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Abstract

:

The Longdong area in the Ordos basin is a typical fluvial reservoir with strong heterogeneity. In order to clarify the distribution law of underground reservoirs in the Longdong area, it is necessary to establish and optimize a 3D geological model to characterize the heterogeneity of reservoirs. This is of great significance for accelerating the exploitation of tight sandstone gas in the southwest of the Ordos basin. This study takes the P2h8 member of the Ct3 research area in the Longdong area as an example, analyzes the core and logging curve shape to divide the sedimentary microfacies, and establishes the facies model. In particular, in view of the difficulty in obtaining 3D training images under the existing conditions in the study area, we use the multi-point geostatistics method combining sequential two-dimensional condition simulation and the direct sampling method to establish the facies model. This method can simulate the 3D geological model by using the 2D training images composed of the digital plane facies diagrams and the well-connection facies diagrams. In addition, we choose the object-based method and sequential indicator method for comparative experiments to verify the feasibility of this method (sequential two-dimensional condition simulation combined with the direct sampling method) from many aspects. The results show that the multi-point geostatistics method based on 2D training images can not only match the well data, but also show the geometric characteristics and contact relationship of the simulation object. The distribution characteristics of sandbody thickness and modeling results are consistent with the actual geological conditions in the study area. This study explores the feasibility of this method in the 3D geological simulation of large-scale fluvial facies tight sandstone reservoirs. Additionally, it also provides a new idea and scheme for the modeling method of geologists in similar geological environments.
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1. Introduction


Tight sandstone gas is the main type of unconventional natural gas and plays an increasingly significant role in the energy structure [1,2]. Usually, the gas in a tight sandstone reservoir with a permeability of less than 0.1 mD and porosity of less than 10% can be referred to as tight (sandstone) gas [3]. Most scholars use N2 and CO2 adsorption experiments to obtain microscopic parameters of tight rock, including shale with a nano pore structure [4,5,6]. Because the occurrence state and migration mode of unconventional oil and gas are greatly different from those of conventional oil and gas, it brings gigantic challenges to oil and gas production [4,7]. The Asia Pacific and the Americas are the main regions where tight gas is distributed, accounting for more than 60% of the global total resources [7]. Large tight sandstone gas reserves have now been developed in the United States’ San Juan basin and Canada’s Elmoworth basin [8]. China has also successively proved many tight sandstone gas reserves in the Ordos, Sichuan, Tarim, Songliao, and Bohai Bay basins, and the annual production of tight gas will reach 470 × 108 m3 in 2020 [7,9]. The gas reservoir in the eighth member of the Xiashihezi Formation (P2h8 member) of Permian in the Ordos Basin is the most successful example of tight sandstone gas exploration in China. At present, trillions of cubic meters of large tight sandstone gas reservoirs in Sulige, Wushenqi, and Yulin have been successfully explored and proven [10]. In recent years, natural gas exploration in the upper Paleozoic in the Ordos Basin has expanded southward. The P2h8 member in the Longdong area has now become a new area for natural gas exploration in the upper Paleozoic of the Ordos Basin [11,12]. Since the exploration of the tight sandstone gas reservoir in the Longdong area has only begun in recent years, its low well pattern density and low signal-to-noise ratio of seismic data make it difficult to effectively combine with logging data. Oil and gas field developers cannot meet the development needs due to their unclear understanding of underground geological conditions. Previous studies show that the P2h8 member in the Longdong area is a typical sandy braided river delta deposit [13,14]. Fluvial facies sand bodies are characterized by strong heterogeneity due to the frequent migration of river channels and multi-stage superposition in the process of sedimentation. In order to effectively reduce the risk of oil and gas exploration and development, there is an urgent need to use reservoir three-dimensional (3D) geological modeling technology to characterize reservoir heterogeneity and evaluate reservoir uncertainty [15,16].



