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Abstract

:

Recent discoveries of oil and gas have principally been located in the central part of the Ordos Basin, which is a petroliferous basin with the largest discovered reserves and annual production of tight sandstone gas in China. For tight sandstone gas reservoirs in the transition zone of the basin margin, the process of natural gas accumulation has remained relatively vaguely understood, because of the transitional accumulation of geological conditions such as structure, sedimentation, and preservation. In this study, thin-section identification and scanning electron microscopic observations of the reservoir core, measurement of the physical properties of the reservoir, microscopic petrography research and measurement of the homogenization temperature of fluid inclusions, digital simulations, and laser Raman spectroscopy analysis were combined to analyze the process of natural gas accumulation of the Permian Lower Shihezi Formation in Duguijiahan block, Hangjinqi area, northern Ordos Basin. The results showed that the Lower Shihezi Formation reservoir in the Duguijiahan block began gas charging in the southern part as early as the Early Cretaceous (130–128 Ma), and then gradually charged in the northern part. Three stages were identified in the digital simulations of gas charging, i.e., the breakthrough, rapid, and fully saturated stages. The initial porosity of the Lower Shihezi Formation reservoir ranged between 28% and 40%. Later, because of strong compaction and interstitial filling during burial, the sandstone porosity decreased rapidly, and densification (porosity < 10%) occurred in the mid–late Jurassic. This late tectonic uplift caused a continuous reduction in ground temperature, and diagenesis had a weak effect on pore transformation. The present porosity of the Lower Shihezi Formation reservoir basically inherited its characteristics in the late Early Cretaceous. The current average porosity of the reservoir is 8.58%, and the average permeability is 0.88 mD, and it can thus be characterized as a tight reservoir. The gas accumulation process of the Lower Shihezi Formation has three stages: (1) the depositional stage (C–P), corresponding to the depositional stage of the source-reservoir-cap combination in gas reservoir; (2) the natural gas accumulation stage (T–K1), corresponding to the period of rapid source rock maturation and natural gas charging step-by-step; and (3) the gas reservoir adjustment stage (K2–present), corresponding to the period of uplift and natural gas charging in the early stage that gradually migrated and accumulated northward along the fracture zone. Finally, the gas accumulation model in the transition zone at the margin of basin was established.
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1. Introduction


With the continual growth of global oil and gas demand and the ceaseless decline of conventional oil and gas production, the exploration and development of oil and gas resources has gradually changed from conventional to unconventional fields. Unconventional resources, including tight oil and gas, shale oil and gas, and gas hydrate, have attracted widespread attention and resulted in the innovation of petroleum geology theory [1,2,3]. As an important form of unconventional energy with considerable recoverable reserves and good exploitability, tight gas accounts for an increasing proportion of global oil and gas production [4,5,6]. Most of the tight sandstone gas reservoirs that have been successfully developed at present, however, are located in the interior or deep depression of basins such as in the Alberta Basin in Canada [7]; the San Juan Basin and the Appalachian Basin in the United States [8,9]; and the Tarim Basin [10,11], Ordos Basin [12,13,14,15], Songliao Basin [16], Sichuan Basin [17], Bohai Bay Basin [18], and East China Sea Shelf Basin in China [19]. The research on the mechanism and process of tight sandstone gas accumulation has concentrated primarily on the inner or deep depression of the basin. In recent years, researchers have gradually begun to pay attention to tight oil reservoirs at the margin of the basin, such as Mahu Sag in Junggar basin [20,21], and Honghe Oilfield in the south margin of Ordos Basin [22], whereas less attention has been paid to the tight gas reservoirs. According to the theory of Total Petroleum System, the discovery of unconventional oil and gas implies that there may be associated conventional resources in the outer space [23]. However, previous exploration has always focused on conventional oil and gas in outer space, and ignored the transition zone between conventional and unconventional oil and gas reservoirs. This study would focus on the natural gas accumulation process and the model of tight gas reservoirs in transition zone at the margin of the basin.



The Ordos Basin is a petroliferous basin with the largest discovered reserves and annual production of tight sandstone gas in China [24] (Figure 1a). Today, several tight sandstone gas fields have been found in the Ordos Basin, including Sulige, Yulin, Wushenqi, Zizhou, and Daniudi [24,25,26,27] (Figure 1b). However, most of these gas fields are located in the interior of the basin, and most of the production comes from the tight sandstone of the Permian Lower Shihezi Formation of the upper Paleozoic. Research on the tight gas accumulation process has similarly been concentrated on the interior of the basin. Hangjinqi area, located in the northern margin of the Ordos Basin, is an inherited paleo-uplift and is considered to be a favorable oil and gas accumulation area [28,29] (Figure 1b). Unfortunately, the early oil and gas exploration results in this area were not ideal. Regardless of whether conventional oil and gas exploration methods were used to search for structural traps at high positions [30,31], or whether unconventional deep basin gas exploration methods were used to search for lithologic traps [32], they had a minimal effect. Researchers have gradually come to understand the characteristics of vertical multilayer stacking and horizontal continuous enrichment of the upper Paleozoic gas reservoirs in the Hangjinqi area [33]. As a result, a novel exploration concept of the transition zone at the margin of the basin has gradually emerged. The Hangjinqi area is situated in the junction of the Tianhuan Depression, Yishan Slope, and Yimeng Uplift in the Ordos Basin (Figure 1b). The accumulation geological conditions of gas reservoir in the Hangjinqi area have distinctive transition zone characteristics: The structures are characterized by the transition from a gentle sloping area in the interior of basin to an uplift area in the northern margin [34]; the sedimentation is characterized by the transition from alluvial fan deposition in the northern near-provenance steeply sloping area to the braided river deposition in the far-provenance gentle sloping area in the south [35]; the distribution of source rocks is characterized by a gradual thinning from the interior to the northern margin of the basin; and most importantly, the gas reservoir is characterized by the transition from tight gas in the interior of basin to conventional gas in the northern margin. The Duguijiahan block is located in the southwest of the Hangjinqi area and is structurally situated at the transition zone between two first-order faults (Porjianghaizi Fault and Wulanjilinmiao Fault) (Figure 1c). Duguijiahan is the first block in the Hangjinqi area to submit proved reserves and to move into development. This block is a typical representation of the transition zone at the margin of the Ordos Basin.



In this study, the representative cross-well profile of Duguijiahan block was selected (Figure 1c), and the core samples of tight sandstone reservoir of the Lower Shihezi Formation of the upper Paleozoic were collected for thin-section identification and scanning electron microscopic (SEM) investigation of the tight sandstone core, petrographic observation, homogenization temperature measurement, and laser Raman spectrum analysis of fluid inclusions to reconstruct the reservoir evolution, burial history and hydrocarbon charging timing of single wells. Based on the results of drilling, the digital core model, Computed Tomography (CT) scanning of core samples, and gas test data, the process of tight gas charging and migration was reconstructed. Finally, the natural gas accumulation process in the transition zone of the basin margin was analyzed in combination with reservoir evolution and tight gas charging and migration.



This study clarifies the mechanism of differential enrichment of natural gas in the transitional zone of the basin margin. Thus, it holds guiding significance for tight gas exploration in the Ordos Basin and other cratonic basins with similar tectonic backgrounds.




2. Geological Setting


The Ordos Basin is a typical cratonic basin located at the junction of central and Western China with an area of 25 × 104 km2. This basin is the second largest sedimentary basin in China [38,39,40] (Figure 1a). The overall shape of the basin is nearly rectangular, showing an east–west orientation asymmetric syncline, with stable structural properties [41,42]. After the formation of the Paleo-proterozoic basement, the Ordos Basin experienced multistage superimposed evolution controlled by the regional tectonic background and variable tectonic stress over a long geological period [37,43,44]. The evolution of the basin had six main stages: (1) the formation stage of the basement of the North China platform from the Archean to the Paleo-Proterozoic era; (2) the depression trough rifted basin stage during the Middle–Late Proterozoic era; (3) the marginal sea basin formation stage during the early Paleozoic era; (4) the inner craton formation stage from the Late Carboniferous to Middle Triassic epoch; (5) the development stage of the foreland basin from the Late Triassic to the Early Cretaceous epoch; and (6) the formation stage of peripheral faulted basins during the Cenozoic era [43,44]. The internal structural units of this basin include the Yimeng Uplift, the Weibei Uplift, the Western Thrust Belt, the Tianhuan Depression, the Yishan Slope, and the Jinxi Folding Belt [25,45,46] (Figure 1b).



