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Fine-grained sedimentary rock (FGSR) reservoirs in a deep-water sedimentary environment from the Late Triassic Yanchang Formation in the Ordos Basin in central China have huge potential for tight oil production. According to the comprehensive research of fluid inclusion experiment, scanning electron microscopy, cathodoluminescence, thin section identification, and whole rock analysis, the petrographic characteristics, fluorescence spectrum parameters, and the homogenization temperature of oil inclusions and associated brine inclusions in the FGSR reservoir were analyzed to explore the coupling relationship between densification characteristics and tight oil accumulation of the FGSR reservoir. The results show the FGSR reservoir diagenesis has experienced compaction, cementation, and multiple stages of dissolution. A comprehensive analysis of burial history shows that the Chang 7 Member FGSR reservoir in the study area has three phases of oil charging, corresponding to the geologic time range of 132–124, 120–102, and 98–97 Ma. The organic acid produced by the first-stage oil charging accelerated the dissolution of feldspar and cuttings, and the dissolution pores increased significantly. Then, the organic acid in the second-stage oil charging accelerated the dissolution, and the abnormally high hydrocarbon expulsion pressure inhibited the damage of compaction on the pores of FGSR reservoir. Finally, the thermal evolution degree of source rocks reached the highest in the third-stage oil charging. The constructive effect of large-scale organic acids on pores and the protective effect of the chlorite membrane on pores inhibited the densification process of the FGSR reservoir. In short, the FGSR reservoir has experienced a cyclical reservoir densification process of “reducing porosity–increasing porosity–preserving porosity.” The coupling of pore evolution and oil charging of the FGSR reservoir is the key to the extensive accumulation and large-scale reservoir formation of tight oil in the Chang 7 Member of the Yanchang Formation in the Zhenyuan area, southwest Ordos Basin. The significance of the study may help to understand the process of the tight oil accumulation and predict the tight oil of the FGSR reservoir distribution.
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INTRODUCTION
Unconventional oil and gas exploration in the Bakken Formation in the Willingston Basin, Eagle Ford Formation in southern Texas, and Barnett Formation in the Fort Worth Basin in north-central Texas in North America achieved significant success (Loucks et al., 2009; Sonnenberg and Pramudito, 2009), showing that the unconventional resources represented by shale gas and tight oil have become a new frontier for global oil and gas exploration and development. In China, unconventional oil and gas are widespread in the FGSRs of several large hydrocarbon-containing reservoir basins, such as the Cretaceous Qingshankou Formation of the Songliao Basin (Li et al., 2017), Jurassic Daanzhai Member and the upper Ordovician‐lower Silurian Wufeng‐Longmaxi in the Sichuan Basin (Wang et al., 2019; Wang et al., 2020; Wang et al., 2021; Zhang et al., 2022), and Chang 7 Member of the Triassic Yanchang Formation in the Ordos Basin (Yao et al., 2013; Yang et al., 2017), exhibiting huge resource potential (Huang et al., 2018). Among them, the tight oil in the FGSR reservoir in the Chang 7 Member of the Triassic Yanchang Formation in the Ordos Basin in central and western China has achieved rapid exploration breakthroughs. As of the end of 2016, the calculated resources are about 20 × 108 t (Yang et al., 2017). With the discovery of Qingcheng Oilfield with reserves of more than 1 billion tons in September 2019, Changqing Oilfield, PetroChina made substantial breakthroughs in the continuous in-depth study of Chang 7 FGSRs and unconventional oil and gas, which further revealed the huge hydrocarbon generation potential and tight oil accumulation scale in the FGSR reservoir of the Chang 7 Member.