There are numerous ways to perform 3D geological stochastic modeling, but they can be broadly classified into two types: One is object-based simulation and the other is pixel-based simulation. Among many methods, the methods used for the stochastic simulation of sedimentary facies mainly include marked point process, sequential indicator simulation (SIS), truncated Gauss, multi-point geostatistics (MPS), etc. [15,16,17,18,19,20]. Each random modeling method has its own applicability. The traditional modeling method has achieved good results in the simulation of sedimentary facies in some research areas, but it also has some limitations. At the same time, MPS has developed rapidly by combining the advantages of object-based and pixel-based methods. This method can better simulate highly heterogeneous fluvial reservoirs in practical applications and has been widely promoted and applied in recent years [21,22,23,24]. The key point of the multi-point geostatistical modeling method is to use a training image (TI) to show the distribution regularity of various parameters of the target reservoir in 3D space. How to obtain 3D TI is an important factor. Some scholars use the combination of well and earthquake and dissection in the dense well pattern area to restore the true situation of the reservoir [25,26,27,28]. However, high-quality seismic data are often only available in offshore oil fields, which can provide a good data basis for the study of TIs, so as to obtain a 3D TI that can reflect the characteristics of underground reservoirs [29]. Furthermore, the object-based method can be used to create the 3D TI. However, this method has limitations in producing TI with complex reservoir distribution rules and is difficult to show complex geological entities. In view of the difficulties in obtaining 3D TIs, many scholars try to directly use 2D TIs to build a 3D model.



Okabe used MPS based on 2D Tis to generate realistic 3D pore space to predict the multiphase flow in geological real porous media [30]. The actual underground geological spatial structure is complex, with certain continuity on the whole and unique characteristics in its parts. The underground situation is more heterogeneous. In order to realize the 3D construction of underground space structure attributes, Comunian proposed a sequential two-dimensional conditional simulation (s2Dcd) method [31]. This method can use two (or more) 2D TIs to reproduce complex geological patterns, which significantly improves the reconstruction of heterogeneous structures. The s2Dcd method has a good simulation effect when the conditional data are sparse. However, as the number of simulations increases and the conditional data become denser, the simulation effect will gradually decline. Direct sampling (DS) is a style-based multipoint modeling method proposed by Mariethoz and Renard in 2010 [32]. The DS method performs well when the conditional data are dense. However, due to the lack of limitations in the conditional data, the simulation performance of DS gradually deteriorates at locations remote from the conditional data. This method directly uses the similarity between data events to judge the simulation process. It can increase target continuity and conserve computer memory because there is no need to create a search tree in advance. The DS can compensate for the s2dcd method’s drawback, which is that when the conditional data are dense, the simulation target’s continuity becomes worse due to too-strong restrictions. In 2017, Gueting used Mariethoz’s improved DS algorithm combined with the s2Dcd method to conduct 3D simulations based on multiple 2D TIs [31,32,33]. This method combines the advantages and disadvantages of DS and s2Dcd in different simulation stages and improves the simulation effect of groundwater aquifer heterogeneity. In recent years, the 3D model construction technology based on 2D TI has achieved some application results in the field of MPS. The Longdong area is in the early stage of exploration, with low well pattern density and no high-precision seismic data. The distribution of underground sedimentary microfacies is unknown. Moreover, there is no comparable outcrop around the study area, so it is impossible to generate 3D TI by combining well and earthquake or object-based methods. It will be difficult and time-consuming for geologists to manually quantify the description based on the information on the well. However, the manual drawing of 2D TI is convenient and fast, and it can maximize geologists’ geological knowledge and experience with similar sedimentary blocks. Finally, the 2D TI in line with geological knowledge is obtained. Existing approaches for simulating 3D geological models using 2D TIs are mostly used to simulate the microscopic digital core pore structure and are rarely used to simulate large-scale fluvial oil and gas reservoirs. This paper takes the Ct3 research area as an example. The facies modeling adopts the MPS method of s2Dcd combined with DS. This method uses the digital plane sedimentary facies map and vertical well connection profile as 2D TIs to simulate the 3D model.



