, and over-consoildated diagenetic stage, respectively [14,20,26,54,55,56,57,58,59]. The appearance of the disaggregation bands usually would have lighter color than the host rocks and the particle size has no obvious change in the bands. Due to the rotation and rolling of the particles, the particles show obvious directional arrangement and their porosity and permeability have minor changes compared to the host rocks. Cataclastic bands are formed in a variety of tectonic environments, and their appearance is usually rib form. On the micro level, it can be seen that the size of particles decreases, the sorting becomes worse, and the porosity and other physical properties are significantly inferior than the host rocks. When depth of burial is more than 3 km, the subsurface temperature would be more than 90 °C, and the quartz pressolution would occur in the cataclastic bands and form the solution bands.



Fault deformation in low porosity rocks is less affected by the diagenetic stage. The deformation structures in the shear zone are primarily fractures [60,61], such as extensional, shearing, and pressolution fractures [4], with micro-fracture connections and macro-fracture reactivation that leads to the formation and propagation of the fault [62]. The regulation of fracture development in the shear zone conforms to the Riedel theory; fractures cut through the rock creating fault breccias, and with continual shearing, faulted breccia is gradually transformed into a fault breccia induced fault gouge [63]. The stress field on both sides of the fault is produced by the primary fault derived fractures cutting the host rock, thus forming the damaged zone [5]. Regardless of cementation and diagenesis, the damaged zone has a higher permeability than the host rocks because of the existence of fractures. The fractures in the damaged zone generally have the following characteristics: (1) the density of fractures will progressively decrease with increasing distance from the fault core. When the fracture density tends to be consistent with the regional fracture density, it marks the termination of the damage zone; (2) according to differences in fracture development in the two plates, the damaged zone can be divided into two types: symmetrical and asymmetrical. In a symmetrical damaged zone, the density and size of fractures are the same on both plates. In an asymmetrical damaged zone, the fracture density is larger and wider in the hanging wall than in the footwall. Most damaged zones observed in our field investigation were asymmetrical; and (3) there are differences in the degree of development of the fractures in the plastic strata compared to the brittle strata. Fractures in the brittle strata are developed within a wide damaged zone, while in the plastic strata the fractures are not well developed, and most of them are small folds and drag structures.



The first member of the Nantun Formation is the main reservoir in the Tanan Depression. The reservoir lithology is mainly lithic sandstone [51], with a low porosity of 5%–20% and poorly connected pore space resulting in permeability of less than 10 mD, making it a low-medium porosity and ultra-low permeability reservoir [43,45,47,51]. The reservoir belongs to stage A of the middle diagenesis phase, the burial depth of which is generally less than 3 km. According to the fault deformation law, the fault core should develop incoherent fault breccia and fault gouge, and the damaged zone should develop numerous fractures.



Field studies in Hulunbeier City are used in this paper to investigate the fault zone and associated fractures in the Tanan Depression. The outcrop is located on the southwestern side of a road that is 1 km from Human Highway in Hulunbeier City. The outcrop contains dark grey silty mudstone and tuffaceous sandstone of the Nantun Formation with a sand-shale ratio of more than 54.8%. The exposed fault throw observed in the sandstone is about 0.7 m (Figure 4a). The fault core is filled with a large amount of fault breccia interspersed with host rocks with a maximum thickness of 40 cm (Figure 4c). Sampling analysis shows that there is no cohesive force within the fault breccia and the percentage of fault rock in the core is extremely low, indicating lack of fault ability to lithify into a cohesive unit. In addition, on both sides of the fault, many fractures have developed in the host rock adjacent to the fault and the density of the fractures decreases gradually with increasing distance from the fault core (Figure 4d).