With the continuous tight oil exploration and development in recent years, scholars have made a wealth of knowledge in studying the relationship between densification characteristics and tight oil accumulation of the FGSR reservoir in the Chang 7 Member of the Triassic Yanchang Formation in the Ordos Basin. Some researchers believe that diagenesis plays a decisive role in the densification process of reservoirs (Zhang et al., 2013) in that the remaining pressure difference is the main driving force for tight oil charging when the tight oil has not yet begun to be charged on a large scale before reservoir densification (Guo et al., 2017). In contrast, some believe that when the Triassic Yanchang Formation reaches the peak of hydrocarbon generation and expulsion, the reservoir has not yet been densified and that later, iron carbonate cementation is the decisive factor, leading to the tightness of the reservoir (Deng et al., 2009). Meanwhile, other researchers believe that combined with the analysis of inclusion testing, large-scale mature oil charging has begun before reservoir densification, and the oil charging continued after the formation of tight reservoirs (Zhao et al., 2018). From that given above, it can be seen that the relationship between densification characteristics and tight oil accumulation of the FGSR reservoir is a hot academic topic. The views that the scholars acquired based on relative data are reasonable, but the time sequence and relationship between densification characteristics and tight oil accumulation of the FGSR reservoir are still not clear.
Based on relevant research results, we studied the FGSRs of the Chang 7 Member of the Triassic Yanchang Formation in the Zhenyuan area of the southwest Ordos Basin with a systematic study by comprehensive fluid inclusion analysis, scanning electron microscope microscopic observation, cathode emission analysis, cast thin section and conventional thin section identification, and whole rock analysis. We analyzed the densification process and tight oil charging caused by diagenesis in the FGSR reservoir and provided a theoretical guide in analyzing the unfavorable factors of reservoir densification on tight oil accumulation and in finding favorable tight oil “sweet spot” accumulation areas.
GEOLOGICAL SETTING
Ordos Basin, with a total area of 32 × 104 km2, is located to the west of the North China Platform in China, and at the junction of the eastern stability zone and the western active zone. It is the second largest sedimentary basin in China (Yang et al., 2017; Yang et al., 2019). According to its geological evolution history and structural characteristics, the basin can be divided into six primary structural units: Yimeng Uplift, Weibei Uplift, Jinxi Flexfold Belt, Shaanbei Slope, Tianhuan Depression, and the thrust belt on the western edge (Zou et al., 2012; Liao et al., 2013; Li et al., 2016) (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Structural units and geological setting of the Ordos Basin (modified from References Zou et al., 2012 and Li et al., 2016). (B) Location of the study area. (C) Triassic succession.
During the depositional period of the Late Triassic Yanchang Formation, the Ordos Basin had extensive water, showing the characteristics of a typical large inland depression lake basin. The western and southern edges of the basin are relatively steep, and the overall slope can reach 3.5°–5.5° (Fu et al., 2010). Due to the sufficient supply of terrigenous clastics at the periphery of the basin, a set of well-developed sedimentary combinations, mainly river delta–lacustrine deposits, was formed during the extended period. They have well-developed sources, reservoirs, and caps with a total thickness of about 100–1,300 m (Yang et al., 2019). The Yanchang Formation can be divided from top to bottom into 10 members from the Chang 1 Member to Chang 10 Member. During the depositional period, it experienced three large lake transgressions in Chang 9, Chang 7, and Chang 4 + 5, wherein the development of lake basin in the Chang 7 Member reached its peak and formed high-quality source rocks (Yang et al., 2010; Yang et al., 2017; Yang et al., 2019) (Figure 1C).
The Zhenyuan area with a total area of about 4,500 km2 is located in southwest Ordos Basin, spanning the southern end of the Tianhuan Depression from east to west, and bordering the thrust belt on the western edge and Yishan Slope to the east (Figure 1B). The study area is generally developed on steep slopes, close to the deposition center, which is easy to form slump deposits (Cui et al., 2015). The Chang 7 Member of the Yangchang Formation is mainly a braided river delta–lacustrine sedimentary system, and the semi-deep lake area develops sandy debrite flow and turbidite sedimentary sand body. FGSRs are mainly gray, dark gray, light gray and gray–green fine sandstone and siltstone, dark mudstone, and oil shale (Yuan et al., 2015). The particle diameter range is from 0.03 to 0.60 mm. Evenly sorted and poorly rounded, the particles are mainly sub-angular and sub-round–sub-angular. Through the statistical analysis of quartz, feldspar, and lithic content of 170 sample points, the results show that the rock types are mainly feldspathic lithic sandstone and feldspathic lithic sandstone, followed by lithic feldspar sandstone and lithic sandstone. Among them, feldspathic lithic sandstone and feldspar lithic sandstone account for 68.23% of the total samples, lithic feldspar sandstone 23.53%, and lithic sandstone 8.24%. The feldspar content and lithic content are relatively high. The overall content has relatively low ingredient maturity and relatively high structural maturity. The physical properties of the reservoir are poor, the porosity is generally 6–14%, and the permeability is (0.01–10) × 10−3 μm2, which shows that it is a typical low porosity and low permeability reservoir (Ran et al., 2013).
