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Tight oil reservoirs exhibit poor physical properties, significant heterogeneity, and intricate pore structures. The investigation of the microscopic pore-throat structure plays a pivotal role in assessing the efficacy of these reservoirs. Using the Chang 8 reservoir in the Yanchi area of the Ordos Basin as a case study, conventional experimental methods were used to analyze and test its pore structure and evaluate the micro pore structure characteristics of the reservoir in this area, but due to the large amount of experimental data obtained by the conventional experimental methods and the difficulty of analyzing them, so we proposed a method of logging and evaluating the quality of the microscopic pore throats. By carrying out the research on the quantitative characterization relationship between the microscopic pore structure parameters and microscopic pore-throat quality of the tight reservoir, the pore-throat quality logging evaluation index PTI was obtained, and the quantitative evaluation standard of microscopic pore-throat quality of the tight sandstone reservoir was established. The findings indicate the following: (1) The predominant pore types within the Chang 8 reservoir in the study region consist mainly of intergranular pores and feldspar dissolved pores, showing an average surface porosity of 3.3%. The reservoir predominantly comprises nano-scale pore throats, contributing to its dense nature. Fluid seepage capacity is primarily governed by relatively larger pores. The main throat radius falls within the range of 101–601 nm, with an average pore throat ratio mainly ranging between 102 and 199. The average movable fluid saturation is measured at 26.51%. (2) After thorough analysis, it has been discerned that four key parameters—porosity (φ), median radius (Rpt50), displacement pressure (Pd), and maximum pore throat radius (Rmax)—exert significant influence on pore throat quality. Consequently, a logging evaluation index, PTI (Pore Throat Index), has been devised to gauge pore throat quality, accompanied by the establishment of a quantitative evaluation standard for the microscopic pore throat quality of tight sandstone reservoirs. (3) The reservoirs within the research area are categorized into four groups: I, II, III, and IV. A higher PTI value indicates superior pore throat quality, leading to an overall enhanced reservoir evaluation. This quantitative evaluation method is of guiding significance for the quantitative characterization of micropore throats in tight oil reservoirs and the efficient development of the oil field in this area, and it is also of some reference significance for the quantitative characterization of micropore throats in similar tight sandstone reservoirs.
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1 INTRODUCTION
With the advancement of oil and gas exploration and the evolution of oil and gas resources, tight oil is assuming an increasingly crucial role in resource exploration and stands out as a significant unconventional source of oil and gas (Jia et al., 2012; Zou et al., 2012). The microscopic pore-throat structure within the reservoir has a direct impact on hydrocarbon enrichment, subsequent development challenges, and overall development effectiveness (LV et al., 2020). Hence, it is imperative to conduct research on the quantitative characterization methods for the microscopic pore-throat structures within tight oil reservoirs.
Researchers both domestically and internationally have dedicated significant efforts to the exploration of reservoir microscopic pore-throat structures. The examination of these structures is primarily achieved through various advanced techniques such as casting thin sections, scanning electron microscopy, high-pressure mercury intrusion, and nuclear magnetic resonance (Deng et al., 2018; Chai et al., 2023; Wu et al., 2021; Hong et al., 2020). These technical experimental methods allow for a meticulous characterization of the microscopic spatial and pore structure features within dense reservoirs (Li et al., 2020; Liu et al., 2018) characterized the reservoir space microscopic pore-throat features of tight reservoirs by fine inscription based on a combination of algorithms and experimental methods, and clarified the influence of pore-throat features on porosity and permeability (Chen et al., 2019), for instance, integrated mercury intrusion porosimetry with nuclear magnetic resonance to reconstruct the overall pore throat size distribution, employing equivalent triangular cross-section pores. Their work focused on evaluating tight sandstone reservoirs, revealing the influence of microstructure on reservoir quality and fluid distribution (Li et al., 2022) utilized a combination of mercury injection capillary pressure and low-field nuclear magnetic resonance to assess the pore size distribution of Chang 7 tight sandstone reservoir, exposing distinct profiles of pore structure within tight sandstone reservoirs (Ouyang et al., 2023) investigated throat radius, pore throat, and pore area through an amalgamation of improved nuclear magnetic resonance and rate-controlled porosity, elucidating the distribution mechanism of movable fluid in different spaces. Their work clarified the influence of pore throat characteristics on porosity and permeability. Building on casting thin section analysis, scanning electron microscopy, high-pressure mercury injection, and nuclear magnetic resonance tests (Huang et al., 2020), established a classification standard for the pore structure of target reservoirs. Proposed an evaluation method for assessing the pore connectivity of tight reservoirs, utilizing high-pressure mercury injection and nuclear magnetic resonance, and validated its rationality and feasibility through spontaneous imbibition experiments. Concurrently (Lai et al., 2014), introduced the mathematical evaluation method of cluster analysis into the microscopic pore structure analysis of tight reservoirs.
In summary, previous research on the microscopic pore structure of reservoirs commonly employs scanning electron microscopy to observe the characteristics of micro-nano pores. Techniques such as high-pressure mercury injection, constant-rate mercury injection, and nuclear magnetic resonance are utilized to investigate the distribution characteristics of microscopic pore throats. Additionally, mathematical fractal theory is employed to characterize the heterogeneity of pore structure. Nevertheless, the strong heterogeneity of the microscopic pore structure in tight sandstone reservoirs, encompassing diverse pore types and significant changes in pore structure, poses challenges. Traditional methods often analyze the influence on pore throat quality from the perspective of a single factor, making it difficult to accurately and quantitatively characterize the quality of pore throats in tight oil reservoirs. This challenge has emerged as a technical bottleneck restricting the development of tight oil (Zou et al., 2019; Zhao et al., 2020; Morozov et al., 2021; Alessa et al., 2021).