4. Fractures and Their Influence on Fluid Flow


4.1. Petrophysical Properties of Fault Zones


Fault zones are composed of fault core and damaged zone. In low porosity rocks, the fault core is composed of the incoherent fault breccias, cohesive breccias, cataclasites, gouge, structural lenses, and sliding surfaces. The fault’s damaged zone develops numerous fractures, which are often defined as anomalous areas of petrophysical properties because of the post-depositional alterations of the rocks. Studies show that the porosity of the incoherent fault breccia is 2%–5% higher than the host rocks, and the permeability is 1–4 orders of magnitude higher [52,64]. The porosity of the more deformed part of the damaged zone is 5%–6% higher than the host rocks, and the permeability is 4–6 orders of magnitude higher. The porosity in the less deformed part of the damaged zone is 2%–6% higher than the host rocks and the permeability is 1–6 orders of magnitude higher. When the deformation depth exceeds 3 km, the damaged zone will develop cohesive cataclastic rocks and ultracataclasite, which have higher porosity and permeability than the host rocks [52,64].



Up to date, most literature has focused on the effect of the fractures on reservoir quality, but little attention has been paid to the controlling effects of fractures on fluid flow. In this paper, the influence of the fractures on the fluid flow efficiency is calculated using the formula deduced from the mathematical theory described in the following section.




4.2. Mathematical Modeling and Result


The highest concentrations of deformation in faulted low porosity rocks occur in the fault damaged zone close to the fault core. We will consider here a simple but realistic example that includes a producer and injector (Figure 5) based on a mathematical framework describing linear, single phase flow in non-porous to low porosity rocks with fractures. This model cannot exactly represent the real production status of existing wells because well production depends on several variables that are not considered here, such as stratigraphic thickness, characteristics of faults, and well conditions. Though, the purpose of our model here is simply to highlight the fractional increase in productivity as a result of increased average permeability between the injector and producer, which is caused by the presence of fractures. Therefore, the results of our modeling is not an exact representation of the field but sufficient for the purposes of this study.



In our simplified model, Figure 5 represents a typical low porosity sandstone reservoir with a horizontal injector placed 100 m from a fault at the boundary of the damaged zone and a producer placed very close to the fault core. The width of the model is 10 m. A large number of fractures are distributed between the injector and producer. The pristine, low porosity host sandstone is taken to be 1 mD. We assume that the flow is linear, and the fractures are infinitely long, extending across the entire sandstone layer with constant thickness and other properties with an average thickness of about 1 mm.



The influence of fractures on fluid flow depends on the number of fractures and permeability of the damage zoned. Thus, flow efficiency (FE) was calculated with trial and error of using different values for permeability of fractures in the damaged zone, calculated as Qd/Qp. In this model Qd and Qp are the fluid discharge of the host rocks with fractures and the primary host rock without any fractures, respectively. Q is calculated using Darcy’s law as follows:


  Q = K A    H 1  −  H 2   L  = K A I ,  



(1)




where Q is the flow discharge, K is the permeability, A is the cross-sectional area, H1 and H2 is water head, L is the fluid flow length, and I is the pressure gradient. K is calculated as follows:


  K =   ρ g  μ  k ,  



(2)




where k is the permeability, ρ is the liquid density, g is the gravitational acceleration, and μ is the viscosity. K is positively correlated with the permeability k.



The flow efficiency is the ratio of the fluid discharge in the deformed reservoir with fractures to the fluid discharge in the primary reservoir without any fractures. This ratio can be calculated as follows:


     Q d     Q p    =   n  k f   A f  +  k h  (  A h  − n  A f  )    k h   A h    ,  



(3)




where Qd is the fluid discharge in the deformed reservoir with fractures, Qp is the fluid discharge in the primary reservoir without fractures, n is the number of fractures, kf is the permeability of the fractures, kh is the permeability of the host rocks, Af is the cross-sectional area of the fractures, and Ah is the cross-sectional area of the host rocks without fractures.