METHODS
In this study, core samples from 11 key exploratory wells were collected evenly in the Chang 7 Member of the Triassic Yanchang Formation in the Zhenyuan area of the southwest Ordos Basin, and core samples were sorted, screened, and numbered. Among them, there are 20 fluid inclusion samples and 5 scanning electron microscope samples. The sampling well positions are shown in Figure 1B. The testing process of the fluid inclusion samples is: sample collection and preparation, diagenesis observation, fluid inclusion microscopic fluorescence observation, oil inclusion microscopic fluorescence spectrum analysis, and fluid inclusion temperature measurement and analysis. In this study, Nikon 80I dual-channel fluorescence microscope was used, and the excitation wavelength of ultraviolet excitation light was 330–380 nm; the fluorescence microscopy spectrometer was Maya 2000 Pro spectrometer of Ocean Optics Inc., and the Leica DM5500 laser fluorescence confocal scanning microscope was used to accurately measure the gas–liquid ratio of inclusions. British Linkam THMS G600 cold/hot stage was used for homogenization temperature and salinity testing of fluid inclusions. Yuanao microscopic spectrum analysis software was used for spectral data processing and graphing. Scanning electron microscope samples were tested with KYKY-3800 scanning electron microscope, and pore throat scanning analysis and diagenesis analysis were performed on the samples. In addition, experimental tests such as cast thin sections, cathodoluminescence, and whole rock analysis were carried out.
RESULTS
Petrographic Characteristics of Hydrocarbon Inclusions
The different fluorescent colors of hydrocarbon inclusions show differences in their composition and maturity. Usually, as the maturity of hydrocarbons increases, their fluorescent colors will evolve in accordance with the red–orange–yellow–green–blue change rule. Therefore, by observing the fluorescence color, fluorescence intensity, and fluorescence spectrum parameters (Q value, λmax value, and QF535 value) of oil inclusions under a microscope, we conducted an indirect analysis of the composition and evolution degree of oil inclusions (Munz, 2001; Su et al., 2020).
(Explanation: Microscopic fluorescence spectrum parameters of a single oil inclusion (Q value, λmax, and QF535) is one of the effective methods to evaluate the maturity and oil charging multistage of oil inclusions, and it is defined as follows: The definition of the red and green quotient Q value: Q value = I650/I500, where I650 is the fluorescence intensity corresponding to a spectral wavelength of 650 nm, and I500 is the fluorescence intensity corresponding to a spectral wavelength of 500 nm. The I650 value mainly reflects the information of the macromolecular components in the inclusion oil with lower maturity. The larger the I650 value, the more the macromolecular components contained in the inclusion oil. The I500 value mainly reflects the information of the small molecular components in the inclusion oil with higher maturity. The larger the I500 value, the smaller the molecule components contained in the inclusion oil. Therefore, the greater the red–green quotient (Q), the lower the maturity of the oil in the inclusions, and vice versa. λmax is the wavelength corresponding to the main peak of the microbeam fluorescence spectrum of oil inclusions. The larger the λmax, the lower the maturity. The smaller the λmax, the higher the maturity. The relationship between Q and λmax well reflects the maturity of oil inclusions. QF535 is defined as the ratio of the area defined by the wavelength of 720 and 535 nm to the area defined by the wavelength of 535 and 420 nm. The larger the QF535, the higher the content of high molecular weight hydrocarbon components and the lower the oil maturity of the inclusion.)
