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In order to establish a quantitative evaluation system for reservoir quality suitable for tight oil sandstones, in this study, taking the Chang 7 Member in the Maling area of the Ordos Basin as an example, the nuclear magnetic resonance, clay mineral analysis, high pressure mercury injection analysis and logging interpretation technology have been used to carry out a comprehensive evaluation of the pore structures, sand body structures and oil-bearing properties of tight oil sandstone reservoirs. The results show that the pseudo-capillary pressure curves transformed by the NMR T2 spectra are consistent with the capillary pressure curves measured by the core experiments. This method can be used for accurate characterization of the pore structures of the reservoir. The pore structure parameters calculated based on the pseudo-capillary pressure curves can accurately reflect the pore structures of the reservoirs such as micropores-thin throats and complex tortuosity. At the same time, the smoothness feature of conventional logging curves is used to evaluate the sand body structures and heterogeneity of the reservoir, and the apparent energy storage coefficient is introduced to quantitatively evaluate the oil-bearing properties of tight oil reservoirs. The evaluation results are in good agreement with the actual production situation. The larger the apparent energy storage coefficient, the higher the initial output of the oil wells. The evaluation results of the reservoir quality of the tight oil sandstones constructed in this paper are highly consistent with the production status, so the method has broad application prospects.
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1 INTRODUCTION
At present, tight oil, which enjoys the reputation of “black gold” in the world oil industry, has become a new bright spot in the exploration and development of unconventional oil and gas. The United States and Canada have made breakthroughs in the key technical fields of tight oil development (Yao et al., 2013; Han et al., 2019; Li Y. et al., 2021; Lai et al., 2022a). China has abundant tight oil resources, which are mainly distributed in the Bohai Bay Basin, the Ordos Basin and the Sichuan Basin. Considerable geological reserves of tight oil resources represent that tight oil has broad development prospects. In recent years, many scholars around the world have achieved a lot of results in tight oil exploration and development. For example, Yang et al., (Zhang et al., 2018) redefined it according to the actual situation of different tight oil reservoirs; Zou et al. and Fu et al.(Jia et al., 2016; Jia et al., 2016; Yang et al., 2019) conducted a systematic study on the accumulation type, development characteristics and formation mechanism of tight oil in China; Zou et al. (2013), Li et al. (2019), Li et al. (2022) conducted an in-depth analysis of the accumulation conditions of tight oil, and determined the main controlling factors of hydrocarbon accumulations. In the evaluation of reservoir quality of tight oil sandstones, the difficulties in logging interpretation are mainly reflected in the following two aspects: (1) The geological and petrophysical characteristics of tight oil reservoirs are complex, but the resolution ability of conventional logging series is low and the amount of information is insufficient. Therefore, it is urgent to carry out new logging techniques, new method tests and optimization of logging parameter series; (2) The current logging evaluation of tight oil sandstone reservoirs basically follows the idea of low permeability reservoirs, and its adaptability is obviously insufficient. Therefore, the logging evaluation contents, methods and standards of reservoir quality need to be evaluated (Yao et al., 2013; Zou et al., 2013; Neves et al., 2019; Hassane et al., 2021; Zhang et al., 2020).
Generally, the pore structure of reservoir rocks is the main factor affecting the storage capacity of reservoir fluids (oil, gas, water) and the efficiency of oil and gas recovery (Jia et al., 2016; Iferobia et al., 2019; Yang et al., 2019; Zhu et al., 2019; Li J. et al., 2022). The pore structures of the Chang 7 reservoir in the Ordos Basin is characterized by fine pore throats, complex tortuosity, high capillary pressure, and complex rock and mineral components. The reservoir space is mainly secondary dissolved pores. Rock composition, pore type, pore size, fracture development and the matching relationship between these parameters are important factors for whether a tight oil reservoir can become an effective reservoir. How to define the main controlling factors of reservoir quality on the basis of petrophysical research is an important content of logging evaluation of tight sandstone reservoirs (Zhang et al., 2018; Li et al., 2019; Fan et al., 2022; Li H. et al., 2022; Li, 2022; Lu et al., 2022). Therefore, in this paper, the evaluation of rock composition and pore structures is selected as the core of reservoir quality evaluation. This research is of great significance for the rational and efficient development of tight oil sandstone reservoirs.