Figure 5 is a dimensionless plot where the rising tendency of flow efficiency is related to the ratio of fracture permeability to host rock permeability. Although the model shows different numbers of fractures, the mathematical calculation is independent of the internal position and distribution of the fractures. Reservoir permeability is the joint contribution of host rock permeability and fracture permeability. The results show that the flow efficiency is more significantly increased when the permeability of the fractures in the damaged zone is two orders of magnitude higher than the host rocks (kf/fh > 100) (Figure 5). For the kf/fh = 100, the enhanced flow efficiency can be seen to be 1.5 when the number of fractures reaches 50. As the permeability ratio increases, the flow efficiency increases too. This phenomenon indicates that the fractures have a significant effect on the fluid flow in low porosity reservoirs.





5. Discussion


5.1. Limitations of the Mathematical Modeling


As mentioned above, we showed that the fractures in the damaged zone effectively would enhance fluid flow in the reservoir, and we used our mathematical model to calculate the fluid flow efficiency of the fractures in low porosity rocks. The fractures in the model have higher permeabilities than the host rock, and their distributions are uniform and their cumulative thickness is higher than what was observed in the field. It should be emphasized that the model presented here is based on single-phase fluid flow and under simplified conditions, which means that the conclusions cannot be used for two-phase or multi-phase fluid systems.



Regardless of the complications caused by multi-phase flow, we demonstrated that fractures significantly increase permeability when a good number of fractures reach a certain size, and they can contribute to hydrocarbon migration. However, the limited connectivity of these fractures can have counter effects. In theory, we focused on fractures subparallel to the fault, which will serve as channels for hydrocarbon flow while field studies [65] and core analyses [28] show that microstructure orientations can be very complex, and those subparallel to the fault or conjugate directions tend to dominate. However, it should be noted that individual fractures have little impact on the effective permeability of the reservoir. They only could have an effect when fractures with various orientations are connected, causing the permeability to increase 10–1000 times than the host rock [66]. Hence, the three-dimensional connectivity of these fractures is the limiting factor on fluid flow efficiency. The degree of development and connectivity of the fractures not only influence the seepage of fluids in the fractures, but also play an important role in maintaining high and stable production, reservoir protection, and in enhancing the reservoir’s properties. Fractures have been found in most if not every faulted low porosity reservoir where cores were available for inspection. In Xujiaweizi Depression of Songliao Basin, thousands of fractures are identified in cores and outcrops, basically all located in the fault zones [23]. Micrographs and other petrophysical information from the cores prove that fractures enhanced reservoir storage space and fluid flow properties [23].



Although the model has some limitations, it can support our views to a certain extent. To further demonstrate the transformation of fractures on low porosity reservoirs, we selected reservoir physical properties data from two representative wells (Figure 6). This data was all derived from the cores (Table 1). The first well is shown as well 19–34 in Figure 6e, located adjacent to the fault, and the second one is well 19–94 in Figure 6e which is located far from the fault. Through comparison of well data (Figure 6a–d), a major discrepancy in petrophysical properties of the wells are found. The reservoirs near the fault show deformation characteristics from the resultant fractures, which has enhanced reservoir quality. Whereas, the reservoir units farther from the fault show a little deformation and the host rock retains its poor properties (Figure 6a–d).




5.2. Influenced Range of Fractures in Low Porosity Reservoirs


Based on earlier discussion, we concluded that faults in low porosity rocks are mainly causing brittle deformation and forming a high permeability fault zone [4,54,60,67]. During the formation of faults, the damaged zone develops numerous fractures intersecting the host rocks during the formation of faults. The uncemented fractures in the damaged zone have a positive impact on properties that promote hydrocarbon accumulation and migration.



In the passive rifting stage of the Tanan Depression, a large number of faults developed in the first member of the Nantun Formation. Exploration results illustrate that the distribution of oil and gas accumulations are controlled by faults placement. Based on our theoretical analysis and mathematical approach, we know that the oil-bearing properties of the reservoirs are related to the distance between well and the fault, due to the transformation of the reservoir by the fault. In order to confirm the relevance of our conclusion and evaluate the limit of the reservoir affected by a fault and its associated fractures, we counted the proportion of first member of Nantun Formation with the preponderance porosity and the distance from wells to faults about the 49 wells in the study area.