The main sedimentary bodies of the Ordos Basin are the upper Paleozoic and Mesozoic strata overlying the Ordovician paleo-weathering crust. The Quaternary loess unconformably covers the Lower Cretaceous Zhidan Group [47] (Figure 2). During the Cambrian and Ordovician periods, the Ordos Basin was connected with the Helan rift trough in the west, and a set of marine carbonate rocks were deposited. By the Late Ordovician, because of changes in the surrounding sea areas and tectonism (i.e., the Caledonian movement), the North China Craton was uplifted regionally, and its sedimentation was interrupted and weathered for more than 100 Ma. The strata from the Upper Ordovician to the Lower Carboniferous were absented [48,49]. During the depositional period of the Upper Carboniferous Taiyuan Formation, with the subsidence of the basin, the sea water rose from the east and west sides to the central paleo-uplift and expanded northward. Then, the tidal flat, lagoon, and shore deposits gradually overlapped the Ordovician paleo-erosion surface of the central paleo-uplift, pushing the central paleo-uplift underwater and forming a unified sea area [50]. In this period, the Taiyuan Formation in the coastal delta-tidal flat-barrier island sedimentary system developed in the Hangjinqi area. Its lithology is mainly coarse sandstone, silty mudstone, mudstone, and coal seam, which gradually thins to pinch out in the north [47]. During the sedimentary period of the Shanxi Formation in the early Permian, because of the overall uplift of the North China platform, the sea water retreated rapidly from the east and west sides of the Ordos Basin, and the sedimentary environment changed from marine to continental. The northern margin of the basin features a river-swamp sedimentary system on the alluvial plain, and the lithology is mainly sandy conglomerate, silty mudstone, mudstone, and coal seams [51]. The Shanxi Formation has two members; from bottom to top: Shan-1 (P1s1) and Shan-2 (P1s2). P1s1 is a swamp-delta sedimentary system, with developed dark mudstone and coal seams, which gradually thins to pinch out to the north, and P1s2 is a river-delta sedimentary system with sandstone, mudstone, and a small amount of coal deposit [52]. The coal seams of the Taiyuan and Shanxi Formations are the main source rocks in the Hangjinqi area [47,51,53]. During the sedimentary period of the Lower Shihezi Formation in the Middle Permian, the climate changed from warm and humid to arid and hot, and the vegetation decreased significantly. Thus, the lithology was transformed from dark coal-bearing clastic rock into pure gray–yellow–green terrestrial clastic rock [52]. In this period, the Hangjinqi area as a whole formed an alluvial plain–river sedimentary system. Its lithology features coarse clastic rocks, such as sandy conglomerate and coarse sandstone, and is intercalated with a small amount of mudstone. According to lithology combination and sedimentary cycle, its three members can be classified from bottom to top as He-1 (P1x1), He-2 (P1x2), and He-3 (P1x3). Among them, the channel-fill sandstones of P1x1 is the most developed, its river characteristics are the most obvious, and it is considered to be the best reservoir in this area [54,55]. The Upper Shihezi Formation and Shiqianfeng Formation in the upper part of the upper Paleozoic are mainly brownish-brown, purple-brown, and gray-black thick mudstone, silty mudstone, and fine sandstone, which include regional caprocks [37,56].




3. Materials and Methods


3.1. Samples and Data


A total of 21 representative core plugs (2.5 cm in diameter and 5 cm in length) were collected from 8 wells in the Lower Shihezi Formation in the Duguijiahan block, Hangjin area (Figure 1c). The lithology of the samples featured medium-grained sandstone and coarse-grained sandstone. A total of 42 thin sections were prepared, of which 38 thin sections were used for rock structure, composition, diagenesis, and pore type. The other 4 ordinary thin sections from the Lower Shihezi Formation of the wells on the cross-well profile AB (Figure 1c) were used to observe the characteristics of fluid inclusions, including the micropetrography, fluorescence color, and homogenization temperature (Th) of the fluid inclusions. In addition, the drilling and gas testing data, and experimental data (e.g., physical property test, scanning electron microscopic, source rock pyrolysis, and source rock maturity test) of the Permian reservoir in the study area were collected from the China Petrochemical Corporation (Sinopec) North China Petroleum Bureau database for reservoir characteristic analysis and thermal evolution simulation.




3.2. Methods


3.2.1. Identification for Thin Section of Rocks


Identification of the thin section, including ordinary and cast thin sections, was completed in the Key Laboratory of Tectonics and Petroleum Resources, Ministry of Education, China University of Geosciences (Wuhan, China). Ordinary thin-section identification was used to determine the basic information of the reservoir structure, components, and diagenesis, and the cast thin section was used to visually observe the reservoir space and assist in the analysis of reservoir diagenesis evolution. Furthermore, the evolution process of reservoir porosity was determined based on the conversion of actual porosity and areal porosity of different diagenetic minerals. A total of 19 core samples were collected from 8 wells shown in Figure 1c in this study and 19 ordinary thin sections and 19 cast thin sections were made, respectively. The cast thin sections were impregnated with blue epoxy for observation of reservoir characteristics and the study of porosity evolution. To distinguish dolomite from calcite, all of the thin sections were stained with a mixed dye made of Alizarin Red S- and K-ferricyanide in a volume ratio of 3:2. Point counts were performed on thin sections for the content of detrital grains and carbonate cements with 300–350 points, which provide a standard deviation of 5.5% or less.




3.2.2. Fluid Inclusion Test


Fluid inclusion is the ore-forming fluid wrapped in the lattice defects of minerals during the crystallization and growth of minerals, and it is the original record in the process of oil and gas migration and accumulation. The Th of brine inclusions associated with hydrocarbon inclusions can reflect the temperature of fluid charging, and the charging time of natural gas can be determined by combining the evolution history of single-well geothermal temperature. In this study, the sandstone samples from the Lower Shihezi Formation of the wells J57, J112, J103, and J110 on the cross-well profile AB (Figure 1c) were collected for fluid inclusion analysis. A Nikon-lv100 microscope (Nikon, Tokyo, Japan) equipped with transmission and ultraviolet light sources was used to observe the microscopic petrographic characteristics of the fluid inclusions, including the type, occurrence, and fluorescence characteristics. The excitation light source wavelength was 395–440 nm blue violet light. The Th of oil and gas inclusions and their coeval brine inclusions was measured using a THMSG600 heating–freezing stage (Linkam Scientific, Redhill, UK) with a temperature error of ±0.1 °C. The Th was measured at room temperature (20 °C) with a heating rate of 10 °C/min at the beginning. When the inclusion was close to homogenization, a heating rate of 2 °C/min, for slow heating, was used to record the Th more accurately.



The main source rock in the Hangjinqi area is the coal seams of the Taiyuan and Shanxi Formations, which mainly generate natural gas, but also produce a large amount of CO2 when generating hydrocarbon gas. Thus, it is necessary to distinguish the composition of gas phase inclusions [58]. Laser Raman technology can be used for nondestructive analysis of a single inclusion and for qualitative and semiquantitative analysis of gas-phase components in the fluid inclusions. At room temperature (20 °C) and an air humidity of 30%, the gas composition of the gas inclusions was determined by XploRA PLUS laser Raman spectrometer (Horiba, Kyoto, Japan). A series of fluid inclusion tests, including microscopy, petrography, micro-thermometry, and laser Raman spectroscopy, were completed in the Key Laboratory of Tectonics and Petroleum Resources, Ministry of Education, China University of Geosciences (Wuhan, China).




3.2.3. Basin Modeling


Basin modeling is a vital quantitative analysis technique for petroliferous basins. In this study, PetroMod 1D software (version 2012; Schlumberger, Houston, TX, USA) was used to restore the burial, thermal evolution, and hydrocarbon generation histories of single wells on the transient heat flow model.



Burial history is the basic framework of basin modeling. The formation thickness, lithology, and other data required for the simulation were obtained from the drilling and logging data provided by Sinopec North China Petroleum Bureau (Zhengzhou, China), and the ages of formation sedimentation and uplift were obtained from regional research results. In addition, several parameters had an important impact on the thermal evolution history in this reconstruction, including erosion thickness and paleo-heat flow evolution. Four uplift and erosion events took place in the Late Triassic, the Early Jurassic, the Late Jurassic, and the Early Cretaceous, with erosion thicknesses of 150–200 m, 120–160 m, 120–200 m, and 400–700 m, respectively [59]. For heat flow, we adopted the research results of Ren et al. [60]: the average value of the early Paleozoic terrestrial heat flow was 50 mW/m2, it was 52–55 mW/m2 during the Carboniferous and Permian, was equal to 60–65 mW/m2 during the Triassic, and reached its highest level of 65–70 mW/m2 during the Jurassic and the late Early Cretaceous. The current average value of the terrestrial heat flow is about 50 mW/m2.