Consequently, this study focuses on the Chang 8 tight oil reservoir in the Yanchi area. Leveraging test data from casting thin sections and scanning electron microscopy, it delves into the petrological composition and structural characteristics of tight oil reservoirs. High-pressure mercury injection and nuclear magnetic resonance are employed to analyze the pore throat structure characteristics of tight reservoirs. The paper utilizes quantitative evaluation parameters of microscopic pore throat quality to explore pore structure types, providing a comprehensive understanding of the influence of microscopic pore structure parameters on the microscopic pore throat quality of reservoirs. The study proposes a new method for quantitatively characterizing the microscopic pore structure of tight reservoirs, contributing to the enrichment of current characterization parameters for microscopic pore structure. This research offers a reliable microscopic geological foundation for identifying the “dessert area” of tight sandstone reservoirs and facilitating their subsequent efficient development and enhanced oil and gas recovery. The study of microscopic pore throat quantitative characterization technology of reservoir can understand the law of oil and gas generation, migration and accumulation, and provide technical support for the development and utilization of unconventional oil and gas resources.
2 GEOLOGICAL BACKGROUND
The Yanchi area in the study area is located in the northwest of the Ordos Basin, belonging to the central and western part of the Yishan slope. It spans the two major tectonic units of the thrust belt on the western margin of the basin and the Tianhuan depression (Figure 1A) (Wang et al., 2022; Yang et al., 2023), as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Regional location map of the study areas (a). Stratigraphic delineation map (b). Sand body thickness map (c).
In the study area, our focus is on the Chang 8 formation, which exhibits a total thickness ranging from approximately 74–112 m. By considering vertical lithological variations and depositional rotations, the Chang 8 oil layer group is further stratified into the Chang 81 and Chang 82 subsections (Figure 1B). The Chang 8 sand body, characterized by substantial thickness and extensive distribution, predominantly consists of a composite underwater distributary channel sand body comprising contiguous sheets and bands (Figure 1C). The structural stability of the Chang 8 formation in the study area is notable, with local formations experiencing low-amplitude uplift due to tectonic stress. This uplift generates micro-fractures that enhance reservoir connectivity (Zuo et al., 2019), positively impacting reservoir permeability. In a stable tectonic environment, the provenance primarily originates from the northeast Yinshan ancient land and the northwest Alashan ancient land, indicative of delta front deposition. The underwater distributary channel sand body dominates, featuring fine sediment grain size and a distribution along the northeast-southwest belt. The sand body exhibits considerable thickness with excellent horizontal and vertical continuity (Nie et al., 2020; Fan et al., 2023), establishing favorable reservoir conditions for the Chang 8 oil layer group, our target layer. The physical properties of the Chang 8 reservoir in the study area are characterized by poor conditions, primarily influenced by the combined effects of sedimentation, structure, and diagenesis. With an average porosity of 7% and an average permeability of 0.16 × 10-3μm2, the reservoir falls into the category of ultra-low porosity and ultra-low permeability. Over its long geological history, the Chang 8 reservoir has undergone complex diagenesis, presenting tight lithology, poor physical properties, diverse pore types, complex structure, and strong heterogeneity (Kong et al., 2023; Wang et al., 2020). These factors significantly impact the exploration and development of tight oil in the study area.
3 EXPERIMENTAL METHODS AND PRODUCES
3.1 Experimental method of microscopic pore structure
In this investigation, 20 samples were meticulously chosen for experimental analysis (Supplementary Annex 1). Given the low permeability of the sandstone reservoirs under study, conventional methods for characterizing pore-throat structures were employed. These methods include casting thin section identification, scanning electron microscopy, high-pressure mercury injection, and nuclear magnetic resonance. These techniques enable both qualitative and quantitative analyses of the pore-throat structure in low permeability reservoirs (Klaver et al., 2015; Wang B. et al., 2021; Zou et al., 2019; Yin et al., 2019; Singh et al., 2022).
3.1.1 Casting thin section identification
The analysis of the cast thin sections adhered to the guidelines outlined in “Classification of Rock Pore Types in Oil and Gas Reservoirs” (SY/T 6173-1995), utilizing a polarizing microscope model DM4500P (Figure 2A). During observation, an accelerating voltage of 20 kV, a resolution of 1μm, and a spot size of 4 μm were employed. The experimental temperature was maintained at 20°C. This meticulous process allows for a comprehensive examination of the microscopic features within rock formations, providing valuable insights into pore structures and connectivity.
[image: Figure 2]FIGURE 2 | Schematic diagram of the working principle of the experimental method of microscopic pore structure ((a). Schematic diagram of a polarized light microscope (b). Schematic diagram of the working principle of a sweeping electron microscope (c). Schematic diagram of the working principle of mercury pressure meter (d). Schematic diagram of the working principle of nuclear magnetic resonance instrument).
Experimental principle and method: In the process of casting thin sections, dyed resin or liquid glue, often in shades of blue or red, is injected into rock pores within a vacuum environment. The resin or liquid glue is then subjected to specific temperature and pressure conditions, after which it is finely ground into thin sections. Subsequently, these thin sections are examined under a polarized light microscope to observe the characteristics of pores, throats, their connectivity, and the spatial arrangement of pores.
3.1.2 Scanning electron microscopy
Scanning electron microscopy represents a cutting-edge electron optical instrument employed for surface structure observation of objects (Figure 2B). The scanning electron microscope utilized for the analysis experiments in this study is the JSM-6390A scanning electron microscope, conducted within a vacuum environment. The accuracy of the scanning electron microscope surpasses that of a typical optical microscope, boasting a resolution typically ranging from a few nanometers to several dozen nanometers. This advanced technology enables a meticulous exploration of surface features, providing invaluable insights into the structural intricacies of the examined samples (Zhong et al., 2023; Kong et al., 2023).