The microscopic observation of thin sections of fluid inclusion in the study area shows that the inclusions in the FGSR reservoir mainly consist of pure oil single-phase inclusions, gas–liquid two-phase oil inclusions, pure water liquid-phase inclusions, two-phase hydrocarbon-bearing inclusions, and bitumen inclusions. Inclusions have varied shapes, mainly oval, followed by strip-shaped and nearly circular. The size range of the inclusions is 3–7 μm. Oil fluid inclusions show rich microscopic oil and gas. Oil inclusions with different fluorescent colors are distributed in a variety of occurrences including feldspar (Figures 2A,B), cracks in quartz grains (Figures 2C,D), quartz overgrowth (Figures 2E,F), calcite cements (Figures 2G,H), veins, and cracks through quartz particles (Figures 2I,J), accounting for 16, 28, 6, 6, 4, and 40%, respectively (Table 1; Figure 3A).
[image: Figure 2]FIGURE 2 | Micrographs of representative oil inclusions under transmitted light (TR) and ultraviolet light (UV) in the FGSR samples. (A,B) Sample 2413.48 m, well Y75: yellow–green fluorescing oil inclusions in the dissolved pores of feldspar grains. (C,D) Sample 2166 m, well Z218: yellow–green fluorescing oil inclusions along multiple healed fractures of a quartz grain. (E,F) Sample 2517.1 m, well Z74: yellow–green fluorescing oil inclusions along healed fractures of quartz overgrowth. (G,H) Sample 2360.5 m, well Y75: yellow–green fluorescing oil inclusions in the calcite cement. (I,J) Sample 2532.6 m, well Y208: blue–green fluorescing oil inclusions along the fracture through the quartz grain.
TABLE 1 | Microbeam fluorescence color observation and fluorescence spectrum parameters (Q value, λmax value, and QF535 value) of oil inclusions with various colors and locations.
[image: Table 1][image: Figure 3]FIGURE 3 | (A) Histogram of oil inclusions in various diagenetic minerals. (B): Histogram of numbers of oil inclusions with various colors.
The fluorescence spectrum characteristics and the spectral parameters (Table 1) of the inclusions in the FGSR reservoir in the study area show that the fluorescence colors of hydrocarbon inclusions are yellow, yellow–green, green, blue–green, and bright blue, accounting for 2, 38, 16, 38, and 6%, respectively (Figure 3B). There are obvious differences in the spectra of oil inclusions of different fluorescent colors, reflecting the maturity difference of oil inclusions. The λmax of low-maturity yellow fluorescent oil inclusions is 582.25 nm, and QF535 is 2.85. The λmax of mature yellow–green and green fluorescent oil inclusions is 502–548 nm, and QF535 is 0.86–1.86. The λmax of highly mature bright blue and blue–green fluorescent oil inclusions is 463–499 nm, and QF535 is 0.64–1.325 (Wu et al., 2018). It can be seen that the FGSR reservoir in the study area generally has three stages of oil sources: low-mature, mature, and high-mature, of which mature–high-mature oil charging is the main oil source supply.
Microscopic Temperature Measurement Analysis of Hydrocarbon Inclusions
Based on the identification and analysis of the fluorescence characteristics of oil inclusions, the homogenization temperature of different occurrences, different types of oil inclusions, and their symbiotic brine inclusions were further measured. The homogenization temperature of the brine inclusions coexisting with hydrocarbon inclusions was measured. In the data collation, the inclusions with a temperature difference greater than 20°C in the same occurrence were excluded. Based on the fluorescence observation of oil inclusions, the representative samples were subjected to microscopic temperature measurement and salinity measurement analysis, and the following data were obtained. The homogenization temperature range and mean salinity of brine inclusions in the first phase is 115.1–123.4°C and 21.9 wt.% NaCl, respectively; in the second phase, they are 14.5–146.7°C and 16.5 wt.% NaCl; and in the third phase, they are 148.5–160.4°C and 8.8 wt.% NaCl. The homogenization temperature of oil inclusions is relatively wide, mainly distributed in four temperature ranges: in the first phase, 68.1–75.9°C; in the second phase, 82.8–99.6°C; in the third phase, 101.8–121.2°C; and in the fourth phase, 148.5–160.4°C (Figure 4).
[image: Figure 4]FIGURE 4 | Histograms of homogenization temperatures for oil inclusions with various colors and coeval aqueous inclusions in the FGSR reservoir.