Based on the reconstructed burial and thermal evolution history, combined with the organic matter abundance and source rock pyrolysis analysis data of coal samples [61], the Tissot in Waples TIII [62] Crack kinetic model in PetroMod 1D software was used to simulate the hydrocarbon generation history.




3.2.4. Digital Simulations of Gas Charging


Compared with physical experiments related to gas charging, digital simulations have advantages such as lower sample requirements, simpler experimental conditions, and greater efficiency. In this study, the sandstone samples from the Lower Shihezi Formation of the wells J57, J112, J103, and J110 on the cross-well profile AB (Figure 1c) were collected for gas charging simulation combined with computed tomography (CT) and digital core techniques. The gas charging simulations were conducted using a MicroXCT-500 CT instrument (Zeiss, Germany) at the Digital Core Observation of Cooperative Innovation Center of Unconventional Oil and Gas, Yangtze University (Wuhan, China). The pore size distribution was quantitatively calculated based on the results of the CT experiments, and a digital core model was built using the Markov chain Monte Carlo method, which has the advantages of quick modeling and a similar pore space distribution [63,64]. Based on the digital modeling of the core, the lattice Boltzmann model [65] was used to perform seepage simulations under various pressures, adhering to the principle of mass conservation and utilizing the Taylor expansion method.






4. Results


4.1. Reservoir Evolution


4.1.1. Characteristics of Tight Sandstones Reservoir


According to the statistics of reservoir physical property test data for 604 core samples, the porosity of the sandstone reservoir in the Lower Shihezi Formation ranged from 1.179% to 19.17%, with an average of 8.58%, and with 67.86% being less than 10% (Figure 3a). The permeability ranged between 0.033 and 11.66 mD, with an average of 0.88 mD, and 76.63% of the samples had a permeability lower than 1 mD (Figure 3b). This result indicated that most of the Lower Shihezi Formation sandstones in the study area belonged to the tight reservoir. Local high-porosity and -permeability reservoirs can be used as the “sweet point” for oil and gas, revealing fracture development in the area. The correlation between porosity and permeability was not sufficient, and the correlation coefficient (R2) was only 0.2313 (Figure 3c), which confirmed the presence of microfractures in the reservoir.



The lithologies of the collected core samples of the Lower Shihezi Formation feature medium-grained sandstone and coarse-grained sandstone, with a small amount of conglomeratic sandstone. The identification results of ordinary and cast thin sections showed (Table 1) that the sandstone clastic particles were moderately to well sorted, had subangular roundness, supported by particles and point–line contact, which indicated a high degree of textural maturity. The detrital grains were composed of quartz, feldspar, and rock fragment, in addition to chert, with an average content of less than 2%. The quartz content of sandstone was 44–76%, with an average of 53.79%; the feldspar content was low, and the potassium feldspar content was 18%, with an average of 3.32%; and most samples did not contain plagioclase. The content of rock fragments was 20–50%, with an average of 41.21%. The sandstone type was litharenite. The parent rocks of fragment include magmatic rocks, metamorphic rocks, and sedimentary rocks, and most of them were metamorphic rocks, accounting for 61.29% to 100%, with an average of 78%. The rock fragment was composed of quartz, schist, slate, phyllite, and meta-sandstone, with a small amount of argillaceous, intermediate-acid extrusive rock, sandstone, and occasionally mica (Figure 3d).



With a large burial depth (2896.55–3206.5 m), the primary pore in the reservoir was difficult to preserve because of its mechanical compaction and interstitial filling (Figure 4a,b). The filling materials in sandstone included argillaceous matrix, calcite cementation, and kaolinite, in which argillaceous matrix is considered to be part of the primary texture of the rock; siderite and secondary quartz were occasionally visible. The argillaceous matrix included clay minerals, such as illite and kaolinite, and an illite–smectite mixed layer. Under the scanning electron microscope, it could be seen that the filamentary illite and flaky kaolinite were filling the intergranular pores, and some clastic particles were wrapped with a chlorite film, which were extremely detrimental to the preservation of the primary pore (Figure 4c,d). Secondary porosity by dissolution was formed by the dissolution of feldspar, carbonate rock, and other soluble components in rocks. Some dissolved pores in the calcite particles were visible under the microscope of the cast thin sections, and some dissolution of the micropores produced by the dissolution of flaky kaolinite could be seen under the scanning electron microscope (Figure 4f,g). Thus, the main reservoir spaces were pores caused by dissolution and microfractures (Figure 4e). Dissolution was the main constructive diagenesis of increasing porosity and improving reservoir physical properties. Microfractures can be divided into two kinds of compaction and dissolution according to their genesis (Figure 4h,i). Both kinds of microfractures developed in this area, which effectively improved the pore structure of the tight reservoir.




4.1.2. Porosity Evolution and Densification of Reservoirs


Many methods can be used to reconstruct the evolution history of reservoir porosity. The most common method is to divide the evolution of reservoir primary and secondary porosity into four stages—that is, unconsolidated sandstone, compaction, cementation and metasomatism, and secondary pore development—and then to quantitatively calculate the amount of pore increase and decrease in each stage [16,67]. The key aspects of this method include the microscopic recognition of diagenesis, the restoration of initial porosity, and the conversion between volumetric porosity and areal porosity.



Diagenesis plays an important role in the evolution of reservoir pores [68,69]. Microscopic observation of ordinary and cast thin sections of rocks revealed that the diagenesis of the sandstone reservoir of the Lower Shihezi Formation in the Duguijiahan block featured destructive and constructive processes: destructive diagenesis mainly included compaction (Figure 5a) and cementation (Figure 5b–d), while constructive diagenesis mainly included dissolution (Figure 5e–i). In addition, metasomatism has had little influence on pore evolution. The diagenetic stage can be divided according to the characteristics of the stratigraphic paleotemperature and organic matter maturity [70]. The illite–smectite mixed layer showed that the sandstones of the Lower Shihezi Formation in this study were in diagenetic stage B.



Research by Beard and Weyl [71] showed that the initial porosity of sandstone was related to its particle-sorting coefficient. According to their research, Schmoker and Gautier [72] established the following calculation formula of the initial porosity of sandstone:


    φ   o   = 20.91 +     22.9     S   o        



(1)






    S   o   =      ϕ   25       ϕ   75       



(2)




where φo is the initial porosity of unconsolidated sandstone (%); So is the track sorting coefficient of sandstone; and ϕ25 and ϕ75 are the grain diameters at 25% and 75% of the probability cumulative curve (mm), respectively.



According to the probability analysis, the initial porosity of sandstone in the Lower Shihezi Formation of the Duguijiahan block was between 28% and 40%.



The porosity obtained from thin-section observation was plane porosity, rather than true volumetric porosity. According to the porosity statistics for 38 thin sections, corresponding to plane porosity in this study, and the measured porosity data of samples at the same depth collected from physical property test report which corresponds to true volumetric porosity, by fitting their correlation, the plane porosity could be converted into accurate volumetric porosity (Figure 6). The calculation formula is as follows:


    φ   v   = 1.3987     φ   p     0.8855    



(3)




where φp is the plane porosity, and φv is the true volumetric porosity.



Taking well J57 as an example, the identification results of the thin section from the Lower Shihezi Formation at a depth of 2996.3 m showed that, from a total porosity of 6% (Table 1), the plane porosity of cement was 5%, while dissolved pores accounted for 1%. According to the conversion formula between plane porosity and volumetric porosity, the corresponding pore reduction of cement was 5.82%, and the pore increase in dissolution was 1.40%. Based on the probability analysis and rock physical property test data, the initial porosity and current porosity of the sample were 39.84% and 6.28%, respectively. A compaction porosity reduction of 29.14% was deduced, and then the porosity evolution process of the sample was recovered (Table 2).