This paper applies this method to the simulation of a fluvial tight sandstone gas reservoir. In order to verify this method and explore the feasibility of this method in the actual work area, we also chose the most widely used facies modeling methods, including the object-based method and the sequential indication method to establish sedimentary facies models [34]. We compare and analyze the advantages, disadvantages, and applicability of the above methods from many aspects. With the wide application of facies control modeling, the accuracy of its sedimentary facies model will directly affect the reliability of the whole model [3]. Therefore, the establishment and optimization of a fine 3D geological sedimentary facies model provides a basis for the subsequent reservoir physical property model. This paper aims to use the 2D TI to simulate the 3D model and also better represent the underground geological conditions and provide a new feasible idea and scheme for modeling under similar geological conditions.




2. Geological Setting


2.1. Structural and Stratigraphic Characteristics


The Ordos Basin is in central China, spanning the five provinces of Shaanxi, Gansu, Ningxia, Shanxi, and Mongolia, which covers an area of approximately 25 × 104 km2 (Figure 1a) [3]. The Ordos Basin contains six tectonic units: Yimeng Uplift, Western Overthrust Belt, Tianhuan Depression, North Shanxi Slope, Western Shanxi Fold Belt, and Weibei Uplift (Figure 1b) [35]. It is a multistage cratonic basin. The main body of the Longdong area is situated on the North Shanxi slope, which is located in the southwest corner of the Ordos Basin. The structure is relatively stable [36,37]. The Ct3 study area is located in the Longdong area of the Ordos Basin. The Ct3 is approximately 1200 km2. The upper Paleozoic in this area is divided into Carboniferous Benxi Formation(C1b), Permian Taiyuan Formation(P1t), Shanxi Formation(P2s), Xiashihezi Formation(P2h), Shangshihezi Formation(P1h), and Shiqianfeng Formation(P3q) from bottom to top. The main target stratum of the Ct3 study area is the P2h8 member (Figure 1c). According to the stratigraphic division law, the P2h8 member can be subdivided into four small beds from bottom to top: h81, h82, h83, and h84. The average thickness of each small bed is approximately 10 m. The average depth of the reservoir in the P2h8 member is 3744 m underground. The porosity is distributed between 4% and 10%, and the permeability is distributed between 0.08 and 1.0 mD. The P2h8 member in this area belongs to a tight sandstone reservoir.




2.2. Characteristics of Sedimentary Microfacies


The Ct3 study area has 41 wells in total, including 8 coring wells. The average well spacing in the study area is 3000 m. All drilling wells have conventional logging curves with spontaneous potential (SP), gamma ray (GR), caliper log (CAL), acoustic (AC), neutron (CNL), density (DEN), true resistivity (RT), and induced conductivity (COND). These data are used to obtain the structural and stratigraphic framework and provide the basis for facies modeling. The total length of the P2h8 member cores sample is approximately 300 m. There are 634 core photos in the P2h8 member, which is particularly important for identifying the sedimentary microfacies in the study area. The sedimentary facies type of the P2h8 member in the Longdong area is a braided river delta, which has been the consensus of many scholars [14,38,39,40]. Identifying the type, color, and bedding structure of rocks from cores can directly recognize and preliminarily judge the sedimentary environment [41,42]. The reservoir sandstone of the P2h8 member is mainly composed of quartz sandstone and lithic quartz sandstone. Because the content of arkose is poor, it belongs to a high-energy environmental product far from the source [43]. It can be seen from the core obtained from the coring well that the sandstone is mainly gray and gray-white. The color of mudstone is mainly gray, but there are also gray-white and variegated mudstones. The sandstone type is mainly gravelly coarse sandstone and coarse sandstone. The clastic particles are in sub-round to sub-angular shape, with medium to bad sorting. Parallel bedding and plate-like bedding are widely developed in sandstone. This indicates that the sediment is transported with the water flow for a long time and the hydrodynamic force is strong. In addition, plant root marks were found in the core, which revealed that the sedimentary environment was a semi-oxidation and semi-reduction shallow water environment. There is no collapse or diapir structure that marks the delta front in the core. Finally, it is comprehensively determined that the P2h8 member of the Ct3 study area is a braided river delta plain. According to the electro-facies’ calibration, it is considered that there are three types of sedimentary microfacies in the area: Distributary channel, channel bar, and distributary interchannel. Figure 2 shows the division of sedimentary microfacies on a single well by taking well X in the study area as an example. The shape of the GR curve corresponding to the channel bar is a toothed and smooth box. The shape of the GR curve corresponding to the distributary channel is a toothed bell. The shape of the GR curve corresponding to the distributary interchannel is a toothed mudstone baseline. The established electrofacies template in this study area is applied to non-coring wells. The study of sedimentary facies is of guiding significance for the reasonable study of sandbody distribution. The researchers used heavy mineral analysis and clastic rock analysis to study the provenance of the Longdong area. According to the change rule of the mass fraction of heavy mineral components and their combination on the plane, it is found that the southwest of the Longdong area extends to the northeast with relatively “low zircon”, “high quartz + rock debris”, “low igneous rock debris”, and “dolomite rock debris development”, which generally reflects the southwest provenance characteristics The results of the studies indicate that the provenance direction is to the southwest [39]. According to the principle of dominant facies, the sedimentary microfacies plan of the P2h8 member in the Ct3 study area is drawn in combination with the source direction (Figure 3).