2 GEOLOGICAL BACKGROUND
The Maling area of the Ordos Basin is located in the northwest of the Qingcheng area. Its tectonic structure is located in the east of the Tianhuan Depression and the west of the Yishan Slope (Figure 1). Multiple sets of source-reservoir-caprock assemblages developed in the Upper Triassic Yanchang Formation. According to the sedimentary cycle, the Yanchang Formation is divided into 10 oil layers from the Chang 10 to Chang 1 Members from bottom to top. The sedimentary evolution of the Yanchang Formation has experienced the whole process of formation, development, prosperity, decline and extinction. It belongs to a complete set of continental fluvial-delta-lake sedimentary system. Among them, during the depositional period of the Chang 7 Member, the basin entered the maximum lake flooding period, which was also the peak period of lake thermal fluid activity. The prosperity of lake algae and plankton laid the material foundation for the deposition of organic-rich shale. At this time, semi-deep lake-deep lake facies thick dark mudstone and black shale (Zhangjiatan shale) developed in the basin. The average porosity of shale reservoirs is 7.8%, and the average permeability is 0.08×10−3 μm2. The Chang 7 Member of the basin is subdivided into three sub-members, that is, the Chang 71, Chang 72 and Chang 73 sub-members, from top to bottom. The object of this study is the tight sandstone reservoirs of the Chang 71 and Chang 72 sub-members in the upper Chang 7 Member of the Maling area, the gravity flow sand bodies are relatively developed interbeded with the source rocks. The near-source high-pressure charging of oil and gas makes the gravity flow sandstone thin interlayers have high oil saturation (Jia et al., 2016; Zhang et al., 2018; Yang et al., 2019). Such sand bodies are the main targets for large-scale exploration and development of tight oil.
[image: Figure 1]FIGURE 1 | Location of study area (A) and division of stratigraphic units of Yanchang Formation (B).
Organic laminae are developed in the black shale of the Chang 7 Member in the Ordos Basin, and their total organic carbon (TOC) content ranges from 6.0% to 26.0%, with an average of 13.8%. The TOC content of dark mudstone ranges from 2.0% to 6.0%, with an average of 3.75%. In addition, the silty mudstone and siltstone associated with black shale and dark mudstone also have certain hydrocarbon generation and expulsion capabilities. Their TOC content is 0.5%–2.8%. According to the evaluation standard of source rocks, medium-good source rocks are well developed in the Chang 7 Member. Overall, the Chang 7 organic-rich shale series has good hydrocarbon-generating capacities.
3 MATERIAL AND METHODS
In this study, samples from 15 wells (with an average burial depth of 2082 m) were selected for experimental research. The experimental items include clay mineral X-diffraction, high-pressure mercury intrusion and nuclear magnetic resonance experiments. Among them, the X-ray diffraction analysis and detection of clay minerals is based on “X-diffraction Analysis Method of Clay Minerals and Common Non-clay Minerals in Sedimentary Rocks” SY/T5163-2010, and the experimental instrument is X-ray diffraction analyzer Ultima IV. The high-pressure mercury intrusion experiment adopts the standard of “Determination of Rock Capillary Pressure Curve” SY/T5346-2005, and the experimental instrument is an AutoPore IV9505 mercury intrusion instrument. The experimental temperature was 22 °C and the humidity was 0%. The experimental instrument used for nuclear magnetic resonance is a core nuclear magnetic analyzer, the instrument number is Micro-MR02, and the experimental environment is 25°C and 97.6 KPa.
3.1 Experimental principles and methods

1) X-ray diffraction of clay minerals
X-rays are light waves with very short wavelengths and have strong penetrating power. When X-rays are injected into the lattice of clay minerals, diffraction will occur. Different clay minerals and lattices have different structures and will produce different diffraction patterns. The X-ray diffraction analysis of clay minerals is based on the fact that different clay minerals have different crystal structures, and utilizes the layered structure of clay minerals and the principle of X-ray diffraction (Nikolaev et al., 2019; Si et al., 2020; Li Z. P. et al., 2021). From the diffraction peaks, the interplanar spacing is calculated, and then different mineral types are judged.