Principle of the experiment: The fundamental principle involves directing a finely focused electron beam onto the sample’s surface. As a consequence of the interaction between the high-energy electron beam and the sample material, various signals such as secondary electrons, backscattered electrons, absorbed electrons, X-rays, cathodoluminescence, Russo-cycles, and transmission electrons undergo changes in response to the surface morphology of the measured sample.
3.1.3 High pressure mercury intrusion
High-pressure mercury injection (Figure 2C), also referred to as constant pressure mercury injection or conventional mercury injection, stands out as one of the most widely employed methods in rock reservoir evaluation. This method involves injecting mercury into the non-wetting phase fluid within the rock, measuring the quantity of mercury injected into the rock under a specific constant pressure. The obtained relationship curve between mercury injection pressure and the injected mercury quantity or saturation provides crucial insights. The calculation involves determining the pore volume controlled by the pore throat at different mercury injection pressures, allowing for the derivation of the rock’s pore size distribution (Wang D. et al., 2021; Lu Z. D. et al., 2022; Wang et al., 2021c). The experiment follows the standards outlined in the “Rock Capillary Pressure Curve Determination” SY/T5346-2005. The AutoPore IV 9505 mercury pressure meter serves as the experimental instrument, maintaining a controlled environment at a temperature of 22°C, humidity at 60%, and precision within the range of 10 nm to ten microns. This meticulous approach ensures accurate and reliable results in characterizing the pore structure of the rock under high-pressure mercury intrusion (Liu et al., 2023; Zhao et al., 2021).
Experimental method and procedure: When the mercury inlet pressure increases from P1 to P2, the corresponding pore size decreases from r1 to r2, and the amount of mercury inlet at this stage is the corresponding pore volume between the two pore sizes. When the mercury inlet pressure is continuously increased, the mercury inlet volume of different pore sizes can be measured.
3.1.4 Nuclear magnetic resonance
The fundamental principle of nuclear magnetic resonance technology involves harnessing the inherent magnetism of hydrogen nuclei and their interaction with an external magnetic field (Figure 2D). By measuring the amplitude and relaxation rate of the nuclear magnetic resonance signal of hydrogen nuclei within the rock’s pore fluids, this method provides insights into the rock’s pore structure and related fluid properties (Zhao et al., 2014; Zhou et al., 2022). During the measurement of the NMR T2 spectrum of fluid-saturated rock samples, the size and distribution characteristics of the NMR T2 relaxation time of the fluid enable analysis of the fluid’s occurrence state within the rock pores (Bai et al., 2016). The nuclear magnetic resonance rock sample analyzer, denoted as Micro-MR02, serves as the experimental instrument for these investigations. The experiments are conducted in an environment maintained at 25°C and 97.6Kpa, ensuring precise measurements within the range of 8 nm to eighty microns.
Experimental methods and steps: ①Drill a standard core with a diameter of 25.4 mm from a full-diameter core; ②Wash the standard core of residual oil and dry it; ③Measure the permeability of the core using nitrogen; ④After the core is vacuumed, saturate the core with simulated formation water at a pressure of 24 MPa; ⑤Remove the movable water from the core in centrifugation experiments and sample the T2 spectra of the centrifuged core; ⑥Compare the T2 spectral distribution before and after centrifugation to calculate the movable water saturation and porosity; ⑦Use NMR to sample the core in saturated simulated formation water using NMR. T2 spectrum distribution before and after centrifugation, the movable water saturation and porosity were calculated; ⑧NMR T2 test was performed on the core saturated with simulated formation water using an NMR instrument.
3.2 Methods for microscopic pore-throat quality logging evaluating
To swiftly comprehend the microscopic pore structure characteristics inherent in tight reservoirs, a comprehensive investigation into the quantitative relationship between microscopic pore structure parameters and the quality of microscopic pore throats in tight reservoirs has been undertaken. This endeavor resulted in the derivation of the Pore Throat Quality Logging Evaluation Index (PTI) and the establishment of a quantitative standard for assessing the microscopic pore-throat quality in tight sandstone reservoirs. The pore throat quality logging evaluation index (PTI) is a comprehensive index utilized to assess the quality of reservoir pore throat. It integrates various structural parameters of pore throats and quantitatively evaluates the microscopic characteristics of these reservoirs through mathematical modeling and statistical analysis techniques.The capillary pressure curve of the tight oil reservoir is established using mercury intrusion and nuclear magnetic resonance data. Subsequently, multiple mathematical models are employed to calculate the microscopic pore-throat characteristic parameters of the shale oil reservoir, and the pore-throat quality evaluation index is constructed based on these parameters. Finally, the pore-throat quality of the tight oil reservoir was classified into different categories according to the evaluation index, and the high-quality reservoir was effectively identified. The initial step involves standardizing the samples, ensuring data values are confined within the range of 0 and 1. This normalization process eradicates differences in dimensions and orders of magnitude among various variables. Subsequently, the factor analysis method is employed to reduce data dimensions, extracting the initial eigenvalues from the correlation coefficient matrix. Finally, a comprehensive analysis of diverse influencing factors culminates in the identification of key factors that significantly impact the microscopic pore-throat quality within tight reservoirs. This approach not only streamlines the evaluation process but also enhances the understanding of the critical parameters governing the microscopic characteristics of tight sandstone reservoirs.