3. Methods


The establishment of the facies model is used to establish corresponding facies models according to different methods after defining the types and distribution characteristics of sedimentary microfacies (Figure 4). The main process includes the following steps: (1) Import well data and establish a 3D structural model; (2) establish facies models by three different methods; (3) the facies models established by the three methods are compared and discussed according to various methods. Here, we use “Petrel” software to establish the structural model and the sedimentary facies model.



3.1. Geologic Structural Modeling


The Ct3 study area covers an area of approximately 1200 square kilometers. Because the area of Ct3 is too large and the computer simulation speed is limited, it is not suitable to simulate the whole study area. We select a small area (6 km × 6 km) with a relatively dense well pattern in Ct3 as the block of this facies modeling study, which includes 11 wells (Figure 3). The 3D model is composed of 100 layers longitudinally, and the vertical grid accuracy is 0.46 m. The horizontal grid size is 50 × 50 m. The number of grids in the I, J, and K directions is 120 × 120 × 100. The total number of grids is 144,000. This model (Figure 5a) represents the current structure of the P2h8 member in the study area. The topography of the structural model gradually increases from west to east, which is consistent with the relatively gentle west-dipping monocline structure in the Longdong area. The grid model of the geological structure can show the thickness of each bed (Figure 5b). The whole structural model also aptly represents the contact relationship between each sub layer in the vertical direction.