2) High pressure mercury intrusion experiments
An AutoPore IV 9505 mercury porosimeter was used to perform high pressure mercury porosimetry. Under a given pressure, the mercury at room temperature is pressed into the pores of the rock sample, and the contact surface between the capillary and the mercury will generate a capillary force in the opposite direction to the external pressure, thereby preventing the mercury from entering the capillary. When the pressure increases above the capillary force, the mercury will continue to penetrate the pores (Li C. L. et al., 2015; Pecanha et al., 2019). Therefore, a pressure value applied from the outside can be used to measure the size of the corresponding pores. The mercury injection process is a dynamic equilibrium process. The injection pressure is approximately equal to the capillary pressure, and the corresponding capillary radius is the pore throat radius. The volume of mercury entering the pores is the volume of the pores connected by the throats. By continuously changing the mercury injection pressure, a complete capillary pressure curve can be obtained. When the mercury injection pressure increases from P1 to P2, the corresponding pore size decreases from r1 to r2, and the mercury injection amount at this stage is the corresponding pore volume between the two pore sizes. When the mercury injection pressure increases continuously, the mercury injection amount of different pore size can be measured.
3) NMR experiments
NMR analysis is based on the principle of the magnetism of the hydrogen nucleus itself and its interaction with an external magnetic field. Furthermore, the NMR relaxation signal intensities and relaxation rates in the pore fluids of the rock samples were measured and the T2 spectra were constructed (Wu et al., 2015; Sun et al., 2015; Zhou et al., 2016). This technique is used to study the pore structures and fluid distribution inside the rock. The strength of the NMR signal depends on the total amount of pore fluids in the sample, and it reflects the porosity of saturated rock samples. However, the length of the T2 relaxation time mainly depends on the force of the rock surface on the pore fluids. The larger the force, the shorter the T2 relaxation time, and it reflects the relaxation characteristics of the fluids on the surface of the pores or in the pores. The smaller the force, the longer the T2 relaxation time, and it reflects the relaxation characteristics of the fluids in the large pores. The difference in T2 relaxation time between movable water and irreducible water is used to detect the content and occurrence of irreducible and movable water in the rock samples.
A core NMR analyzer was used to carry out NMR experiments. The specific experimental steps and methods were as follows: (1) Drilling a standard core with a diameter of 25.4 mm from a full-diameter core; (2) The standard core after oil washing is then dried; (3) Measuring the gas permeability of the standard core; (4) After vacuuming, the core is saturated with simulated formation water; (5) Calculation of core porosity; (6) Nuclear magnetic resonance T2 spectrum tests.
3.2 Well logging interpretation techniques
Sandy debris flow, turbidite and slump turbidite are developed in the Chang 7 reservoir in the study area. Therefore, the Chang 7 tight sandstones have strong heterogeneity. Complex sand body structures include massive sand bodies, sand-mud interbeds, and thin sand layers (mainly in oil shale). Based on a large number of field observations, it is found that there is a good correspondence between the sand body structure and heterogeneity of the Chang 7 Member and the logging curves (Figure 2). Therefore, conventional well logs are usually selected to characterize the sand body structure and heterogeneity of the reservoir.
[image: Figure 2]FIGURE 2 | (A) Blocky sand body structure and its logging curve characteristics; (B) Interbedded sand body structure and its logging curve characteristics.
The magnitudes of the logging curves can reflect changes in sediment characteristics such as sediment particle size, sorting and shale content. Moreover, the smoothness of the logs is also closely related to the energy of the depositional environment. The parameters extracted from the logging curves can quantitatively analyze the reservoir sedimentary characteristics and sand body structures.