Notably, this method simplified the evolution process of porosity into four stages, but the actual evolution process did not necessarily follow the fixed sequence of compaction–cementation–dissolution. Taking well J57 as an example (Figure 7a), and based on the systematic analysis and establishment of the diagenetic sequence, the porosity evolution history was restored. Under the early rapid compaction and cementation, the porosity of the Lower Shihezi Formation reservoir decreased rapidly. Subsequently, diagenesis such as calcite cementation and quartz secondary enlargement continued to develop, which was accompanied by continuous compaction and pore reduction, finally becoming densified in the Early Jurassic (porosity < 10%). In period A of the middle diagenetic stage (paleo temperature ranging from 85 to 140 °C), the source rocks in the study area began to mature, the acid fluid produced by hydrocarbon generation entered the reservoir, and dissolution began. At this time, although compaction was weakened, the cementations of carbonate rock and siliceous did not stop, and the pore increase and pore reduction occurred simultaneously. When the reservoir entered period B of the middle diagenetic stage (paleo temperature ranging from 140 to 175 °C), the influence of compaction was minor, and the variation in the range of porosity was also small. In the Late Cretaceous, the tectonic uplift resulted in a continuous reduction in reservoir temperature, and diagenesis had a weak effect on pore transformation. Currently, the porosity of the Lower Shihezi Formation reservoir has inherited the basic characteristics of the late Early Cretaceous.



The porosity evolution process of the Shihezi Formation reservoir in well J110 was similar to that of well J57 (Figure 7b). The difference is that the source rock of well J57 generated gas earlier than that of well J110 (Evidence provided in Section 4.2.2). A small amount of acid fluid entered the reservoir about 150 Ma ago, forming a phase of weak dissolution, which played a certain role in improving reservoir pores.



Generally, the reservoir porosity of Lower Shihezi Formation in the Duguijiahan block has been better in the north than in the south. Based on the statistics of 604 core samples collected from 11 wells, the median and average of porosity distribution of the wells in the north were more than 7% (Figure 8). According to the porosity evolution law of the study area, the porosity distribution of the Lower Shihezi Formation reservoir has maintained this feature since the Early Cretaceous, which has provided conditions for late gas lateral adjustment.





4.2. Process of Hydrocarbon Generation and Charging


4.2.1. Characters of Fluid Inclusions


According to micropetrographic observation, four types of fluid inclusions were identified—that is, gas inclusions, oil inclusions, oil and gas two-phase inclusions, and brine inclusions—in the sandstone reservoir of the Lower Shihezi Formation in the Duguijiahan block. These four types of inclusions were distributed in the quartz overgrowth and healing fracture (Table 3). Among them, the gas inclusions were pure black under transmitted light, and the gas phase boundary had weak yellow fluorescence or no fluorescence. This boundary was generally distributed in the healing cracks of the quartz in strips, and a single block of pure gas inclusions in quartz particles was occasionally visible (Figure 9a,b). Single oil inclusions and oil and gas two-phase inclusions were less developed, and were mostly found in cements, developing in strips that were colorless under transmitted light and that had yellow or yellow green fluorescence (Figure 9c). Brine inclusions were distributed in quartz particles and generally were associated with oil and gas inclusions. Under transmitted light, it was observed that the black edge was wrapped with a transparent bubble, which was elliptical or irregular. The size ranged from 1 × 1.5 μm to 3 × 4 μm, and the gas–liquid ratio was 6–9% (Figure 9d). The laser Raman spectroscopy analysis showed that the main components of gas in the gas inclusions were CH4 and CO2 (Figure 9e,f). Therefore, when calculating the Th of brine inclusions, to determine the hydrocarbon gas charging time, it is necessary to calculate the Th of the brine inclusions associated with the gas-phase inclusions whose gas composition was CH4.




4.2.2. Hydrocarbon Charging Timing


According to this parameter setting and model selection, the formation thermal evolution of single wells with fluid inclusion testing were simulated. To verify the rationality of the simulation results, it is necessary to compare the simulation results with the measured data. Generally, the measured Ro value of source rock was compared with the simulated Ro value. If the two values were similar, this proved that the simulation result was reliable. Because the study area has limited source rock test data, the measured geothermal data of the four wells were selected as the comparison parameters in this study. The results showed that the relative error between the simulation results and the measured data was less than ±3%, which indicated that the simulation results were reliable (Table 4).



Taking wells J57 and J110, located in the south and north of the AB profile, as examples, the burial history, thermal evolution history, hydrocarbon generation history, and natural gas charging history were reconstructed (Figure 10 and Figure 11). The burial and hydrocarbon generation histories of the two wells were similar: the source rocks of the Taiyuan and Shanxi Formations were continuously deposited during the Permian and Triassic, and they entered the hydrocarbon generation threshold (Ro > 0.5%) at the Late Triassic. They later underwent a short period of uplift and erosion at the end of the Late Triassic, subsidence continued in the Jurassic, and they experienced two periods of uplift at the end of the Early Jurassic and the end of the Late Jurassic. The erosion thickness of these three stages of uplift was less than 200 m, which slightly slowed down the thermal evolution of the source rocks in the study area and made them enter the medium-maturity stage (Ro > 0.7%) in the Late Jurassic. At this time, there is a weak hydrocarbon generation peak in the two wells. The hydrocarbon generation rate of well J57 is 1.26 mgHC/gTOC/Ma and that of well J110 is 0.15 mgHC/gTOC/Ma. The difference in the hydrocarbon generation rate of source rock has little influence on reservoir evolution (Figure 7). After that, the strata continued to subside and reached the maximum paleo-burial depth and paleo-geothermal temperature at the end of the Early Cretaceous. The maximum paleotemperature at the bottom of the Taiyuan Formation of well J57 was about 152 °C, and that of Well J110 was slightly higher, reaching 163 °C.



The brine inclusions associated with hydrocarbon inclusions are selected for measurement, as they represent the lowest temperature at which the ore-forming fluid was captured [73]. For well J57, located in the south of the cross-well profile, two measured periods of brine inclusions were associated with the gas inclusions. Its Th values were 93–95 °C and 114–119 °C, indicating the two stage of natural gas charging that occurred in the Lower Shihezi Formation reservoir. The Th of the brine inclusions was projected onto the thermal evolution history of the Shihezi Formation in well J57. This inclusion showed that the corresponding charging time of the 93–95 °C inclusions in the first stage was 186–182 Ma in the Early Jurassic, and the corresponding charging time of the 114–119 °C inclusions in the second stage was 130–128 Ma in the Early Cretaceous. The laser Raman spectrum showed that the gas composition of the gas inclusions that were contemporaneous with the first stage of the brine inclusions was CO2, whereas the gas composition of the gas inclusions that were contemporaneous with the second stage of brine inclusions was a mixture of CO2 and CH4. These results indicated that the hydrocarbon gas charging time of the Lower Shihezi Formation reservoir in well J57 was in the Early Cretaceous period of 137–133 Ma (Figure 10). The well J110 in the north of the cross-well profile also measured two periods of brine inclusions associated with gas inclusions. The values of Th were 128–130 °C and 162–165 °C. Combined with the geotemperature evolution history and laser Raman spectrum, it was concluded that the Lower Shihezi Formation reservoir in well J110 experienced two hydrocarbon gas chargings, with charging times of 128–126 Ma and 102–98 Ma (Figure 11). Similarly, it was determined that the hydrocarbon gas charging time of the Lower Shihezi Formation reservoir in well J112 was 130–128 Ma and 105–103 Ma and that of well J103 was 122–115 Ma.



The history of natural gas charging in the Duguijiahan block can be reconstructed on the basis of this research. As mentioned previously, the coal seam source rocks of the Taiyuan and Shanxi Formations in the study area entered the maturation stage (Ro > 0.7%) at the end of the Jurassic, after three subsidences and three small uplifts. Research has shown that when coal and rock enter the hydrocarbon-generation threshold, the generated natural gas will contain a large amount of CO2, up to 90% (volume percentage) [58]. As the maturity of the source rock increased, the CO2 content gradually decreased. After Ro > 0.7%, the source rock was dominated by hydrocarbon generation. Therefore, the natural gas charging in the early stage (i.e., the Jurassic period) of the Lower Shihezi Formation reservoir was mainly CO2. After entering the Early Cretaceous, the strata subsided and were buried again, the source rocks were generally matured (Ro > 0.7%), and the generated hydrocarbon gas began to charge into the Lower Shihezi Formation reservoir.