1) Data Standardization. Assuming a total of m feature parameters and n wells. [image: image] denotes the jth characteristic parameter of the ith well, and [image: image] is converted into the standard feature parameter [image: image], achieved through the following Formula 1:
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Among them (Formula 1):
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Herein:
[image: image] represents the jth characteristic parameter of the ith well; [image: image] is the average value of the jth characteristic parameter (Formula 2); [image: image] is the standard deviation of the jth characteristic parameter (Formula 3).
Correspondingly, [image: image] is the characteristic parameter variable of each well after standardization (Formula 4).
[image: image]
Herein:
[image: image] is the average value of the i well, [image: image] is the standard deviation of the ith well.
2) Establishing the correlation coefficient matrix R between the characteristic parameters (Formula 5), namely:
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Herein:
[image: image] [image: image] is the index of the relationship between i and j, and [image: image]; [image: image] is the standard value of the ith characteristic parameter of the kth well (Formula 6).
3) Finding the correlation coefficient matrix R, with eigenvalues [image: image], that is [image: image],the eigenvector is [image: image], that is Formula 7:
[image: image]
The feature vector is composed of m new parameters, namely m main influencing factors, [image: image],which can be set as follows (Formula 8):
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4) The comprehensive scores of the main influencing factors were calculated. Firstly, the information contribution rate and cumulative contribution rate of eigenvalue [image: image] are calculated:
[image: image]
[image: image]
[image: image] is the eigenvalue of the kth well, [image: image] is the information contribution rate of the jth main influencing factor, [image: image] is the cumulative contribution rate of p main influencing factors (Formulas 9, 10).
Finally, when [image: image] is close to 1, the first p influencing factors [image: image] are taken as the main influencing factors to replace m new parameters, so as to comprehensively analyze the p influencing factors. Calculate the comprehensive score [image: image] (Formula 11):
[image: image]
F is regarded as the logging evaluation index PTI of pore throat quality, F1 is the main controlling factor affecting the quality of pore throat, F2 is the secondary factor, and so on. The inference formula of the logging evaluation index PTI of pore throat quality is obtained as follows (Formula 12):
[image: image]
4 RESULTS AND DISCUSSION
4.1 Characterization of reservoir pore throat structure
Based on the comprehensive analysis of core drilling, core observations, and rock samples within the study area, notable distinctions were identified in the rock types between the Chang 81 and Chang 82 oil layers. The predominant rock type in the Chang 81 oil layer group is feldspar sandstone, while the Chang 82 oil layer group exhibits dominance in feldspar sandstone and feldspar lithic sandstone (refer to Figure 3). The rock particles display a fine size, mostly characterized as fine sand, with observable coarse and uneven particles indicating conditions of relatively deep-water bodies during the sedimentary period. In terms of detrital components, the Chang 81 oil layer group comprises 88.1% of the total rock, the Chang 82 oil layer group comprises 83.99%, and the entire Chang 8 oil layer group comprises 86.04%. The average quartz content is 24.72%, feldspar constitutes an average of 45.27%, and debris contributes an average of 19.13%. Metamorphic rock debris holds the highest content, followed by igneous rock debris, with almost negligible sedimentary rock debris (Table 1). The content and proportion of terrigenous debris exhibit significant variability, often accompanied by a substantial matrix formation, playing a pivotal role in determining the physical properties of the reservoir.
[image: Figure 3]FIGURE 3 | Reservoir sandstone classification of Chang 81 and Chang 82 in the study area (a). Rocks Classification map of Chang 81 (b). Rocks Classification map of Chang 82.
TABLE 1 | Statistical table of detrital components of Chang 8 reservoir in the study area (unit: %).
[image: Table 1]The study area exhibits strong reservoir heterogeneity and notably poor physical properties (Clarkson et al., 2013; Lai et al., 2014; Zhao et al., 2020), illustrated in Figures 4, 5. Core analysis data from 217 samples in the study area reveal that the porosity of the Chang 8 reservoir predominantly falls within the range of 4%–12%, with a median porosity of 7%. Permeability is primarily distributed between 0.01 × 10-3μm2 and 0.3 × 10-3μm2, with a median permeability of 0.16 × 10-3μm2. Applying the classification criteria for clastic rock reservoirs, the study area is classified as having low porosity and ultra-low permeability reservoirs (Lan et al., 2021; Liu et al., 2022; Jing et al., 2023; Mahdaviara et al., 2021).
[image: Figure 4]FIGURE 4 | Histogram of Chang 8 porosity distribution in the study area.
[image: Figure 5]FIGURE 5 | Histogram of Chang 8 permeability distribution in the study area.
Observations of casting thin sections from the Chang 8 reservoir in the study area, in conjunction with image pore analysis and scanning electron microscopy, were conducted and are summarized in Table 2. The findings indicate that the reservoir space in each small layer of the Chang 8 reservoir is predominantly characterized by intergranular pores (Figures 6A, B), followed by dissolution pores. The combinations of pore types include intergranular pores + dissolved pores and dissolved pores + intergranular pores (Figures 6C, D). The average total surface porosity is 3.3%, generally reflecting low surface porosity. A comparison between the two layers reveals a higher face rate in the Chang 81 layer compared to the Chang 82 layer. Pore morphology is mainly triangular and quadrilateral, with pores commonly connected by narrow and short throats. The Chang 8 reservoir is characterized by nano-scale pore throats, resulting in a dense reservoir. Fluid seepage capacity is primarily controlled by relatively large pores. The mainstream throat radius falls within the range of 101–601nm, the average pore throat ratio is mainly between 102 and 199, and the average movable fluid saturation is 26.51%.