The smoothness of the curves reflects the duration of sediment modification by the hydrodynamic environment, and can be represented by the root of variance variance GS. In order to find Nth and GS, the difference sequence a2-a1, a3-a2, ..., an-an-1 must be constructed first. The number of difference series L can reflect the number of sawtooth, and the variance S2 can reflect the overall volatility of the data:
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In order to reflect the size and number of sawtooth as a parameter, the variogram γ(h) in geostatistics is introduced. It reflects the degree of change of regionalized variables within a certain distance in a certain direction, and can reflect the randomness and structure of regionalized variables. The calculation formula is as follows:
[image: image]
In the formula, h is the separation distance between the two sample spaces; N(h) is the number of data pairs (ai, ai+h) with an interval of h; ai and ai+h are the measured values of the regional variable a at spatial positions i and i+h, respectively [i=1,2,…,N(h)]. The variogram reflects the magnitude of the local volatility of the data.
Since the variogram reflects the local volatility of the data, and S2 reflects the overall volatility of the data, they are combined to construct the variance root GS. In this way, it can comprehensively reflect the overall fluctuation size of the curve segment and the number and size of sawtooth, and then reflect the smoothness of the curve data. Its calculation formula is as follows:
[image: image]
For the logging curves, since their intervals are equal, in general, a value is measured every 0.125 m. Since the local volatility is to be reflected, the smaller h is, the better. In order to ensure the accuracy, h=1, 2. Then the above formula simplifies to:
[image: image]
Among them, the smaller the GS, the smoother the curve, the smaller the curve volatility, and the closer the sand body is to the block shape; on the contrary, the larger the GS, the less smooth the curve and the greater the volatility of the curve, the closer the sand body shape is to the interbedded sand-mud combination (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of logging curve fluctuation.
The tight oil reservoirs of the Chang 7 Member in the Ordos Basin are formed by the near-source supply. The more homogeneous the reservoir, the better the physical property, the higher the degree of oil and gas charging, the better the oil-bearing properties of the reservoir. The shape of the logging curves can reflect the deposition environment and the reservoir spot spots. The overall amplitude change index S reflects the change of mud content of reservoir and indirectly reflects the sand body structures. Moreover, the local variation function γ can reflect the heterogeneity of the reservoir. Combined application of S and γ can be used to identify the smoothness of the logging curves, furthermore, it is a comprehensive reflection of sand body structures and reservoir heterogeneity.
Through the analysis, it is found that the smoothness of the logging curves can well characterize the sand body structures. Therefore, the smoothness of the curve can be used to construct a comprehensive parameter that characterizes the sand body structure and the oil-bearing heterogeneity of the reservoir. Therefore, in this study, the curve smoothing function GS was used to construct the logging characterization parameter Pss of the sand body structures and the oil-bearing heterogeneity parameter Ppa of the reservoir. They are defined as follows:
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3.3 NMR logging technology
At present, the use of nuclear magnetic resonance logging to characterize the internal structures of pores is a commonly used method. The distribution of the nuclear magnetic resonance T2 spectrum can represent the pore size distribution. In the laboratory, mercury intrusion experiments are also often used to extract pore-throat parameters as well (Sun et al., 2015; Er et al., 2016). Previous studies have shown that the T2 spectral distribution is similar to the pore size distribution curves obtained by mercury intrusion. Therefore, the T2 distribution curves are converted into mercury intrusion curves, thereby realizing the quantitative characterization of the pore structures. The NMR logging instrument used in this paper is Schlumberger CMR type, and the integrated NMR logging data processing system (HERS1.5) is used for NMR data processing and analysis.
CMR is a Schlumberger stick-well nuclear magnetic resonance logging tool, which generally adopts dual-frequency measurement, one for the bound fluid signal and the other for the standard echo group signal. The data processing steps measured by CMR are as follows: data loading→echo generation→T2 spectrum inversion and splicing→reservoir parameter calculation→oil, gas and water analysis→pore structure analysis. Among them, the first two steps belong to the data preprocessing module, and the last four steps are the inversion interpretation module.