By comparing the times between reservoir densification and natural gas charging of the Lower Shihezi Formation in the Duguijiahan block, it was discovered that the time of reservoir densification (the Early Jurassic) occurred before the hydrocarbon gas charging (the Early Cretaceous).




4.2.3. Gas Charging Process


The digital core model of Lower Shihezi Formation was established by CT (Computed Tomography) scanning of four core samples. Furthermore, the gas charging process was reconstructed using a seepage simulation (Figure 12).



The results of digital simulations show that the gas charging process can be divided into three stages. Taking Well J57 as an example, during the first stage of gas charging, i.e., gas breakthrough stage, the gas saturation was less than 5% and the simulated pressure were less than 3.83 MPa. The first stage can be considered as the preparation stage of gas charging. During the second stage, i.e., rapid gas charging stage, the gas saturation was 5–65%, and the simulated pressure were 3.83–10.40 MPa. The second stage is the main stage of gas charging, in which the gas saturation increases rapidly with the increase in simulated pressure. During the third stage, i.e., full gas saturation stage, the natural gas saturation is 65–76%, and the simulation pressure is 10.40–39.28 MPa. In the third stage, the gas saturation increases slowly with the increase in simulated pressure. When the gas saturation reaches 76%, it no longer increases with the increase in simulated pressure (Figure 12a). Due to the difference in reservoir physical properties and pore structure, the dynamic conditions of the gas charging process of well J110 are slightly different from those of well J57, but the overall charging process is similar. For well J110, the simulated pressure was 4.02 MPa in the gas breakthrough stage, it was 4.02–6.02 MPa in the rapid gas charging stage, and it was 6.02–24.86 MPa in the full gas saturation stage. The maximum saturation of natural gas is 80% (Figure 12b).





4.3. Process of Gas Migration


Based on the geochemical compositions of natural gas from 21 wells, the migration and accumulation processes of natural gas in the Duguijiahan block were reconstructed. Compared with other hydrocarbon gases, CH4 has the smallest molecular diameter and the largest solubility in formation water. Therefore, gas reservoirs far away from the source rocks are usually characterized by high CH4 content and high dryness coefficient (C1/C1–5) [13,74,75]. In addition, the molecular diameter of isoparaffin is smaller than that of normal paraffin, resulting in a rapid migration rate in the formation. Therefore, with increasing migration distance, the ratio of isoparaffin to normal paraffin will gradually increase [74].



In general, the natural gas in the Lower Shihezi Formation reservoir of the Duguijiahan block is generally wet gas, with a dryness coefficient ranging from 0.846 to 0.972, with an average value of 0.927. Furthermore, the dryness coefficient in the northern part ranges from 0.892 to 0.972, with an average of 0.932, and it ranges from 0.846 to 0.957 in the southern part, with an average of 0.919 (Table 5). Similarly, the dryness coefficient distribution map also shows a trend of increasing gradually from south to north (Figure 13), indicating that the natural gas in the Lower Shihezi Formation has undergone lateral migration from south to north.



Additionally, the ratio of isoparaffin to normal paraffin, mainly iC4/nC4 and iC5/nC5 values, provides further evidence for gas lateral migration (Figure 13). The iC4/nC4 values of natural gas in the northern part and the southern part range from 0.473 to 1.400 and 0.428 to 0.929, with average values of 0.760 and 0.630, respectively. On the other hand, the iC5/nC5 values of natural gas in the northern part and the southern part range from 0.518 to 2.231 and 1.032 to 1.500, with average values of 1.265 and 1.247, respectively (Table 5). To create the crossplot of iC4/nC4 and iC5/nC5 values, representative wells with thick sandstone in the south and north of the Duguijiahan block were chosen. The results show that the iC4/nC4 and iC5/nC5 of natural gas in the north reservoir are higher than those in the south, indicating that the natural gas has migrated laterally from the south to the north. The fluvial facies sandstone and stratigraphic slope provide conditions for lateral migration of natural gas (Figure 13).



The characteristics of the drilling daily production of natural gas provide evidence for the lateral migration. Recent exploration findings have shown that the Duguijiahan block was gas-rich in the north. According to the drilling gas test results, the daily gas production of wells J110 and J103 in the north of the main river channel was 40,360 m3 and 20,857 m3, respectively, while the daily gas production of wells J57 and J112 in the south was only 9120 m3 and 9822 m3, respectively. This difference in production is the result of natural gas adjustment and migration from the south to the north against the backdrop of better source rock conditions in the south [51,61].





5. Discussion


5.1. Hydrocarbon Accumulation Process


According to the regional tectonic–sedimentary evolution and natural gas charging history, the natural gas accumulation process in the Duguijiahan block can be categorized into three stages.



5.1.1. Depositional Stage


The depositional stage (C–P) refers to the Carboniferous and Permian periods. It is the sedimentary development phase of the upper Paleozoic coal seam source rock, sandstone reservoir, and mudstone caprock in the Duguijiahan block, which established the structural–sedimentary pattern of the upper Paleozoic source–reservoir–cap assemblage (Figure 14a). As noted previously, the Duguijiahan block is located in the transition area from the Yishan slope to the Yimeng uplift in the Ordos Basin (Figure 1). It is also the transition zone between the Porjianghaizi and Wulanjilinmiao Faults, and has a gentle sloping zone that is high in the northeast and low in the southwest. Vertical high-angle normal faults have developed, with a small fault distance (general vertical fault distance 10–20 m), extending upward to the Upper Shihezi Formation [49]. The Lower Paleozoic strata in the study area are missing. The Carboniferous and Permian strata directly overlie the lower Ordovician carbonate strata, and the thickness of the C-P strata gradually decrease northward [51,76]. The sedimentary environment during the Carboniferous and Permian periods experienced the following transition process: shallow shore–lagoon–tidal flat–interactive marine delta–inland river-lake facies [77]. The coal-bearing strata of the Carboniferous Taiyuan Formation and the Permian Shanxi Formation, including 6–20 m coal seams (average TOC = 67.3%) and 30–50 m dark mudstones (average TOC = 2.93%), were the main source rocks in study area. The organic matter type of source rock was gas-prone type III kerogen. Previous studies have shown that the source rocks in the study area have the potential to provide hydrocarbons to the area [35,61].



The Lower Shihezi Formation is the most important reservoir in the study area. A set of braided river sedimentary sandstone has developed, with an initial porosity of 28–40% [78]. During the sedimentary period of the first members of the Lower Shihezi Formation (P1x1), because of the tectonic uplift in the north, the material supply increased, the sedimentary thickness increased, and the alluvial fan and braided river deposits developed. The whole area was basically covered by river sand bodies, and the river sand bodies appeared in succession. During the deposition period of the second and third members of the Lower Shihezi Formation (P1x2 and P1x3), because of the decrease in sediment supply, the thickness of the sand body began to decrease, and the overlapping width of river channel also decreased significantly. Thus, the development of the sand body was relatively limited [79]. The upper Shihezi Formation and Shiqianfeng Formation in the upper Permian constituted the regional capping beds of the Upper Paleozoic gas reservoirs, which were widely distributed and developed stable thick mudstones (thickness 130–160 m) [80].




5.1.2. Natural Gas Accumulation Stage


The natural gas accumulation stage (T–K1) refers to the period from the Triassic to the Early Cretaceous. It is the main period of source rock maturation, reservoir densification, and natural gas charging in the Duguijiahan block, forming the rudiment of the Lower Shihezi Formation gas reservoir (Figure 14b). After entering the Triassic, with the continuous burial of the upper Paleozoic strata, the source rock of the Taiyuan and Shanxi Formations gradually matured, and the reservoir of the Lower Shihezi Formation continued to reduce porosity (Figure 7). During this period, although there were three periods of tectonic uplift and erosion, which occurred at the ends of the Late Triassic, the Early Jurassic, and the Late Jurassic, the source rock’s maturity was slowed only minimally by the uplift’s small amplitude [59,81]. The source rocks entered the hydrocarbon generation threshold (Ro > 0.5%) in the Early Triassic, but mainly generated CO2. The early CO2 and a small amount of CH4 charging occurred as early as 186–183 Ma ago (Figure 10). The primary migration pathways were high-angle, early active faults (including fractures). At this time, the reservoir of the Lower Shihezi Formation was not densified (porosity > 10%), and the resistance of natural gas migration was minor. Buoyancy and gas diffusion may have driven the migration of natural gas in the reservoir. In the Middle Jurassic, most of the Lower Shihezi Formation reservoirs in the area gradually became densified (porosity < 10%). At the end of the Jurassic, the source rocks generally entered the mature stage (Ro > 0.7%), and the gas generation products gradually changed from CO2 to CH4, and hydrocarbon gas charging occurred in the south in the Early Cretaceous of 130–128 Ma. Meanwhile, the Lower Shihezi Formation reservoir was almost densified, and natural gas distribution was controlled by the distribution of the reservoir’s physical properties. Under such conditions, lateral migration was difficult. By the end of the Early Cretaceous, the source rock and reservoir had reached the maximum paleo-burial depth, the natural gas charging had basically finished, and the diagenesis had slowed down. Since then, the reservoir’s porosity has basically been finalized and preserved, and the tight-gas reservoir of the Lower Shihezi Formation in the Duguijiahan block was formed.