In this process, preponderance porosity is obtained by comparing the measured properties from two types of single-well reservoirs, and it can be seen that the porosity of wells adjacent to the fault are generally greater than 10%, while the wells far from the faults are generally less than 10%. So it was argued that 10% is the lowest limit of the preponderance porosity for hydrocarbon production (Figure 6a,b). The oil and gas production probability is controlled by the proportion of reservoirs in rocks with the preponderance porosity, where statistical analysis shows that the proportion of wells with the preponderance porosity decreased with increasing the distances from wells to faults. We determined an effective critical distance of about 571 m for reservoir positive influence by the fault zone. When the distance from the well to the fault is less than 571 m, the proportion with the preponderance porosity (greater than 10%) is more than 36.3% and the reservoirs are mostly economically producing. The fractures effectively improved the reservoir properties and provided advantageous conditions for hydrocarbon economic accumulation. When the distance is larger than 571 m, the fractures have little effect on the reservoirs, which are almost water producing or a large water-oil ratio making then uneconomic (Figure 7). This phenomenon qualitatively indicates that the fracture connectivity in reservoirs near faults is better, and the fracture connectivity decreases with increasing distance from the fault.



Based on core observations, most of the fractures are present in fault zones. We calculated the fracture density of the drill cores and the distance from wells to faults, while fracture density becomes unchanged around 500 m (Figure 8). The width of the damaged zone is typically affected by the scale of faults, which includes laterally extended length and throw of the main fault plane. Previous studies show a relationship between the amount of accumulated fault slip and the thickness of the core zone [68,69]. Due to the abnormal properties and fracture density, the effective range of reservoir alteration determined might be equivalent to the width of the fault damaged zone. However, this method is based on a statistical approach, and it may contain errors due to data limitations and uncertainties. The extent of the reservoir that is altered by faulting is not completely due to the faults, and other important components such as the palaeo-environment (pressure and temperature), tectonic activity and strata lithology, can cause the actual width of the damaged zone to be less than 571 m. In addition, the lithology of the Nantun reservoirs is dominated by lithic sandstones and lithicarkosic sandstones, and its composition, structure, and maturity are low. The reservoir’s interstitial material is mainly carbonate and mud with authigenic clay minerals (kaolinite, chlorite, etc.). A truncated unconformity has developed at the top of the Nantun formation because of multi-stage tectonic activity in the depression. During the depressions’ geologic evolution, the sedimentary strata were exposed to the surface due to crustal activity, causing deposition to be interrupted and the exposed strata to be eroded. Atmospheric water infiltration along the unconformity and fractures caused the feldspar, clay minerals, and carbonate cements to dissolve forming the secondary pores and improving the properties of the reservoirs (Figure 9). Furthermore, the overpressure in reservoirs may make the fractures occur periodically to be open or closed, which can further impact the properties of reservoir. Thus, the overall improvement of the properties of the reservoir is due to the interaction of the fractures and atmospheric water leaching as well.