4 RESULTS
4.1 Reservoir pore structures
The tight oil reservoirs of the Chang 7 Member in the Maling area are mainly distributed in the Chang 71 and Chang 72 sub-members (Li et al., 2017; Guo et al., 2018). The reservoirs in the study area have poor physical properties. The porosity is mainly distributed in 6.0–10.0%, with an average porosity of 8.3%, and the permeability is concentrated in 0.05–0.20mD, with an average permeability of 0.13mD. It is a typical tight sandstone reservoir. The main pore type of the reservoirs is feldspar dissolved pores, while the primary pores are not developed. Obvious plastic cuttings deformation can be seen in the local sandstones (Figure 4A, Figure 4B); euhedral quartz crystals are observed to fill the remaining pore space in some intervals, resulting in a large reduction of reservoir pores (Figure 4C, Figure 4D).
[image: Figure 4]FIGURE 4 | Microscopic pore structure characteristics of typical well cores. (A) Well L175, 1762.10 m; (B) Well X151, 1746.11 m; (C) Well 211, 1653.21 m; (D) Well L135, 1720.56 m; (E) Well X296, 1786.20 m; (F) Well L93, 1680.42 m.
The surface porosity of the Chang 7 Members is relatively low, with an average value of 1.66%. The pore throat radius in the target sandstones is small and the sorting is poor. The average median radius is 0.060 μm, and its pore structure belongs to the small-pore micro-throat type (as shown in Figure 4 and Table 1).
TABLE 1 | Pore types and pore structure parameters of reservoirs in the Chang 7 Member in the study area.
[image: Table 1]The NMR T2 spectral distribution curves are similar to the pore size distribution curves of the mercury intrusion tests, both of which can reflect the microscopic pore structure characteristics of the reservoir. The Chang 7 reservoir in the study area has small pore throats, complex tortuosity, high capillary pressure, and the pore structures of the reservoir is very complex. The modified formula of the power function can convert the NMR T2 spectrum into pseudo-capillary pressure curves. The capillary pressure reflects the nonlinear relationship between the pore throat radius distribution and the NMR T2 spectrum. In this paper, the modified formula of the power function is used to convert the T2 spectrum of the NMR experiment into the pseudo-capillary pressure curves, namely:
[image: image]
where Pc is capillary pressure, MPa; E is echo interval, ms; D is self-diffusion coefficient, μm2/ms; B is fluid free relaxation time, ms; A is pore surface area, cm2; c is conversion coefficient; T2 is volume (free) relaxation time of fluids, ms.
12 sandstone samples were collected from the Chang 7 tight oil reservoir in the study area, they are used to carried out the high-pressure mercury injection and nuclear magnetic resonance experiments. The pseudo-capillary pressure curves were transformed by the NMR T2 spectrum and the high-pressure mercury injection test curves. It is found that the transformation curves of 10 samples are consistent with the test curves. The results show that the pseudo-capillary pressure curves transformed by NMR T2 spectrum can be used to accurately characterize the pore structures of reservoir. For example, the S1 sample has a porosity of 7.9% and a permeability of 0.08 mD. Different methods of NMR conversion of pseudo-capillary pressure curves were used for conversion, and the results are shown in Figure 5. The linear transformation method uses the NMR T2 spectrum data with linear scale values to carry out a reverse accumulation calculation, and then the NMR capillary pressure curves can be obtained. It can be seen from Figure 5 that the error of the linear transformation method is relatively large. The pseudo-capillary pressure in the core can be accurately measured by the power function calibration method (Eq. 9). However, for the tight sandstone reservoir with complex pore structures, the large pore part corresponds well, and the small pore part has a large error. The conversion results of the variable scale method (Eq. 10) is quite different from the measured capillary pressure mercury intrusion curves. In addition, the pseudo-capillary pressure curves transformed by the modified formula proposed in this study can well reflect the pore structure characteristics of the rock, and they are in good agreement with the experimental mercury intrusion curves.
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where Pc is capillary pressure, MPa; a1 and b1 are reservoir pore conversion coefficient; K is permeability, mD; D is self-diffusion coefficient, μm2/ms; B is fluid free relaxation time, ms; A is pore surface area, cm2; c is conversion coefficient; T2 is volume (free) relaxation time of fluids, ms.