5.1.3. Gas Reservoir Adjustment Stage


The gas reservoir adjustment stage (K2–present) refers to the time from the late Cretaceous to the present day. During this period, the Ordos Basin was uplifted as a whole, it has suffered from different degrees of erosion, the geothermal temperature and pressure was reduced, and some of the gas reservoirs that formed in the early stage (J–K1) have adjusted and reformed (Figure 14c). During the Himalayan movement, the continuous subduction of the ancient Pacific plate to the North China plate and the collision of the Indian Ocean plate in the north-northeast direction caused the uplift and extinction of the Ordos Basin, which resulted in it entering the later stage of transformation [50,82]. The Duguijiahan block was also uplifted, and erosion occurred during this period, with an erosion thickness of 600–800 m [81]. At the same time, the geothermal temperature decreased, the hydrocarbon generation of source rocks tended to stop, and the reservoir pressure gradually decreased to negative pressure. Tectonic movement was accompanied by changes in the pressure system, which promoted the development of fractures [83,84,85]. During this period, a series of structural microfractures formed in the upper Paleozoic strata of the Ordos Basin, providing a channel for vertical and lateral migration and adjustment of natural gas. The development of structural microfractures improved the seepage ability of tight sandstone and enhanced communication with high-porosity sand bodies. As a result, the natural gas charged in the early stage could migrate to high parts in the north [55,86,87].





5.2. Hydrocarbon Accumulation Model in the Transition Zone


The transition zone refers to the area between a typical tight sandstone gas reservoir and a typical conventional gas reservoir. The tight gas reservoir in the transition zone combines the characteristics of a typical tight sandstone gas reservoir and a typical conventional gas reservoir, and it is different from them. Typical tight sandstone gas reservoirs generally exist in the interior or deep depressions of basins, characterized by large area contact between source rocks and reservoirs, and are mainly of primary migration. On the contrary, conventional gas reservoirs generally exist in the uplift or shallow layer at the margin of the basin and are characterized by separation of source rocks and reservoirs. The source rock and reservoir are neither in large-area contact nor directly separated in the tight gas reservoir in the transition zone, but are gradually pinched out in one direction (Figure 14). For conventional gas reservoirs, the source rock is far away from the reservoir, and natural gas generated by the source rock needs to travel a long distance through secondary migration [1,4,5]. The tight gas reservoir in the transitional zone can be regarded as a transitional gas reservoir on the migration path of natural gas generated in the interior of the basin (Figure 14c). Compared with the typical tight sandstone gas reservoir, the tight gas reservoir in the transition zone may have a longer distance of secondary migration, and the natural gas accumulates more easily in high positions, which is similar to conventional gas reservoirs. Therefore, these feature makes the exploration of the two types of gas reservoir different. Consideration should be given to lithologic gas reservoirs in the downdip direction for tight gas reservoirs in the transition zone, but more consideration should be given to gas reservoirs with favorable preservation conditions in the updip direction (Figure 15).





6. Conclusions


The following conclusions were reached:



(a) The Lower Shihezi Formation reservoir in the Duguijiahan block started hydrocarbon gas charging in the south as early as the early Cretaceous (130–128 Ma), and then gradually began charging in the north through the end of the early Cretaceous (102–98Ma).



(b) Three stages were identified in the digital gas charging simulations, i.e., the breakthrough, rapid, and fully saturated stages.



(c) The initial porosity of the Lower Shihezi Formation reservoir was between 28% and 40%. During the burial process, because of strong compaction and interstitial filling, the initial porosity decreased rapidly, and it was basically densified in the Late Jurassic. The time of the hydrocarbon gas charging was generally later than that of reservoir densification.



(d) The current physical properties of the Lower Shihezi Formation reservoir have inherited the basic characteristics of the end of the Early Cretaceous. The average porosity of the current reservoir is 8.58%, and the average permeability is 0.88 mD, classifying it as a tight reservoir.



(e) The gas accumulation process of the Lower Shihezi Formation had three stages: (1) the depositional stage (C–P), corresponding to the depositional period of the source–reservoir–cap combination in the gas reservoir; (2) the natural gas accumulation stage (T–K1), corresponding to the period of rapid source rock maturation and natural gas charging; and (3) the gas reservoir adjustment stage (K2–present), corresponding to the period of uplift and natural gas charging in the early stage that gradually migrated and accumulated northward along the fracture zone.



(f) More consideration should be given to gas reservoirs with favorable preservation conditions in the updip direction for tight gas reservoirs in the transition zone.
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Figure 1. Location of (a) the Ordos Basin in China, and (b) major tectonic units of the Ordos Basin and the structural position of the Hangjinqi area in the Ordos Basin. The structural position of (c) the Duguijiahan block in the Hanjinqi area and location of representative cross-well profile. Abbreviations: SF: Sanyanjing Fault; WF: Wulanjilinmiao Fault; PF: Porjianghaizi Fault (modified after [36,37]). 
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Figure 2. Generalized stratigraphy section of the Hangjinqi area, northern Ordos Basin. Abbreviations: NCC: North China Craton (modified after [57]). 
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Figure 3. Histogram of (a) porosity and (b) permeability distribution, and (c) their correlation of Lower Shihezi Formation tight sandstones in the Duguijiahan block, Ordos Basin. (d) Quartz–feldspar–rock fragment ternary plot indicates that the lithology is litharenite (classification after [66]). Abbreviations: I: quartz arenite; II: subarkose, III: sublitharenite; IV: arkose; V: lithic arkose; VI: feldspathic litharenite; VII: litharenite. 
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Figure 4. Thin sections and scanning electron microscopy (SEM) images showing the microscopic characteristics of reservoir space and fillings of tight sandstones in the Lower Shihezi Formation in the Duguijiahan block, Ordos Basin: (a) well J57, 2996.3 m, clastic particles are closely arranged in line contact, ppl; (b) well J95, 3203.7 m, rock fragment of schist, cpl; (c) well J100, 2927.2 m, the particles are filled with authigenic kaolinite and illite, SEM; (d) well J103, 3076.89 m, clastic particles are filled with filamentous illite and flaked kaolinite, micropores of some fillings are interconnected, SEM; (e) well J96, 3062.3 m, clastic particles are wrapped by chlorite films, and the edge of particles is dissolved, SEM; (f) well J108, 3143.7 m, dissolution microcrack, ppl; (g) well J110, 3030.5 m, intergranular micropores in vermiculite-like kaolinite, ppl; (h) well J112, 3130.5 m, intergranular pores are communicated by lamellar throat, ppl; and (i) well J126, 2917 m, intergranular pore and intergranular dissolved pore, ppl. Abbreviations: ppl: plane-polarized light; cpl: cross-polarized light. 
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Figure 5. Microscopic characteristics of typical diagenesis of the Lower Shihezi Formation tight sandstones in Duguijiahan block, Ordos Basin: (a) well J126, 2901 m, strong compaction results in the close arrangement of clastic particles, cpl; (b) well J108, 3143.7 m, argillaceous cement, ppl; (c) well J112, 3058.9 m, secondary enlargement of quartz particles with intergranular dissolution pores, SEM; (d) well J113, 3069.3 m, argillaceous cement and calcite cement, ppl; (e) well J57, 2990 m, intercrystalline dissolution pores in calcite, ppl; (f) well J95, 3117.08 m, feldspar particles is slightly dissolved, and filamentous illite filled between particles, SEM; (g) well J103, 3072.94 m, the edges of the particles are slightly dissolved, and the particles are filled with filamentous illite, illite–smectite mixed layer, and kaolinite, SEM; (h) well J108, 3153.32 m, the flaked kaolinite is dissolved, and there are dissolution micro pores between clastic particles, SEM; and (i) well J110, 3030.5 m, kaolinite cement, ppl. Abbreviations: ppl: plane-polarized light; cpl: cross-polarized light. 
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Figure 6. The cross plots of plane porosity versus volumetric porosity for the Lower Shihezi Formation sandstone in the Duguijiahan block. 
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Figure 7. Porosity evolution process of the Lower Shihezi Formation sandstone reservoir of (a) well J57 and (b) well J110. 
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Figure 8. Boxplot of porosity of Lower Shihezi Formation tight sandstones in the Duguijiahan block, Ordos Basin. 
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Figure 9. Photomicrographs and laser Raman spectrum of representative hydrocarbon inclusions from the Lower Shihezi Formation tight sandstones in the Duguijiahan block, Ordos Basin: (a) well J103, 3081.5 m, massive gas inclusions in quartz grains; (b) well J110, 3022.5 m, gas inclusions distributed in fractures that cut across the quartz grain; (c) well J103, 3081.5 m, oil inclusions with yellow-green fluorescence under ultraviolet light; (d) well J110, 3022.5 m, gas–liquid inclusions in quartz grains; (e) well J57, 2996.3 m, the gas–liquid inclusions in quartz grains have characteristic peaks of 1280.97 cm−1 and 1385.87 cm−1, indicating that the gas composition in the inclusions is mainly CO2; and (f) well J110, 3022.5 m, gas–liquid inclusions in quartz grains have characteristic peaks of 1283.55 cm−1, 1387.45 cm−1 and 2915.32 cm−1, indicating that the gas in the inclusions is a mixture of CO2 and CH4. 
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Figure 10. Plots showing the burial and thermal evolution histories, and gas generation and charging histories of well J57. 