TABLE 2 | Chang 8 reservoir space type statistics (unit: %).
[image: Table 2][image: Figure 6]FIGURE 6 | Microscopic pore structure characteristics of typical wells in Yanchi area. ((a). Intergranular pores, D209, 1343.2 m (b). Intergranular pores, D195,1059.7m (c). Intergranular dissolved pore, Q137,1553.12m (d). Intragranular dissolved pores, S95,1733.07m (e). Illite intracrystalline micropore, D142, 1394.55m (f). Chlorite intergranular micropore, Q137, 1556.33 m).
The throat, a narrow channel connecting two pores, serves as a pivotal factor influencing the reservoir’s seepage capacity. The size and shape of the throat are intricately controlled by the contact relationship between rock particles, the type of cementation, and the inherent shape and size of the particles (Figures 6E, F). Throats are categorized into coarse, medium, thin, micro-thin, and microthroats based on their size. A throat with a radius >3 μm is identified as a coarse throat. When the throat radius ranges from 3 to 1 μm, it is considered a medium throat. Throats with a radius of 1 to 0.5 μm are termed fine throats. Fine throats with a radius of 0.5 to 0.2 μm. Microthroats have a throat radius less than 0.2 μm. These variations in throat characteristics significantly influence the seepage behavior of the reservoir.
According to the pressure-mercury curves illustrated in Figure 7, it is evident that the throat channels within the study area, within the study area, which serve as connections between pores, exhibit medium sorting characteristics. The skewness of these channels predominantly reflects a normal coarse skewness. This observation indicates an uneven distribution of throat sizes, with a greater prevalence of fine and microfine throat channels.
[image: Figure 7]FIGURE 7 | Type of capillary pressure curve of Chang 8 reservoir in Yanchi area. ((a) Type Ⅰ mercury intrusion curve, D209,1343.3m (b) Type Ⅱ mercury intrusion curve, D209,1344.2m (c) Type Ⅲ mercury intrusion curve, Q130,1710.7m (d) Type Ⅳ mercury intrusion curve, Q137,1556.1 m).
In addition, research on the results of previous studies has revealed that the throat radius of the Chang 8 reservoir in the Yanchi area of the Ji Plateau Oilfield is generally smaller. Consequently, the mean pressure is lower, while both discharge and driving pressure are higher, which indicates that the reservoir must overcome a larger capillary pressure in the seepage process (Chalmers et al., 2012; Loucks et al., 2009; Liu et al., 2019).
The throat characteristics of the Chang 8 reservoir in the study area are characterized by uneven size distribution, fineness and poor connectivity. These factors are critical contributors to the low permeability of the reservoir. Consequently, it is essential to quantitatively characterize the microscopic pore-throat features within this region to establish a comprehensive understanding of the geological conditions pertinent to the development of such tight reservoirs.
The study of 20 samples in the Yanchi area has yielded characteristic parameters that reflect the intricate pore structure of the Chang 8 reservoir. By cross-referencing regional research data, the pore structure is effectively categorized into four distinct types, as illustrated in Figure 7. Based on the evolving characteristics of different mercury feed curves, the mercury feed process can be roughly divided into three stages: In the initial stage, when the capillary pressure reaches the discharge pressure, mercury is first introduced into the pore connected to the relatively large throat. At this time, the total capillary pressure curve and the pore capillary pressure curve almost completely coincide, and the influence of the throat is not yet significant; in the second stage, with the gradual increase of the mercury feed pressure, the pore capillary pressure curve begins to show a rising trend. Despite the sharp increase in mercury feed pressure, the amount of mercury in the pores increased relatively slowly, which indicated that the throat began to be the main factor controlling the mercury feed process. At this point, the total capillary pressure curve gradually separates from the pore capillary pressure curve; in the third stage, when the connecting pores are completely filled with mercury, continued increases in inlet pressure allow the mercury to enter only the finer throats. At this point, the total capillary pressure curve is completely influenced by the throat capillary pressure curve.
By comparing the capillary pressure curves of samples with different permeabilities in the study area (see Figure 7), it can be found that in reservoirs with higher permeabilities (such as Figures 7B, D), the overlap section between the pore capillary pressure curves and the total capillary pressure curves is longer, which indicates that the pore capillary pressure has a greater influence on and control of the total capillary pressure, reflecting that pores account for a larger proportion of the effective reservoir space. In reservoirs with lower permeability (Figures 7A, C), the influence of throat capillary pressure on total capillary pressure is more significant, indicating that the throat occupies a larger proportion in the effective reservoir space.
Type I pore structure is low-discharge driving pressure-medium-small pore type belongs to the general low permeability reservoir. This type of capillary pressure curve is biased toward the lower left of the graph, well sorted, and coarsely skewed. Porosity is greater than 12%, permeability is greater than 0.3 × 10-3μm2, this type of reservoir has a low discharge pressure. Displacement pressure is less than 0.35-MPa, the maximum mercury saturation is greater than 85%. It is a high-quality reservoir in the Chang 8, but it is less abundant.
The type II pore structureis of the medium-discharge driving pressure-fine pore type belongs to the ultra-low permeability reservoir. The pressure curve of this type of capillary is relatively biased toward the upper right of the graph, with poor sorting and fine crookedness. The porosity is 8–12%, the permeability is 0.1–0.3 × 10-3μm2, the displacement pressure is 0.35∼1MPa, and the maximum mercury saturation is 75–85%. This type of reservoir is the better reservoir in Chang 8 and is more abundant.