3.2. Facies Modeling


3.2.1. Object-Based Method


The object-based method takes the target object as the basic simulation unit, and needs to specify the shape, size, orientation, distribution, and other parameters of the simulated target. Through the study of target geometry, the target is directly generated in the modeling process. Previous studies have proved that this method can better characterize the geometric shape and parameters of reservoir sand bodies, thus reflecting the superposed relationship between different sandbody [21,22,23,24]. Through the fine sedimentary microfacies research in the early stage and combined with the sedimentary mode, we found that the distributary channel is stripped in the plane and lenticular in the section with a “flat top and convex bottom”. The channel bar is elliptical in the plane and lenticular in profile with a “flat bottom and convex top”. Due to the exploration southwest of the Ordos Basin in recent years, there is little research on the scale of the distributary channel and the channel bar in the Longdong area. Therefore, the scale of the distributary channel and the channel bar in the dense well area of the Sulige gas field is mainly used as the quantitative basis. Yang et al. carried out a geological analysis of the P2h8 member in the dense well area of the Su X gas field and established a reservoir geological knowledge base. It is concluded that the width of the distributary channel is 1000–2500 m [44]. Shi et al. divided the sedimentary facies of 270 wells in block Su 6 and drew the plane distribution map of sedimentary microfacies of each sand layer in combination with the plane distribution of sand bodies and the sedimentary pattern of braided rivers. It is concluded that the width of the channel bar is 600–1100 m and the length–width ratio is 1.5–2 [45]. Lei et al. obtained that the width–thickness ratio of the core beach sand body in the P2h8 member is 80 after the detailed comparison of well-connecting profiles and the analysis of horizontal well data in the dense well area of the Sulige gas field [46]. Based on the sedimentary background of the braided river sand body in the PuI23 unit of the Daqing Oilfield, He et al. designed a sedimentary physical simulation experiment. They concluded that the width–thickness ratio of the channel bar is 80~100 and the length–width ratio is 1~3 [47]. Referring to the previous statistical information on the scale of the distributary channel and heart beach, combined with the actual statistical results of the well-connection profile and plane sedimentary microfacies distribution in the study area, some parameters corresponding to the scale of the channel sand body and heart beach in the study area are obtained as follows (Table 1).




3.2.2. Sequential Indication Method


The SIS method often uses a spherical variogram, which can reflect the spatial correlation of reservoir parameters. The variogram is defined by its type, range, sill, and nugget. The range identifies the region where the variogram model approaches its plateau. The plateau is the point at which increasing the separation distance between data-point pairs no longer increases the degree of correlation. The horizontal plane (major and minor directions) and vertical plane are frequently used for measuring variograms. The direction of the data points with the highest correlation is called the main direction, and the minor direction is defined as being perpendicular to the main direction [48]. When scaling up the sedimentary facies data on a single well, we adjust the main range, secondary range, and nugget value in the vertical, main, and secondary directions. Figure 6 shows the fitting of the variogram curve in the vertical direction, main direction, and secondary direction of microfacies of the distributary channel in the h81 bed. The analysis results of the variation function of the distributary channel are shown in Table 2.




3.2.3. Multi-Point Geostatistics Method


The method of s2Dcd combined with DS uses 2D TIs to construct a 3D geological model. The 2D TIs include various horizontal and vertical well-connecting sections and a plane sedimentary facies diagram in the geological analysis. The 2D TIs must be perpendicular to each other because of limitations imposed by the requirements of probability fusion in the algorithm [32]. Therefore, we choose a 2D slice in the X-, Y-, and Z-directions of the 3D space. This means that the two well-connecting profiles must be orthogonal. However, in the actual application in the work area, it is not guaranteed that all the wells selected on the well-connecting profiles are in a straight line. Additionally, it cannot be ensured that the well-connecting profile is perfectly orthogonal in both directions of the profile. Therefore, when drawing the 2D TIs of the profile, some adjustments should be made on the basis of the well-connecting profile according to the actual situation.



The source direction of the study area is northeast–southwest. We try our best to choose the wells that are in a relatively straight line and relatively orthogonal to draw the well-connecting profile in the X-direction (close to the source direction) and Y-direction (close to the vertical source direction). As the well-connecting profile does not penetrate the study area, we supplement it with reference to the plane sedimentary facies diagram and experience. The digitized well-connecting profile in the X- and Y-directions and the plane sedimentary facies figure in the Z-direction can not only aptly describe the morphology of various sedimentary microfacies and the contact relationship between them, but also match the actual geological data (Figure 7). Finally, the sedimentary facies model is obtained by using the 2D TIs in the X-, Y-, and Z-directions for 3D simulation.






4. Results


With well data as the constraint, we set the simulation object with geometric parameters in Table 1. The distributary interchannel is used as the background facies in the simulation process to obtain the facies model (Figure 8).



For example, the parameter fitting in Table 2 calculates the variogram of different microfacies. Curve fitting is carried out for each bed, and the facies model is obtained after simulation (Figure 9).