[image: Figure 5]FIGURE 5 | Comparison of capillary pressure curves converted by different methods.
In this paper, the oil-bearing effect correction of NMR logging is carried out based on petrophysical experiment calibration. NMR logs were used to invert capillary pressure curves, and the calculated pore parameters were reliable. It can be seen from Figure 6 that the pseudo-capillary pressure curves transformed from the nuclear magnetic resonance T2 spectrum can well reflect the pore structure characteristics of the rock. Moreover, the constructed curves are in good agreement with the capillary pressure curves measured by the core experiments.
[image: Figure 6]FIGURE 6 | Comparison of pseudo-capillary pressure curves converted from NMR T2 spectra.
4.2 Evaluation of oil-bearing properties
The oil-bearing distribution of the reservoirs in the study area is uneven, and some tight sandstone reservoirs with strong calcareous cementation have poor oil-bearing properties (Li Z. et al., 2015; Xiang et al., 2015; Han et al., 2019). For tight sandstone reservoirs, due to the influence of reservoir lithology, the results of physical property and heterogeneity, oil saturation calculated by conventional logging cannot accurately characterize the reservoir oil bearing properties, and the lack of NMR logging data in the study area cannot reflect the plane distribution of oil. Therefore, the apparent energy storage coefficient Y is introduced in this paper to quantitatively characterize the oil bearing properties in the reservoir. The oil-bearing index RI can eliminate the influence of reservoir lithology, physical properties, and formation water changes on resistivity, and highlight the oil-bearing characteristics. Therefore, this parameter can directly reflect the oil content of the reservoir instead of oil saturation. The reservoir porosity reflects the accommodating space of the reservoir fluid, and the product of it and the effective thickness of the reservoir reflects the macroscopic volume of the reservoir. Therefore, the apparent energy storage coefficient Y is constructed to comprehensively characterize the oil content of the reservoir, and the formula is as follows:
[image: image]
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In the formula, Rt is the formation resistivity, Ω·m; ϕ is the reservoir porosity, reflecting the fluid storage space of the reservoir, %; a is the lithology coefficient; m is the cementation index; Rw is the formation water resistivity, Ω·m; Y is the apparent energy storage coefficient; H is the effective thickness of the reservoir, and the product of it and the porosity reflects the macroscopic volume of the reservoir, m; RI is the apparent resistivity increase rate, which can reflect the oil content of the reservoir.
5 CASE ANALYSIS
5.1 Evaluation of reservoir pore structures
Based on the calibration of petrophysical experiments, the modified formula of the power function is used to convert the T2 spectra of the NMR experiments into pseudo-capillary pressure curves. Thus, quantitative evaluation parameters of reservoir pore structures (such as pore throat radius R50) are calculated. These parameters are used to correct for oil effects. Figure 7 shows the interpretation results of the pore structures of the Chang 71 tight sandstones in the Well L38 based on NMR logging. As shown in Figure 7, the pore structure parameters calculated using the pseudo-capillary pressure curves are in good agreement with the experimental test data. The constructed curves can well reflect the small pore throats and complex tortuosity of the reservoirs in the study area.
[image: Figure 7]FIGURE 7 | Interpretation results of pore structures from nuclear magnetic logging in the target layer of Well L38.