Type III pore structure is higher discharge pressure-microporous type belongs to ultra-low permeability reservoir. The pressure curve of this type of capillary is relatively biased towards the upper right of the graph, with poor sorting and fine skewness. With porosity of 4–8%, permeability of 0.01–0.1 × 10-3μm2, displacement pressure of 1–1.5MPa, and maximum mercury saturation of 55–75%. This type of reservoir is the most abundant general reservoir in Chang 8.
The type IV pore structure is high discharge drive pressure-microporous type belongs to the tight reservoir, the porosity is less than 4%, the permeability is less than 0.01 × 10-3μm2, the displacement pressure is greater than 1.5MPa, and the maximum mercury saturation is less than 55%. This type is generally non-reservoir.
In contrast to type III and type IV pore structures, type I and type II pore structures exhibit features such as lower displacement pressure and higher maximum mercury saturation. This observation suggests that type III pore structure is characterized by a more intricate pore structure, smaller pore throat radius, and inferior pore throat connectivity. The capillary pressure curve of type I and type II pore structures displays a plateau in the middle section, indicating relatively well-sorted pore throats. On the contrary, the capillary pressure curve of type III and type IV pore structures appears “oblique,” signifying suboptimal pore-throat sorting.
The classification of pore structures was conducted on 20 mercury injection experimental samples obtained from coring wells (Supplementary Annex 2). The pore throat classification of the Chang 8 reservoir in the study area primarily falls into class II and class III, characterizing it as an ultra-low to low permeability reservoir. Data analysis indicates that the pore throat structure of the Chang 81 layer notably outperforms that of the Chang 82 layer. The displacement pressure within the target layer ranges from 0.04 to 8.94 MPa, with an average value of 1.20 Pa. The average maximum mercury saturation is 69.99%, and the average mercury removal efficiency is 21.17%. Generally, higher displacement pressure, lower maximum mercury saturation, and lower mercury removal efficiency signify poor reservoir seepage ability and a complex pore structure. The prevalent pore structures in the study area are type II and type III, categorizing it as a low porosity and ultra-low permeability reservoir. Among these, type II pore structure predominates, constituting 56.52%, followed by type III at 26.09%. Notably, the pore throat structure of the Chang 81 layer surpasses that of the Chang 82 layer.
Differences in the development of pore throats in different types of reservoirs lead to different physical properties of the reservoirs. Comparing the pore throat radius distribution of different types of reservoirs, it can be seen (Figure 8) that the reservoirs in the study area are dominated by nano-scale pore throats, and the reservoirs are relatively dense, and the differences in pore throat distribution of different types of reservoirs, the physical properties of Type I reservoirs are better, the distribution of pore throats is relatively wider, and the percentage of large pore throats is higher; with the decrease of physical properties, the distribution of pore throats of Type IV reservoirs is smaller as a whole, and the large pore throats are almost disappeared. The overall radius of the pore throat is less than 0.1μm, and the physical properties are the worst among the four types of reservoirs. For different reservoirs, the relatively large pore throats in the reservoir control the fluid seepage ability.
[image: Figure 8]FIGURE 8 | Distribution characteristics of pore throat radius in different types of reservoirs. ((a) D195, 1054.34m, Type I reservoir (b) D142, 1360.98m, Type Ⅱ reservoir (c) Q54, 1454.19m, Type Ⅲ reservoir (d) Q54, 1453.69m, Type Ⅳ reservoir).
Due to the substantial volume of data obtained by conventional pore-throat characterization techniques and the difficulty of human analysis, we propose a method for the quantitative evaluation of microscopic pore throats in tight sandstones.This approach aims to analyze the pore types present in tight oil reservoirs by comprehensively assessing the pore throat parameters obtained through traditional characterization methods. Additionally, we introduce a quantitative evaluation index for microscopic pore throat quality that is both convenient and efficient, thereby enhancing the overall effectiveness of reservoir evaluations.
4.2 Quantitative evaluation of microscopic pore throat quality of tight sandstone reservoir
There are numerous parameters of the pore throat structure, mainly three types of parameters reflecting the pore throat size, sorting, connectivity and controlling the fluid movement characteristics. These different parameter characteristics can fully characterize the pore throat structure (Wang and Cheng, 2020). However, due to the complexity and diversity of the actual rock pore structure parameters, this study used the statistical method that quantitative assessment of the microscopic pore throat quality of tight sandstone reservoirs was conducted using pore structure parameters obtained from mercury injection experiments on 20 samples. Seven parameters, namely porosity (φ), median radius (Rpt50), displacement pressure (Pd), maximum pore throat radius (Rmax), maximum mercury saturation (Smax), mercury removal efficiency (WE), and permeability (K), were employed as characteristic variables for this evaluation. Notably, porosity (φ), median radius (Rpt50), displacement pressure (Pd), and maximum pore throat radius (Rmax) were identified as influential factors on pore throat quality. To facilitate this assessment, a logging evaluation index, PTI (Pore Throat Index), was established, and a quantitative evaluation standard for the microscopic pore throat quality of tight sandstone reservoirs was developed (refer to Table). The reservoirs in the study area were categorized into four classes: I, II, III, and IV, based on PTI values (Figure 9). The comprehensive evaluation index of pore structure and the classification standard for the pore throat quality factor are detailed in Table 3. Specifically, a reservoir is classified as type I when PTI > 1, type II when 1≤PTI ≤ 0.8, type III when 0.8<PTI < 0.6, and type IV when PTI < 0.6. Higher PTI values indicate superior pore throat quality and contribute to an enhanced overall reservoir evaluation.
[image: Figure 9]FIGURE 9 | Comprehensive classification standard of pore throat quality.
TABLE 3 | Reservoir classification criteria of pore structure comprehensive evaluation index and pore throat quality factor.