6. Conclusions


Faults in low porosity rocks mainly cause brittle deformation and result in the formation of high permeability fault zones. A large number of fractures is expected to develop in the damaged zone during fault development and effectively improve the reservoir properties compared to the host rocks. Based on previous studies and field observations in Hulunbeier City and fault cores, we concluded that the fracture density decreases with increasing distance from the fault core. According to the distribution of the faults and fractures in the damaged zone, we used a mathematical model to simulate the effect of the faults and fractures on fluid flow. The mathematical model indicated that the faults and associated fractures enhanced fluid flow efficiency when the permeability of the fractures is two orders of magnitude higher than the host rocks. By analyzing the reservoir properties and the hydrocarbon bearing probability in 49 wells in the Nantun Formation, we determined that the effective alteration extent of a fault is 571 m. This effective alteration extent may not be only due to the damaged zone and fault activity. We proposed that the palaeo-thermal pressure of the environment and the palaeo-atmospheric water composition may affect the damaged zone as well. In this case, the fractures within a damaged zone that encompasses a reservoir are believed to enhance the productivity of the wells.
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Figure 1. Geographical map and structural outline of the Tanan Depression. (a) The basin location in China. (b) The study area and tectonic units of Hailar-Tamtsag Basin. (c) The faults, well locations and oil-bearing area in Tanan Depression. 
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Figure 2. The comprehensive stratigraphic column of the Tanan Depression. 
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Figure 3. The pattern of fault zones in consolidation diagenesis reservoirs, (a) porous reservoirs, and (b) non-porous to low porosity reservoirs. 
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Figure 4. The field profile of the Nantun Formation in the Tanan Depression, (a) the exposed fault in the field, (b,c) fault core with fault breccia, and (d) the density of fractures in the damage zone. 
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Figure 5. Relationship between the ratio of fractures to host rock permeability and fluid flow efficiency in low porosity rocks. 
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Figure 6. Comparison of the properties of reservoirs in the Tanan Depression, (a,b) are the reservoir porosities in the two types of wells one close to the fault and altered by fractures and the other one far from the fault with the same quality as the host rock, and (c,d) are the reservoir permeabilities that correspond to experimental points in figure (a,b), respectively. The colored dots are measured porosities and permeabilities in individual wells. Numbers i.e., 19–34 represent the well number and the number in parenthesis (i.e., 179 m) is the distance from the faults; (e) is the typical seismic profile of oil trap to show the position of the two types of wells with respect to one another, and (f) is the fault core from the well 19–34 showing an altered reservoir quality. 
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Figure 7. The relationship between the preponderance porosity of the reservoirs and the distance from a well to a fault for 49 wells in the Tanan Depression. 
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Figure 8. Relationship between fracture density and distance to fault. 
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Figure 9. The transformation mode of atmospheric water leaching along faults into the reservoirs. (A) at the beginning of the fault formation process; (B) a larger number of fractures have formed in damage zones and cross cutting the grains and enhanced the permeability of reservoirs; (C) the atmospheric water inject the reservoirs along the unconformable surface, fault and fractures, and dissolve the cementation to enhance the preponderance porosity for hydrocarbon; (D) the hydrocarbon migrate along fault and fractures and accumulate in porosities. (a–h) are the microscopic pattern of reservoirs. 
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Table 1. The properties data from drill cores in Tanan Depression.
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	Well
	Sample Depth/m
	Distance to Fault/m
	Porosity/%
	Permeability/mD





	19–34
	1540–1761
	179
	4.2–27.4
	0.02–4093



	19–40
	1635–1662
	100
	6.1–27.1
	0.04–168



	19–3
	2396–2420
	148
	6–20
	0.01–450



	19–24
	1944–2068
	209
	7.6–24.3
	0.03–6.81



	19–25
	2064–2070
	225
	1.3–25.1
	0.01–715.6



	19–30
	2036–2051
	225
	4.4–25.3
	0.03–2681



	19–35
	2167–2170
	320
	12.7–18.3
	0.17–9.77



	19–45
	1830–2068
	219
	5.9–21.3
	0.03–61.4



	19–65
	1956–2093
	200
	9.7–23.2
	0.1–255



	19–67
	1609–1616
	84
	16.6–23.5
	0.43–1221



	19–69
	2072–2168
	106
	3.7–19.7
	0.85–14



	19–94
	2485–2491
	2873
	4–9.3
	0.01–0.2



	19–13–1
	2174–2196
	991
	6.5–12.7
	0.03–0.17



	19–26
	2556–2563
	654
	5.6–9.5
	0.02–0.11



	19–29
	2136–2346
	900
	2.7–17.6
	0.01–148



	19–48
	1968–1985
	1575
	3–11.3
	0.01–0.17



	19–55
	2787–2821
	1195
	1.6–10.5
	0.01–0.37



	19–56
	2559–2817
	1537
	2–10.2
	0.01–1.09
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