Figure 10. Plots showing the burial and thermal evolution histories, and gas generation and charging histories of well J57.



[image: Energies 16 01493 g010]







[image: Energies 16 01493 g011 550] 





Figure 11. Plots showing the burial and thermal evolution histories, and gas generation and charging histories of well J110. 






Figure 11. Plots showing the burial and thermal evolution histories, and gas generation and charging histories of well J110.



[image: Energies 16 01493 g011]







[image: Energies 16 01493 g012 550] 





Figure 12. Digital simulation of gas charging: (a) sample from the Lower Shihezi Formation, depth of 3114.9 m in Well J57, medium-grained sandstone, porosity = 8.7%, permeability = 0.466 × 10−3 μm2; and (b) sample from the Lower Shihezi Formation, depth of 3035.35 m in Well J110, gravel-bearing coarse-grained sandstone, porosity = 11.1%, permeability = 1.15 × 10−3 μm2. Abbreviations: Pc: digital simulation pressure; Sg: gas saturation. 
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Figure 13. Composite map of tight gas dryness coefficient and sandstone thickness distribution of Lower Shihezi Formation with the iC4/nC4 vs. iC5/nC5 relation of tight gas in the northern and southern parts, respectively. 
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Figure 14. Gas accumulation process of the Lower Shihezi Formation tight sandstone gas reservoir in the Duguijiahan block, northern Ordos Basin, China: (a) depositional stage (C–P), (b) natural gas accumulation stage (T–K1), and (c) gas reservoir adjustment stage (K2–Nowadays). Abbreviations: Pave.: average porosity. 
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Figure 15. Tight gas accumulation model in the transition zone at the margin of the basin. 
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Table 1. Statistical for identification of casting thin section of sandstone of the Lower Shihezi Formation in the Duguijiahan block.
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Well

	
Depth

(m)

	
Terrigenous Debris

	
Fillings

	

	
Thin-Section

Porosity (%)




	
Q

	
Ch.

	
K-F

	
Pla.

	
Rock Fragment

	
Total

	
Heterobase

	
Cements

	
Total




	
Ig.

	
Me.

	
Se.

	
MG.

	
Total

	
Ar.

	
Ca.

	
Cal.

	
Kao.

	
Sid.

	
QSE.






	
J57

	
2990

	
55

	
√

	
6

	
2

	
4

	
28

	
5

	
√

	
37

	
86

	
2

	
/

	
6

	
3

	
√

	
√

	
11

	
3




	
J57

	
2996.3

	
50

	
√

	
8

	
1

	
4

	
34

	
3

	
√

	
41

	
88

	
4

	
/

	
1

	
1

	
√

	
√

	
6

	
6




	
J95

	
3113

	
44

	
1

	
8

	
1

	
5

	
36

	
3

	
2

	
46

	
96

	
3

	
/

	
√

	
1

	
√

	
√

	
4

	
/




	
J95

	
3203.7

	
51

	
1

	
5

	
1

	
4

	
35

	
3

	
√

	
42

	
92

	
7

	
/

	
/

	
/

	
1

	
√

	
8

	
√




	
J95

	
3206.5

	
50

	
1

	
2

	
/

	
6

	
37

	
4

	
√

	
47

	
91

	
6

	
/

	
2

	
1

	
√

	
√

	
9

	
√




	
J103

	
3081.5

	
65

	
1

	
3

	
/

	
8

	
19

	
4

	
√

	
31

	
85

	
3

	
/

	
8

	
1

	
√

	
√

	
12

	
3




	
J103

	
3087.3

	
45

	
1

	
4

	
/

	
4

	
38

	
6

	
2

	
50

	
86

	
12

	
/

	
2

	
/

	
√

	
√

	
14

	
√




	
J108

	
3143.7

	
51

	
5

	
3

	
/

	
6

	
31

	
4

	
√

	
41

	
89

	
11

	
/

	
/

	
/

	
/

	
√

	
11

	
√




	
J108

	
3151.5

	
52

	
1

	
4

	
/

	
5

	
32

	
6

	
√

	
43

	
86

	
13

	
/

	
1

	
/

	
√

	
√

	
14

	
√




	
J110

	
3022.5

	
55

	
1

	
2

	
/

	
4

	
33

	
5

	
√

	
42

	
89

	
3

	
/

	
6

	
2

	
√

	
√

	
11

	
√




	
J110

	
3030.5

	
57

	
1

	
2

	
/

	
5

	
29

	
6

	
√

	
40

	
86

	
2

	
/

	
5

	
6

	
√

	
√

	
13

	
1




	
J112

	
3130.5

	
51

	
1

	
2

	
/

	
4

	
37

	
5

	
√

	
46

	
91

	
7

	
/

	
1

	
1

	
√

	
√

	
9

	
√




	
J112

	
3136.1

	
52

	
3

	
2

	
/

	
5

	
32

	
6

	
√

	
43

	
89

	
8

	
/

	
1

	
1

	
√

	
√

	
10

	
1




	
J113

	
3069.3

	
55

	
2

	
2

	
/

	
4

	
33

	
4

	
√

	
41

	
92

	
6

	
/

	
1

	
1

	
√

	
√

	
8

	
√




	
J113

	
3074.78

	
55

	
2

	
2

	
/

	
5

	
30

	
6

	
√

	
41

	
84

	
4

	
/

	
12

	
/

	
√

	
√

	
16

	
/




	
J126

	
2896.55

	
52

	
1

	
3

	
/

	
4

	
35

	
5

	
√

	
44

	
89

	
11

	
/

	
√

	
/

	
√

	
√

	
11

	
√




	
J126

	
2901

	
51

	
1

	
2

	
/

	
6

	
37

	
3

	
√

	
46

	
94

	
1

	
/

	
1

	
2

	
√

	
√

	
4

	
2




	
J126

	
2917.23

	
76

	
3

	
1

	
/

	
/

	
20

	
/

	
/

	
20

	
90

	
1

	
/

	
/

	
1

	
/

	
√

	
2

	
8




	
J126

	
2938.78

	
55

	
1

	
2

	
/

	
6

	
32

	
4

	
√

	
42

	
89

	
3

	
/

	
1

	
4

	
√

	
√

	
8

	
3








Abbreviations: Q: quartz (including monocrystalline and polycrystalline quartz); Ch.: chert; K-F: K-feldspar; Pla.: plagioclase; Ig.: igneous rock; Me.: metamorphic rock; Se.: sedimentary rock; MG.: mica group; Ar.: argillaceous; Ca.: calcareous; Cal.: calcite; Kao.: kaolinite; Sid.: siderite; QSE.: quartz secondary enlargement; “√” indicates that the content is less than 1%.
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Table 2. The porosity evolution of the Lower Shihezi Formation sandstones.