We digitized the 2D sedimentary facies map and conducted multi-point geostatistical simulation to obtain the model (Figure 10).




5. Discussion


Model verification is a necessary step before geological models are used to guide oil and gas production. Testing the accuracy of the model is a popular topic in the field of geological modeling in the world [4,49]. We compare and analyze the sedimentary facies models simulated by the three methods. The modeling effect is comprehensively evaluated from five aspects: Geological knowledge verification, facies proportion reproduction, well data fidelity test, well-connecting profile comparison, and comparison of the sand body thickness of the P2h8 member.



According to the analysis of geological data in the study area, the P2h8 member is a braided delta plain subfacies. Therefore, its sedimentary facies model should conform to the general understanding of geological workers for braided river reservoirs. That is, the distributary channels migrate and swing on the plane, constantly bifurcate or merge, and overlap each other vertically. The channel bar should be developed in the distributary channel. There is a certain deviation between the results of the object-based method and the actual geological understanding. It does not better simulate the spatial relationship between the channel bar and the distributary channel. In the vertical direction, the channel bar floats in the middle of the river, without contact with the bottom of the river. The physical properties of the two are usually rather different, so it is necessary to reasonably describe their spatial relationship, so as to lay the foundation for the subsequent facies-controlled reservoir attribute model. The results of SIS show that the distribution of the distributary channel and channel bar facies in the model is relatively scattered, and the channel bar is not all developed in the distributary channel (Figure 9). In general, it cannot reflect the distribution trend of fluvial facies, and the simulation effect is not ideal. It can be seen that the sedimentary facies model based on 2D TIs simulation can better describe the characteristics of braided river reservoirs (Figure 8 and Figure 10).



Further, the facies ratio of the modeling results of the three methods is statistically analyzed (Figure 11). It can be seen that the microfacies proportion simulated by SIS is the closest to the original data. However, the simulation results of the other two methods are not very different from the original data, which shows that the three methods can achieve good simulation results in facies ratio reproduction.



Figure 12 shows the fidelity of the models simulated by the three methods to the well data on the same layer plane. The object-based method cannot meet all the conditional data, which is also a difficulty for geological modelers (Figure 12a). Although the object-based method can aptly show the contact relationship between the channel bar and the distributary channel on the plane, it cannot fully match the well data, and its matching rate with the well data is only 41%. SIS is a pixel-based algorithm, which can aptly match the data (Figure 12b). The MPS based on 2D TIs is also a pixel-based simulation method, which can fully match the conditional data (Figure 12c).



In order to determine the simulation results of the three methods more intuitively, five wells with relatively close distances are selected as the well-connecting profile to compare and analyze the quality of each facies model (Figure 13). The object-based method can better display the microfacies morphology with geological cognition. However, the simulation results are inconsistent with the shape of the GR curve on the well. The SIS does not restore the geometric characteristics of the simulation object well in the vertical direction, and the facies boundary especially is relatively scattered. The MPS combining s2Dcd and DS can not only meet the various facies types indicated by the morphology of the GR curve on the well, but also show the geometric characteristics and contact relationship of the simulation object. We compare the simulation results of the three methods from the aspects of geological knowledge verification, facies proportion reproduction, the well data fidelity test, and well-connecting profile comparison. Obviously, the MPS method based on 2D TIs combines the advantages of the object-based method and SIS and has evident advantages. Additionally, it is also proved that using 2D TIs can achieve better simulation results in the simulation of fluvial facies tight sands gas reservoirs. This study has certain theoretical value in the application of practical work areas. This method solves the problem of the difficult acquisition of 3D TI and provides a new idea and scheme for geological modeling under similar geological conditions.