[image: Table 3]Type I reservoir, exemplified by Well D209 well and the 1342.5 m sample, exhibits characteristics of low displacement pressure, typically below 0.4 MPa, and a median pore throat radius exceeding 0.2μm, indicating a small to medium-sized pore structure. These reservoirs showcase permeability greater than 0.3 × 10-3μm2 and generally possess porosity exceeding 12%. The predominant pore type is intergranular pore-dissolved pore, and the Pore Throat Index (PTI) exceeds 1, designating it as a medium to high-quality reservoir within the Chang 8 formation. However, such reservoirs are relatively scarce in number.
Type II reservoir, exemplified by Well D209 and the 1344.2 m samples, features a displacement pressure ranging from 0.4 to 1 MPa and a median pore throat radius of 0.1–0.2μm, characterizing it as a fine-pore type. With permeability falling within the range of 0.1–0.3 × 10-3μm2, these reservoirs generally exhibit porosity levels of 8%–12%. The primary pore types include dissolved pores and intergranular pores, contributing to a Pore Throat Index (PTI) of 0.8–1. This reservoir type is prevalent in the Chang 8 formation and is considered a favorable reservoir.
Type III reservoir, exemplified by Well Q10 at a depth of 1710.7 m, is characterized by a displacement pressure ranging from 1 to 1.7 MPa and a median pore throat radius of 0.05–0.1 μm, classifying it as a fine-pore type. With permeability in the range of 0.01–0.1 × 10-3μm2, these reservoirs typically exhibit porosity levels of 4%–8%. The dominant pore type is dissolution pore, contributing to a Pore Throat Index (PTI) of 0.6–0.8. This reservoir type is common in the Chang 8 formation, representing the majority in terms of quantity.
Type IV reservoirs, exemplified by Well Q137 at a depth of 1556.1m, are characterized by a displacement pressure exceeding 1.7 MPa and a median pore throat radius less than 0.05μm, indicating a microporous nature. With permeability below 0.01 × 10-3μm2, these reservoirs typically exhibit porosity levels less than 4%. The predominant pore type is micropore, contributing to a Pore Throat Index (PTI) of less than 0.6. This class represents a dense layer and is generally non-reservoir in nature.
4.3 Correlation between microscopic pore structure parameters and microscopic pore throat quality of tight sandstone reservoir
Upon conducting a quantitative evaluation and analysis of the microscopic pore throat quality in tight sandstone reservoirs, it has been deduced that porosity, pore throat median radius, displacement pressure, and maximum pore throat radius wield significant influence over microscopic quality (Dong et al., 2022; Lu et al., 2021). Consequently, the relationship curve between these four parameters and the comprehensive evaluation of the Pore Throat Quality Index (PTI) is established. Figure 10 illustrates that porosity, median radius of the pore throat, and maximum radius of the pore throat exhibit a positive correlation with the PTI, signifying that greater porosity, median radius, and maximum radius correspond to improved pore throat quality. In contrast, displacement pressure displays a negative correlation with PTI, indicating that lower displacement pressure is associated with better pore throat quality.
[image: Figure 10]FIGURE 10 | Relationship between pore throat quality comprehensive evaluation and pore structure parameters. ((a). Relationship between porosity and pore throat quality (b). Relationship between median radius and pore throat quality (c). Relationship between displacement pressure and pore throat quality (d). Relationship between maximum pore throat radius and pore throat quality).
Porosity and permeability serve as determining factors for the physical properties of tight oil reservoirs. Enhanced reservoir physical properties are observed with increased porosity and permeability. Porosity plays a fundamental and crucial role in shaping reservoir pore structure characteristics and determining reservoir development potential by affecting reservoir space, pore connectivity, and pore size distribution.
The median radius of the pore throat can reflect the concentrated distribution degree and size of the pore throat, which is an important parameter to characterize the quality of pore structure and seepage capacity of the reservoir (Yin et al., 2018a). A larger value indicates improved rock pore structure, while a smaller value suggests the opposite.
Discharge pressure is closely related to the physical properties of the reservoir, and when the discharge pressure increases, the porosity decreases and the permeability decreases, and the mechanism of its influence on the permeability is different in different reservoir types. The fluid flow ability of reservoirs with different throat types under the action of discharge pressure varies greatly, with low discharge pressure reservoirs having better fluid flow ability, medium discharge pressure being the second best, and medium and high discharge pressure being worse. The study of the relationship between discharge pressure and reservoir pore structure is of great significance for reservoir evaluation and oil and gas development.
The maximum pore throat radius has a multifaceted impact on the pore structure of reservoirs. It can determine the flow resistance and transportation efficiency of fluids in the reservoir, affect the pore connectivity and inhomogeneity, enhance the permeability and fluid mobility of the reservoir, and play a decisive role in the production capacity and development of the reservoir (Meng et al., 2023; Yin et al., 2018b). The larger the maximum pore throat radius, the larger the pore structure, the stronger the connectivity, and the better the comprehensive evaluation of the reservoir (Yang et al., 2017).
5 CASE ANALYSIS
Taking the reservoir physical properties and microscopic pore throat characteristic parameters of 13 sample data from the Chang 8 reservoir in the Yanchi area as the research focus, the data undergo standardization. The factor analysis method is then employed to reduce the data dimension, obtaining the initial eigenvalue of the correlation coefficient matrix (Table 4). The cumulative variance contribution rate of new parameter 1 and new parameter 2 among the seven newly constructed parameters is 83.69%, which indicates that the two constructed principal component variables can contain most of the geologic information in the original pore throat parameters, and the two newly constructed principal component variables can be used to replace the original seven pore structure parameter variables, which are called principal component 1 and principal component 2.