DISCUSSION
The densification process of the FGSR reservoir of the Chang 7 Member of the Triassic Yanchang Formation in the Zhenyuan area of the southwest Ordos Basin has experienced a long period of geological history, accompanied by the generation and migration of oil. The discussion of the diagenetic evolution process of the FGSR reservoir and how the oil charging affects the densification process of the reservoir has important guiding value for predicting the scale of tight oil accumulation.
Diagenesis and Diagenetic Evolution Characteristics
FGSRs have undergone a series of diagenetic evolutions from the initial loose sedimentary state until metamorphism, and the most direct result is the continuous reduction of reservoir pores and gradual densification (Li et al., 2021). Combined with the comprehensive analysis of fluid inclusions, scanning electron microscopy, cathodoluminescence, and cast thin sections, the FGSRs of the Chang 7 Member of the Triassic Yanchang Formation in the Zhenyuan area have undergone complex diagenetic evolution processes including compaction, cementation, and multiple dissolutions.
Compaction was the earliest continuous diagenesis after the deposition of FGSRs, and it almost accompanied the entire process of FGSR evolution (Liu et al., 2020). The FGSR reservoir of the Chang 7 Member in the study area had typical compaction. Observations under microscope and scanning electron microscope show that the directional arrangement of the particles, the line contact–concave–convex contact between the particles, and the large number of primary intergranular pores were destroyed, leaving relatively few residual pores (Figure 5A). The phyllite, schist, slate, mica (Figures 5B,C), and other plastic components in the cuttings have weaker compaction resistance. Compared with rocks with high quartz content, they are prone to plastic deformation. Strong compaction is the main reason why the physical properties of the reservoir were deteriorated (Beard and Weyl, 1973).
[image: Figure 5]FIGURE 5 | SEM image and cathodoluminescence (CL) image showing the optical characteristics of diagenesis in the FGSR reservoir. (A) Sample 2461.5 m, well Z156: primary pores were destroyed by mechanical compaction. (B) Sample 2384 m, well Y72: mica was deformed by mechanical compaction. (C) Sample 2461.5 m, well Z156: mica was deformed by mechanical compaction. (D) Sample 2492.5 m, well Y108: ferrocalcite cement (Fer-c). (E) Sample 2384 m, well Y72: the chlorite (Chl) and kaolinite (Kao). (F) Sample 2692.07 m, well Z106: feldspar dissolution. (G) Sample 2692.07 m, well Z106: quartz overgrowth (Qtz-o) and chlorite (Chl). (H) Sample 2066m, well Z221: fibrous illite. (I) Sample 2384 m, well Y72: the dissolution pores was filled in by kaolinite (Kao), and surrounded by chlorite (Chl). (J) Sample 2384 m, well Y72: feldspar dissolution. (K) Sample 2360.5 m, well Y75: feldspar dissolution. (L) Sample 2066 m, well Z221: dissolution pores.
Cementation is the crystallization and precipitation of the supersaturated components of the solution in the pores, resulting in further consolidation of loose sediments, which is a key factor leading to further densification process of the reservoir. Cementation was generally developed in the FGSR reservoir of the Chang 7 Member in the study area, mainly including ferrocalcite cement (Figure 5D), calcite, chlorite (Figures 5E,G, I), quartz overgrowth (Figure 5G), kaolinite (Figure 5E), illite (Figure 5H), iron calcite, and other minerals. The higher feldspar content in the FGSRs of the Chang 7 Member in the study area provided the material basis for the formation of illite during the diagenetic evolution. With the increase of illite content, the porosity and permeability of sandstone showed a decreasing trend (Fu et al., 2013). The iron calcite cement was a product formed at a relatively late stage of diagenesis. Its massive formation not only made the physical properties of the reservoir worse, but also was an important factor that caused strong heterogeneity.
Compared with cementation, dissolution has a constructive effect on reservoirs. The further selective dissolution of original minerals and cements is the most important factor for increasing porosity and permeability. The FGSRs of the Chang 7 Member of the Zhenyuan area were mainly feldspar lithic sandstone and lithic feldspar sandstone, which had low component maturity and provided innate conditions for dissolution. The acidic water released during the hydrocarbon generation stage of organic matter and the organic acids in oil charging accelerated dissolution (Zhu et al., 2014; Zhu et al., 2015). The internal and inter-particle dissolutions were developed, including feldspar dissolution (Figures 5F, J, K) and quartz dissolution, forming a large number of secondary dissolution pores (Figures 5I,L).