The results of different modeling methods simulating the sandbody thickness of the P2h8 member are further compared. The sandstone and mudstone are divided by the amplitude of the GR curve on the well and the thickness information is obtained, which can quantitatively characterize the development form of the reservoir sandbody and the spatial distribution law of the sandbody. Then, the distribution characteristics of sedimentary microfacies are obtained, which has a certain guiding role in judging the distribution of reservoir sand bodies. For example, the sandbody thickness distribution marked by the red box in Figure 14 shows that the simulation results of the multi-point geostatistics method based on 2D TIs are more consistent with the geological knowledge of geologists. Furthemore, the simulation results of this method can also better show the trend of river sand bodies. The relative dispersion of sand body thickness distribution using the sequential indicator method cannot show the spatial distribution characteristics of the reservoir sand body. In addition, the simulation results of the object-based method cannot fully meet the requirements of the hard data on the well, so there is no good simulation result. Based on the above five aspects of quantitative and qualitative evaluation modeling results, the method proposed in this paper can not only achieve the effect of traditional MPS simulation using 3D TI, but also outperform the sequential indication method and the object-based method under the existing conditions in this research area. The feasibility of this method in 3D geological simulation of large-scale fluvial facies tight sandstone reservoirs is verified.



At present, the United States, Canada, Australia, Mexico, Venezuela, Argentina, Indonesia, China, Russia, Egypt, Saudi Arabia, and other countries and regions have carried out exploration and development research on tight gas reservoirs. Among them, the United States and Canada are the world leaders in the exploration and development of tight gas resources. So far, the most concentrated area of tight sandstone gas reservoirs is located in the Rocky Basin in North America. Some scholars have calculated the physical property data of seven typical tight sandstone gas reservoirs in North America, and 85% of the data points have overburden matrix permeability values if less than 0.1 × 10−3 μm2, while approximately 10% of the data points have overburden matrix permeability values greater than 1 × 10−3 μm2 [50]. Comparing the overburden matrix permeability of tight sandstone gas reservoirs in the Ordos Basin, China, 80% of the data points are less than 0.1 × 10−3 μm2 and 20% of data points are in the range of (0.1–10) × 10−3μm2. However, there are still some data in North America with high overburden matrix permeability, which is of great significance for natural gas production. Porosity test data points of tight reservoirs in typical tight gas basins in North America are distributed in the range of 0%–26%. The measured porosity data of the Ordos Basin shows that the data points are distributed in the range of 0%–20%. This result shows that the overall low porosity and low permeability are typical features of the Ordos tight sandstone formation compared with North America. China’s tight gas accounts for approximately 10% of the global resources, which has large production potential and development prospects. However, the production technology still requires further enhancement.