5.2 Evaluation of oil-bearing properties of reservoirs
The oil content of reservoirs can be comprehensively evaluated by the paeameters Pss and Ppa. They are used to construct the logging characterization parameter of the sand body structures and the oil-bearing properties by the curve smoothing function GS. The smaller the Pss value, the weaker the reservoir heterogeneity, the larger the Ppa value, the smaller the reservoir heterogeneity, and the better the oil content. The method was used to evaluate the oil content of 25 wells in the study area with the oil tests and production data, and the evaluation results of 21 wells were consistent with the actual production situation. It is more reliable to evaluate the oil content of tight sandstone reservoir using the parameters Pss and Ppa. Figure 8 shows an example of the calculation of the structural parameters of the sand bodies in Wells L38, B35 and L82. Among them, the first track is the natural potential and natural gamma curves; the second track is the resistivity curve; the third track is the acoustic wave time difference and density curves; the fourth track is the structural parameter results of the sand bodies calculated using the curve smoothness function; the fifth track is the oil test and interpretation results; the sixth track is the profile of sand and mudstone. The gamma logging curve in Well L38 has a slightly dentated medium-amplitude box shape, which represents a massive sand body with good homogeneity. The average value of Pss is 11.5, while that of Ppa is 3.14, the oil heterogeneity of the reservoir is small, and the logging interpretation result is an oil layer. This set of sand body has good oil content, and its daily oil production during the oil testing is 20.9 t/d (Figure 8A). The natural gamma curve in Well B35 has a tooth bell-shaped and finger-shaped features, which represents the interbedded sand-mud structure and poor homogeneity. The reservoir has poor physical property and strong oil heterogeneity, the value of Pss is 15.2, while that of Ppa is 1.43, and it can be interpreted as poor oil reservoir. This set of sand bodies has low oil saturation, and its daily oil production during oil testing is 6.46 t/d (Figure 8B). According to the calculated results of sand body structure parameters and oil-bearing parameters, the smoothness of Well L38 is obviously better than that of Well B35. According to the evaluation results of logging parameters and the actual production situation, the sand body structure and oil content of the reservoir in Well L38 are better than those in Well B35. Figure 8C shows the calculation results of the structural parameters of the sand bodies in Well L82. The reservoir sand bodies in Well L82 have poor quality and strong heterogeneity. The oil test results show that the sandstone reservoir in Well L82 contains no oil.
[image: Figure 8]FIGURE 8 | Evaluation of the classification of tight oil layers in typical wells in the study area. (A) Well L38; (B) Well B35; (C) Well L82.
At the same time, according to the statistical analysis of the apparent energy storage coefficient in the study area and the initial production of oil wells, it is found that they have a good positive correlation. That is, the larger the apparent energy storage coefficient, the higher the initial production of the oil wells (Figure 9). Therefore, the apparent energy storage coefficient Y is used to comprehensively evaluate the oil and gas-bearing properties of the reservoir.
[image: Figure 9]FIGURE 9 | Relationship between apparent energy storage coefficient and initial production of the target layer.
According to the planar distribution of the apparent energy storage coefficient of the Chang 7 reservoir in the Maling X233 area (Figure 10), the apparent energy storage coefficient in the central and northern parts of the study area is relatively large, and the value of the energy storage coefficient is mainly concentrated above 10, while that of the local areas can reach more than 15. Combined with the actual production statistics (Table 2), the larger the apparent energy storage coefficient, the higher the initial production capacity of the oil production well. For production wells with apparent energy storage coefficient greater than 15, the average initial daily oil production reached 10.2 t/d.
[image: Figure 10]FIGURE 10 | Distribution of apparent energy storage coefficient of Chang 7 Member in West 233 area.
TABLE 2 | Statistical results of reservoir coefficient in the Chang 7 Member of the study area.
[image: Table 2]6 CONCLUSION

1) In this study, taking the Chang 7 Member in the Maling area of the Ordos Basin as an example, the nuclear magnetic resonance, clay mineral analysis, high pressure mercury injection analysis and logging interpretation technology have been used to carry out a comprehensive evaluation of the pore structures, sand body structures and oil-bearing properties of tight oil sandstone reservoirs.
2) The pseudo-capillary pressure curves transformed by the NMR T2 spectra are consistent with the capillary pressure curves measured by the core experiments. This method can be used for accurate characterization of the pore structures of the reservoir. The pore structure parameters calculated based on the pseudo-capillary pressure curves can accurately reflect the pore structures of the reservoirs such as micropores-thin throats and complex tortuosity.
3) The parameters Pss and Ppa constructed by the logging curve smoothness function GS were used to quantitatively characterize the sand body structures and oil-bearing heterogeneity of tight oil reservoir. And the apparent energy storage coefficient is introduced to quantitatively evaluate the oil-bearing properties of tight oil reservoirs. The evaluation results are in good agreement with the actual production situation. The larger the apparent energy storage factor, the higher the initial production of the oil wells.
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