According to China Oil & Gas Industry Standards and the characterization of the diagenetic evolution sequence of clay minerals, combined with Ro, oil inclusion temperature analysis, and a comprehensive analysis of diagenesis characteristics, we find that the Yanchang Formation sandstone in the Ordos Basin as a whole is currently in the A2 period of mid-diagenesis stage, part of it is in the B period of mid-diagenesis stage, and that the average porosity of the reservoir is about 10%; the total porosity is basically stable, and the overall reservoir is tight (Figure 6).
[image: Figure 6]FIGURE 6 | Burial-thermal history, diagenetic sequences, and the evolution of pores in the FGSR reservoir.
Coupling Relationship Between Reservoir Densification and Accumulation
The densification process of the FGSR reservoir has started from the quasi-contemporaneous stage, accompanied by the continuous process of the entire diagenetic evolution as well as the process of oil charging at different stages.
Different types of oil have a close relationship with diagenesis. Yellow and yellow–green oil inclusions are mainly seen in feldspar, indicating low-mature oil and mature oil charging, respectively; yellow–green and green oil inclusions are mainly seen in the cracks in quartz grains, indicating mature oil charging; green oil inclusions are mainly seen in quartz overgrowth and calcite cements, indicating mature oil charging; blue–green and bright blue oil inclusions are mainly seen in veins and cracks through quartz grains, indicating high-mature oil charging (Figure 7). Different types of oil charging reflect different diagenetic sequences: the formation of feldspar pores is earlier, followed by cracks in quartz grains, quartz overgrowth, calcite cements, and finally cracks through quartz grains.
[image: Figure 7]FIGURE 7 | Cross-plot of QF535 and λmax values for single oil inclusions in the FGSR reservoir.
The FGSR reservoir particles in the study area are in very close contact with small pore spaces. Normally, oil is still stored when pore throat diameters are less than 1 μm. To a certain extent, it reflects that there was sufficient hydrocarbon expulsion pressure during the geological history period (Wu et al., 2016). It also shows that in the oil charging stage, the FGSR reservoir had good storage capacity and has not yet reached the degree of densification of tight reservoirs.
The diagenetic system composed of FGSRs and fluids is an open and semi-open system. The pressure difference in the diagenesis process and the newly added storage space make it easier for oil charging. The formation of fluid inclusions is accompanied by oil migration and accumulation. Using the homogenization temperature of the brine inclusions in the same period as the hydrocarbon inclusions, combined with the paleotemperature history and reservoir burial history in the study area, the formation time of tight oil reservoirs can be determined to further analyze the spatiotemporal coupling relationship between reservoir densification and accumulation time.
Then, the burial history projection method was used to determine the oil charging time. The analysis shows that the corresponding geological times of the three phases of oil charging are: in the first phase, the charging time is 132–124 Ma, in the second phase 120–102 Ma, and in the third phase 98–97 Ma (Figure 6).
It can be seen from Figure 6 that during the first charging phase (132–124 Ma), the burial depth of the formation gradually increased, and with the enhancement of compaction, the intergranular pores of the reservoir decreased. The discovery of low-mature oil marked by yellow fluorescent inclusions in feldspar dissolution pores indicates that oil charging was closely related to the dissolution of feldspar. The study area is close to the hydrocarbon generation center, and the Chang 7 Member itself is a high-quality reservoir with source rocks. During the maturation of source rocks, a large number of acidic fluids were continuously discharged, and the feldspar and cuttings of adjacent reservoirs were dissolved and transformed (Zhu et al., 2014; Zhu et al., 2015; Zhang et al., 2020). Before the early low-mature oil charging, certain feldspar dissolved pores had developed in the FGSR reservoir, which increased the storage space with the continuous increase in compaction. With the early charging of low-mature oil, organic matter expulsion of hydrocarbons released organic acids into the FGSR reservoir, and further dissolution occurred with soluble materials such as feldspar and cuttings, which effectively improved the physical properties of the reservoir and provided effective storage space for the next large-scale oil charging, while the disadvantage is that it also provided a sedimentation space for the formation of cement.