Table 2. The porosity evolution of the Lower Shihezi Formation sandstones.





	Well
	Depth/m
	Strata
	φo
	φcomp
	φcemt
	φdiss
	φp





	J110
	3030.5
	P1x1
	37.67
	20.99
	14.48
	1.40
	3.60



	J110
	3022.5
	P1x1
	38.51
	24.35
	11.22
	0.76
	3.70



	J57
	2990
	P1x3
	38.63
	15.88
	12.63
	1.40
	11.52



	J57
	2996.3
	P1x3
	39.84
	29.14
	5.82
	1.40
	6.28







φo is the primary porosity of sandstone (%); φp is the present porosity of sandstone; φcomp is the porosity decreasing of compaction (%); φcemt is the porosity decreasing of cementation (%); and φdiss is the porosity increasing of dissolution (%).
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Table 3. Typical fluid inclusions characteristic of the Lower Shihezi Formation sandstones.






Table 3. Typical fluid inclusions characteristic of the Lower Shihezi Formation sandstones.





	
Well

	
Depth

(m)

	
Host Minerals

	
Position

	
Type

	
Fluorescence Color

	
Homogenization Temperatures (°C)

	
Gas

Composition




	
HC Inclusion

	
Coeval Brine Inclusion






	
J57

	
2996.3

	
Quartz

	
healed microfractures

	
GI

	
/

	
/

	
107–108

	
CO2




	
J57

	
2996.3

	
Quartz

	
overgrowth

	
OI

	
yellow

	
<60.0

	
93.0/118–119

	
/




	
J57

	
2996.3

	
Quartz

	
overgrowth

	
GI

	
/

	
/

	
93.0/118–119

	
CO2/CH4




	
J57

	
2996.3

	
Quartz

	
overgrowth

	
O&G

	
yellow-green

	
102–104.3

	
114

	
CO2/CH4




	
J57

	
2996.3

	
Quartz

	
overgrowth

	
OI

	
weak yellow

	
/

	
114

	
/




	
J57

	
2996.3

	
Quartz

	
overgrowth

	
GI

	
/

	
/

	
94.0–95.0

	
CO2




	
J103

	
3085.1

	
Quartz

	
healed microfractures

	
O&G

	
yellow-green

	
110.4

	
101

	
CO2




	
J103

	
3085.1

	
Quartz

	
healed microfractures

	
O&G

	
yellow-green

	
111.8

	
101

	
CO2




	
J103

	
3085.1

	
Quartz

	
healed microfractures

	
O&G

	
yellow-green

	
112

	
101

	
CO2




	
J103

	
3085.1

	
Quartz

	
healed microfractures

	
O&G

	
yellow-green

	
119

	
101

	
CO2




	
J103

	
3085.1

	
Quartz

	
healed microfractures

	
O&G

	
yellow-green

	
148

	
101

	
CO2




	
J103

	
3085.1

	
Quartz

	
healed microfractures

	
O&G

	
yellow-green

	
>200.0

	
96

	
CO2




	
J103

	
3085.1

	
Quartz

	
healed microfractures

	
O&G

	
yellow-green

	
106

	
96

	
CO2




	
J103

	
3085.1

	
Quartz

	
healed microfractures

	
O&G

	
yellow-green

	
99

	
96

	
CO2




	
J103

	
3085.1

	
Quartz

	
healed microfractures

	
O&G

	
yellow-green

	
101

	
131–134

	
CH4




	
J103

	
3085.1

	
Quartz

	
healed microfractures

	
GI

	
/

	
/

	
124–129

	
CH4




	
J110

	
3030.3

	
Quartz

	
overgrowth

	
GI

	
/

	
/

	
128–130

	
CH4




	
J110

	
3030.3

	
Quartz

	
overgrowth

	
GI

	
/

	
/

	
128–129

	
CH4




	
J110

	
3030.3

	
Quartz

	
overgrowth

	
GI

	
/

	
/

	
162–165

	
CH4




	
J112

	
3130.5

	
Quartz

	
overgrowth

	
GI

	
/

	
/

	
99–101/117–119

	
CO2/CH4




	
J112

	
3130.5

	
Quartz

	
overgrowth

	
OI

	
weak yellow

	
/

	
99–101/117–119

	
/




	
J112

	
3130.5

	
Quartz

	
overgrowth

	
GI

	
/

	
/

	
148–149

	
CH4








Abbreviations: GI: gas inclusion; OI: oil inclusion; O&G: oil and gas two-phase inclusion.













[image: Table] 





Table 4. Comparison of Ro and temperature between measured values and simulation results of PetroMod 1D.
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	Comparison Parameters
	Well
	Depth

(m)
	Strata
	Measured Value
	Simulation Value
	Error Rate





	Ro (%)
	J78
	3160.4
	C3t
	1.34
	1.36
	−1.49%



	
	J78
	3161.6
	C3t
	1.35
	1.36
	−0.74%



	
	J89
	3169.4
	C3t
	1.17
	1.16
	0.85%



	
	J89
	3167.5
	C3t
	1.16
	1.16
	0.00%



	Temperature (°C)
	J57
	3055
	P1x
	91.246
	92.55
	−1.43%



	
	J103
	3075.75
	P1x
	93.552
	91.51
	2.18%



	
	J110
	3021
	P1x
	94.646
	96.21
	−1.65%



	
	J112
	3113.75
	P1x
	87.276
	87.93
	−0.75%







Error rate = (measured value − simulation value)/measured value.
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Table 5. Hydrocarbon composition of Lower Shihezi Formation tight gas in the Duguijiahan block.
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	Zone
	Well
	C1
	C2
	C3
	iC4
	nC4
	iC5
	nC5
	Relatively Density
	C1/C1–5





	Southern part
	J31
	10.774
	0.858
	0.203
	0.029
	0.041
	0.016
	0.011
	0.9279
	0.903



	
	J57
	87.073
	4.378
	1.942
	0.384
	0.598
	0.225
	0.175
	0.639
	0.919



	
	J58
	78.389
	2.311
	0.938
	0.124
	0.237
	0.077
	0.063
	0.658
	0.954



	
	J78
	32.518
	1.124
	0.205
	0.128
	
	
	
	0.854
	0.957



	
	J85
	55.669
	7.742
	1.601
	0.201
	0.299
	0.145
	0.135
	0.763
	0.846



	
	J95
	87.571
	9.083
	2.208
	0.307
	0.518
	0.159
	0.154
	0.637
	0.876



	
	J96
	93.439
	3.184
	0.5
	0.137
	0.32
	0.052
	0.044
	0.605
	0.957



	
	J107
	94.943
	3.18
	0.695
	0.223
	0.24
	0.081
	0.066
	0.591
	0.955



	
	J115
	89.713
	6.581
	1.834
	0.298
	0.544
	0.234
	0.156
	0.629
	0.903



	Northern part
	J86
	94.845
	2.075
	0.447
	0.07
	0.05
	0.029
	0.056
	0.584
	0.972



	
	J98
	92.528
	5.5
	0.935
	0.137
	0.201
	0.085
	0.066
	0.603
	0.930



	
	J99
	87.434
	7.158
	1.62
	0.23
	0.374
	0.102
	0.104
	0.632
	0.901



	
	J100
	89.172
	7.464
	1.787
	0.306
	0.647
	0.249
	0.378
	0.633
	0.892



	
	J101
	91.265
	5.394
	1.476
	0.218
	0.359
	0.126
	0.116
	0.614
	0.922



	
	J103
	87.612
	6.821
	1.489
	0.22
	0.344
	0.145
	0.118
	0.629
	0.906



	
	J108
	92.318
	4.135
	1.131
	0.155
	0.245
	0.113
	0.082
	0.612
	0.940



	
	J110
	93.821
	2.947
	0.668
	0.253
	0.229
	0.058
	0.026
	0.603
	0.957



	
	J111
	84.262
	2.72
	0.552
	0.091
	0.14
	0.062
	0.049
	0.63
	0.959



	
	J112
	92.097
	2.264
	0.468
	0.122
	
	
	4.215
	0.597
	0.929



	
	J114
	90.997
	7.052
	1.146
	0.14
	0.189
	0.069
	0.053
	0.61
	0.913



	
	J109
	96.034
	2.755
	0.319
	0.041
	0.05
	0.105
	0.053
	0.581
	0.967
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