6. Conclusions


The Longdong area in the Ordos Basin is a tight sandstone gas reservoir. The Longdong area is identified as a braided delta plain subfacies based on core observations and logging curve characteristics. The types of sedimentary microfacies developed in this area include a distributary channel, a channel bar, and a distributary interchannel. The tight sandstone gas reservoirs of fluvial facies have strong heterogeneity. In the Ct3 study area, it is impossible to obtain 3D TIs that represent the spatial changes of underground sedimentary facies. Therefore, in this study, the MPS method was applied, which combines s2Dcd with DS and uses 2D TIs to simulate 3D models. The 2D TIs dataset includes a digital plane sedimentary facies map and vertical well-connecting profile maps. Simultaneously, the most extensively used modeling approaches, including the object-based method and the sequential indication method, were chosen to establish sedimentary facies models. Through comparative analysis, we found that although the object-based method can better display the morphology of each microfacies in the plane, it can neither depict the location relationship between the channel bar and the distributary channel in line with geological cognition in the vertical direction, nor can it fully match the well data. Although the sequential indication method can match the well data, the sand body continuity of the established model is poor. The results show that the boundary of sedimentary microfacies and the distribution of the sandbody thickness are relatively dispersed. The SIS method cannot aptly reflect the morphological characteristics of various microfacies, which is not conducive to the subsequent development of the gas reservoir. In contrast, the sedimentary facies model based on 2D TIs simulation not only matches the well data, but also better shows the morphology and contact relationship of each microfacies on the plane and profile. The results obtained by this method are consistent with the theoretical geological research results of the study area, and the prediction results of the inter-well reservoir and sandbody thickness distribution are consistent with the prior understanding of geologists. We proved that this method based on 2D TIs not only better characterizes the spatial distribution of sedimentary facies in the application of practical work areas but is also feasible in the 3D geological simulation of large-scale fluvial facies tight sandstone reservoirs. At the same time, the problem of the difficulty in obtaining 3D TI is solved. The simulation results can be used as constraints for subsequent property models.
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Figure 1. (a) Ordos Basin in China; (b) Ordos basin tectonic units and Longdong area; (c) sequence stratigraphic framework and sedimentary environment in Longdong area. 
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Figure 2. Comprehensive histogram of well X in Ct3 study area in P2h8 member. 
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Figure 3. Distribution of plane sedimentary facies of P2h8 member in Ct3 study area. 
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Figure 4. Workflow of creating facies model. 
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Figure 5. Simulation results of geological structure model in the study area: (a) 3D model; (b) grid model. 
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Figure 6. Scatter diagram of variation function of distributary channel microfacies in h81 bed. (a) Vertical range direction; (b) main range direction; (c) secondary range direction. 
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Figure 7. Digital 2D TIs. (a) Selection of the direction of TIs on the profile; (b) planar 2D TI—Z; (c) 2D TI along the source direction—X; (d) 2D TI perpendicular to the source direction—Y. 
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Figure 8. Simulation result of object-based method. (a) 3D model. (b) Grid model. 
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Figure 9. Simulation result of SIS. (a) 3D model; (b) grid model. 
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Figure 10. Simulation result of MPS based on 2D TIs. (a) 3D model; (b) grid model. 






Figure 10. Simulation result of MPS based on 2D TIs. (a) 3D model; (b) grid model.



[image: Minerals 12 01335 g010]







[image: Minerals 12 01335 g011 550] 





Figure 11. Facies model generated by three methods and sedimentary microfacies ratio of well data. 
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Figure 12. Comparison of facies types of the same layer between the well data and the models generated by the three methods. (a) Object-based simulation result; (b) SIS result; (c) MPS results based on 2D TIs. 
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Figure 13. Comparison of simulation results of three methods and well-connecting profile. (a) Object-based simulation result; (b) SIS result; (c) MPS result based on 2D TIs. 
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Figure 14. Thickness distribution results of sandbody in P2h8 member corresponding to different methods. The part of the red box clearly shows the difference of the simulation results of the three methods. (a) Distribution of plane sedimentary facies of P2h8 member; (b) MPS result based on 2D TIs; (c) SIS result; (d) object-based simulation result. 






Figure 14. Thickness distribution results of sandbody in P2h8 member corresponding to different methods. The part of the red box clearly shows the difference of the simulation results of the three methods. (a) Distribution of plane sedimentary facies of P2h8 member; (b) MPS result based on 2D TIs; (c) SIS result; (d) object-based simulation result.



[image: Minerals 12 01335 g014]







[image: Table] 





Table 1. Simulation parameters of sedimentary microfacies in Ct3 study area in P2h8 member.
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	Microfacies
	Azimuth (°)
	Width (m)
	Thickness (m)
	Wavelength (m)
	Amplitude (m)
	Length-Width Ratio





	Distributary channel
	20 ± 5
	1500 ± 300
	7 ± 5
	200 ± 100
	300 ± 100
	/



	Channel Bar
	20 ± 5
	600 ± 200
	5 ± 3
	/
	/
	2.5 ± 0.5
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Table 2. Variation function analysis results in Ct3 study area in P2h8 member.
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	Microfacies
	Model Type
	Vertical Range (m)
	Main Range (m)
	Secondary Range(m)
	Azimuth (°)
	Nugget
	Sill





	Distributary interchannel
	spherical
	4
	900
	600
	30
	0
	1



	Distributary channel
	spherical
	5
	1000
	740
	30
	0
	1



	Channel Bar
	spherical
	4
	800
	600
	30
	0
	0.97
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