TABLE 4 | Table of vector eigenvalues and variance contributions corresponding to the new parameters.
[image: Table 4]As shown in Table 5, the pore structure parameter loading weight values for main component 1 and main component 2, the numerical size represents the degree of contribution of different pore structure parameters to the main component, and the positive and negative symbols represent the positive and negative correlation with the main component, from which the formula for the calculation of a single main influence factor can be obtained. It is as follows:
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TABLE 5 | Principal component loadings matrix.
[image: Table 5]The following inference formula for the pore-throat quality logging evaluation index PTI is obtained, and finally, the influencing factors are comprehensively analyzed to quantitatively characterize the influences of pore structure, maximum pore-throat radius, median radius, and discharge pressure on the microscopic pore-throat quality.
[image: image]
Utilizing the pertinent data from Supplementary Annex 3 regarding reservoir physical properties and microscopic pore characteristic parameters, The PTI index is calculated using the above formula for the pore throat quality logging evaluation method, Subsequently, a comprehensive evaluation of the reservoir for these samples is conducted. The ultimate pore throat type aligns with the corresponding pore throat parameter characteristics of each type.
Figure 11 represents the interpretative diagram of the logging pore conclusion for well D209 in the Yanchi area. As depicted in the diagram, the pore structure parameters align well with the pore throat quality index. The larger the maximum pore throat radius, median radius, and porosity value, the more significant the T2 spectrum reflects as large pores (Lu ZD. et al., 2022). Consequently, the higher the PTI index, the better the reservoir quality. Conversely, smaller values indicate small pores. Employing this method for evaluating the pore throat quality of 13 samples from 10 wells in the study area yielded results consistent with the quantitative evaluation outcomes of pore throat. The pore structure types reflected by the T2 spectrum pore radius distribution and the microscopic pore throat quality logging evaluation method are in harmony with the pore structure parameters. The microscopic pore throat quality quantitative evaluation index effectively analyzes the pore types of tight oil reservoirs, exhibiting consistent results with those obtained through high-pressure mercury intrusion nuclear magnetic resonance. Thus, the application of this method demonstrates satisfactory effectiveness.
[image: Figure 11]FIGURE 11 | Comparison results of pore structure parameters of well D125 in the study area (Rmax--Maximum pore throat radius; Rpt50--Median radius; POR--Porosity; PTI--Logging evaluation index of pore throat quality).
Existing experimental analysis techniques for pore throat structure characterization have reached a high level of sophistication, characterized by high resolution and measurement accuracy. These methods are capable of quantitatively determining the pore structure parameters of tight reservoirs. Techniques such as cast thin section analysis and scanning electron microscopy can effectively analyze the material composition and structural characteristics of tight reservoirs; however, their effectiveness in characterizing microscopic pore throats is limited. On the other hand, mercury pressure and nuclear magnetic resonance techniques have the advantage that they can accurately and quantitatively characterize the microscopic pore-throat structure of tight reservoirs through experimental data. Nevertheless, these methods also have limitations, as each technique is restricted to a specific range of pore sizes that it can effectively test.
And the pore throat parameters derived from experiments such as piezomercury and NMR are large in data volume, which is difficult to analyze. The evaluation method of microscopic pore throat logging can comprehensively evaluate the pore structure parameters obtained from other characterization methods, quickly classify and evaluate the reservoirs, and the experimental analysis results are highly accurate, so it can be used for quantitative characterization of the microscopic pore throat of tight oil reservoirs. Therefore, it is essential to thoroughly understand the principles and applicability of different testing methods when investigating reservoir microstructures. By integrating various characterization techniques with considerations for differing rock types, we can enhance both the accuracy and scientific rigor in characterizing pore throat structures.
The pore structure of reservoir rocks directly determines the reservoir storage and seepage performance, and has a great influence on the oil production capacity, water-driven oil efficiency, and oil and gas recovery. At home and abroad, the pore microstructure, pore type, pore evolution and control factors, and storage performance parameters of tight sandstone reservoirs have become the focus of tight oil reservoir research (Webber et al., 2013; Chen et al., 2016; Zhan et al., 2022; Vargas-Florencia et al., 2007). Therefore, it is of great significance to carry out the quantitative characterization of the micropores and throats in tight oil reservoirs for the exploration and development of tight oil reservoirs.
6 CONCLUSION

(1) Through analysis, it has been determined that the parameters of porosity (φ), median radius (Rpt50), displacement pressure (Pd), and maximum pore throat radius (Rmax) significantly influence pore throat quality. Consequently, the logging evaluation index PTI for pore throat quality has been established, along with the development of a quantitative evaluation standard for the microscopic pore throat quality of tight sandstone reservoirs. The reservoirs in the study area are categorized into four groups: I, II, III, and IV.
(2) When PTI > 1, it represents a Type I reservoir; when 1 ≤ PTI ≤ 0.8, it corresponds to a Type II reservoir; when 0.8 < PTI < 0.6, it signifies a Type III reservoir; when PTI < 0.6, it designates a Type IV reservoir. A higher PTI value indicates better pore throat quality and a more favorable overall evaluation of the reservoir.
(3) The quantitative characterization of the microporous structure of tight oil reservoirs using the microporous quality logging evaluation method has been applied with good results, and the construction of the quantitative evaluation standard of microporous quality of tight sandstone reservoirs can quickly analyze the pore structure of tight oil reservoirs and the type of reservoirs. The pore structure of the reservoir rock directly determines the storage and seepage performance of the reservoir, and has a great influence on the oil production capacity, water-driven oil efficiency, and oil and gas recovery rate. This method provides an important basis for the effective evaluation of reservoir development potential.
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