In the second charging phase (120–102 Ma), as the burial depth continued to increase, the maturity of organic matter increased. When the organic acid produced by the low-mature oil accelerated the dissolution and increased the storage capacity of the FGSR reservoir, the number of yellow–green oil inclusions in the feldspar dissolution pores has increased significantly. Then, the oil charging has entered the peak stage, producing a large number of organic acids, and increasing the probability of dissolution of feldspar and cuttings. At the same time, the abnormal high pressure generated by oil charging inhibited the destructive effect of compaction on the FGSR reservoir to a certain extent (Wu et al., 2016). On the other hand, with the increase in the degree of thermal evolution of organic matter, yellow–green and green inclusions appeared in the cracks in quartz grains, quartz overgrowth, and calcite cements, reflecting that a large number of cements were formed before mature oil charging.
In the third charging phase (98–97 Ma), the burial depth increased rapidly, the maximum burial depth of source rocks reached the maximum, and the oil generation rate was the highest. The Chang 7 source rocks entered the peak of hydrocarbon generation. While the large-scale high-maturity oil was charged, the acidification of large-scale organic acids played a constructive role in the formation of secondary pores. At the same time, as the depth increased, chlorite is more and more developed (Figure 8A), and a large number of pores were covered by chlorite (Figure 8B). On the contrary, the content of kaolin decreased, reducing the probability of clay minerals filling secondary pores. The preservation of pores (Xie et al., 2010; Zhu et al., 2014) increased pore connectivity, and provided favorable conditions for oil charging in the third phase.
[image: Figure 8]FIGURE 8 | (A) Histogram of mineral content as depth increases. (B) SEM image showing the optical characteristics of chlorite which protect the pores.
After continuous diagenetic reformation and intermittent oil charging, the FGSR reservoir has experienced a cyclical reservoir densification process of “reducing porosity-increasing porosity-preserving porosity”. The coupling of overall densification process of the reservoir, pore increase at different stages, regional pore preservation, and oil charging is the key to the extensive accumulation and large-scale reservoir formation of tight oil in the Chang 7 Member of the Yanchang Formation in the Zhenyuan area, southwest Ordos Basin.
CONCLUSION
This research mainly studied the fluid inclusions and diagenesis of the Chang 7 Member FGSR reservoir of the Yanchang Formation in the Zhenyuan area of the southwest Ordos Basin, and discussed the relationship between reservoir densification characteristics and tight oil accumulation. The following conclusions can be drawn:
1) The FGSR reservoir inclusions are mainly distributed in feldspar, cracks in quartz grains, quartz overgrowth, calcite cements, and veins and cracks through quartz grains. The fluorescence colors of oil inclusions include yellow, yellow–green, green, blue–green, and bright blue. There are three stages of oil source charging of low-maturity, maturity, and high-maturity, corresponding to three different geological historical periods.
2) The FGSR reservoir has undergone long-term and complex diagenesis transformations such as compaction, cementation, and dissolution, and the process of gradual densification process was accompanied by oil charging. The first phase of small-scale oil charging provided organic acids, which promoted dissolution, increased secondary pores, and provided storage space for the next phase of oil charging; the oil charging in the second phase increased significantly, resulting in organic acid that promoted the dissolution of feldspar and cuttings, and increased the pores; in the third stage of oil charging, the stratum burial depth reached the maximum, the compaction effect was the strongest, and the organic acid promoted the formation of secondary pores, while the chlorite membrane protected pores from those that were filled or compacted, increasing connectivity.
3) The three stages of oil charging and FGSR reservoir densification process were coordinated and accompanied by time–space coupling, and have experienced “reduced porosity-increased porosity-porosity preservation” multi-phase reservoir densification and oil accumulation at different stages, jointly leading to the large-scale tight oil accumulation in the study area. This study may help to understand the process of the tight oil accumulation, and predict the tight oil of the FGSR reservoir distribution of the Yanchang Formation in the Zhenyuan area of the southwest Ordos Basin, central China.
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