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After complex geological transformation, such as sedimentation, diagenesis, and tectonic transformation, carbonate reservoirs have developed multiple reservoir spaces with significant heterogeneity and various pore-throat structures, including pores, vugs, and fractures. Due to these characteristics, many problems have been caused during the development of carbonate reservoirs, such as large differences between the initial production capacities of single wells and serious water channeling after injection, which have brought many challenges to the efficient development of carbonate reservoirs. Therefore, based on a reservoir evaluation method of petrophysical facies, this study classified and evaluated the pore-throat structures of Carboniferous carbonate reservoirs in the North Truwa oilfield of the Pre-Caspian Basin. Based on the data of the core, thin section, scanning electron microscope, high-pressure mercury injection, sedimentary facies, diagenetic facies, and the development of fractures and karst vugs, six reservoir petrophysical facies in the study area were classified and named, including the facies of favorable sedimentation-constructive diagenesis-fracture and vug, the facies of favorable sedimentation-constructive diagenesis-non-fracture or vug, the facies of favorable sedimentation-destructive diagenesis-fracture and vug, the facies of favorable sedimentation-destructive diagenesis-non-fracture or vug, the facies of unfavorable sedimentation-constructive diagenesis-non-fracture or vug, and the facies of unfavorable sedimentation-destructive diagenesis-non-fracture or vug. The recognition and division of diagenetic facies were based on the K-nearest neighbor. Four quantitative parameters were also selected to characterize the pore-throat structures, including displacement pressure ([image: image]), mercury removal efficiency ([image: image]), median throat radius ([image: image]), and sorting coefficient ([image: image]). Based on the principal component analysis, the classification and evaluation standards of pore-throat structures in different petrophysical facies were established. Combined with the flow profile measured by production logging tools, the relationship between different petrophysical facies and productions was also revealed. As a result, this study can provide suggestions for the adjustment strategy of water-driven production, which lays an important foundation for the fine development of carbonate reservoirs.
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1 INTRODUCTION
The world’s oil and gas production of carbonate reservoirs accounts for about 60% of the world’s total oil and gas production (Chi et al., 2022; Farhadi et al., 2022; Meng et al., 2022; Zeng et al., 2022; Opoku et al., 2023). However, due to the significant heterogeneity (Ole et al., 2016; Chen et al., 2022; Skowera and Rusin, 2022), the single-well productions of reservoirs vary greatly, which can be measured by the permeability and production of reservoirs. Therefore, it is of great significance for the development of oil and gas fields to classify carbonate reservoirs and study their microscopic pore-throat-structure characteristics. At present, previous researchers have made some progress in carbonate reservoir classification and pore-throat structure evaluation. Based on the reservoir quality, Liu et al. (2019) carried out the classification and prediction of carbonate reservoirs with significant heterogeneity. According to the pore size distribution (PSD), Duan et al. (2021) established the relationship between fractal parameters and petrophysical properties and then introduced multifractal parameters to characterize pore-throat structures. Wang et al. (2020) revealed the diversity of pore structure, pore distribution, and pore-throat connectivity in complex carbonate reservoirs by scanning electron microscopy (SEM), micro-nano-computed tomography (CT), and nuclear magnetic resonance (NMR), laying a foundation for the evaluation of carbonate reservoirs by NMR logging. It can be seen that the existing technical methods still have some shortcomings. First of all, the method of reservoir classification is not rigorous enough, and the geological factors, such as sedimentation, diagenesis, and later transformation, are not comprehensively considered. Second, purely mathematical methods such as cluster analysis are mostly used for the characterization and classification of reservoir pore-throat structures. However, due to the lack of constraints from practical geological significance, the classification and evaluation of pore-throat structures are not clear. Finally, the identification and evaluation of reservoir pore-throat structures depend on special logging projects, such as NMR, while the conventional logging curves are failed to make full use of. As a result, it is difficult to implement large-scale identification and evaluation of reservoir pore-throat structures with actual well data of the oilfield. Taking the North Truwa oilfield in the Pre-Caspian Basin as an example, this study classified different petrophysical facies by favorable and unfavorable sedimentary facies, constructive and destructive diagenetic facies, and the development degree of the fracture and vug. Based on the aforementioned division results, this study established the classification and evaluation standards for pore-throat structures by the principal component analysis (PCA) and multi-information fusion and formed a set of characterization and evaluation methods for pore-throat structures in complex carbonate reservoirs, which is of great significance to the efficient development of carbonate oil fields.
2 GEOLOGICAL SETTING
The Pre-Caspian Basin is rich in oil and gas resources (Zhu et al., 2020; Zhanserkeyeva and Kassenov, 2022). So far, a series of large and extra-large carbonate oil and gas fields, such as Astrakhan, Kashagan, Tengiz, and Kenkiyak, have been discovered in the Lower Permian salt beds in this basin. The North Truwa oilfield is located in the central block of the eastern slope of the Yanbek–Zarkames palaeouplift (referred to as the central block) in the eastern margin of the Pre-Caspian Basin. In the oilfield, the strata are revealed by the drilling range from Quaternary to Devonian, in which the Lower Permian Kungurian developed salt dome structures. Based on the stratification of geological time and the boundary of salt rock deposits, the Carboniferous carbonate formation can be divided into two sets of oil layers, KT-I and KT-II, and the MKT interlayer is composed of terrigenous clastic rocks, with a thickness of about 350 m. The main oil-bearing series are located in the Middle and Upper pre-salt Carboniferous, including the Serpukhovian (the lower part of the KT-II), the Upper Carboniferous Rashkrian (the middle part of the KT-II), the Moscowian (including the upper part of KT-II, the MKT, and the middle and lower parts of KT-I), the Kasimovian (the middle and upper parts of KT-I), and the Gzhelian (the upper part of KT-I) from the bottom up. The thickness of KT-II is about 400 m, and it is in an unconformable contact with the overlying MKT and the underlying Visean. The thickness of KT-I is about 450 m, and it is in an unconformable contact with the overlying Permian Asselian and the underlying MKT (Figure 1).
[image: Figure 1]FIGURE 1 | Geologic overview of the North Truwa oilfield. (A) Location of the central block; (B) oilfield distribution; (C) stratigraphic histogram.
The North Truwa oilfield in the central block is located in the Zanarol carbonate platform and has experienced a complex sedimentary evolution process. From the later period of Early Visean to the early period of Early Moscowian (330.9–314.0 Ma, with a time limit of about 16.9 Ma), due to the large-scale and long-term decline of the global sea level, the KT-II layer was deposited under the regression and showed sedimentary characteristics of an open platform (Zhao et al., 2010; Yi et al., 2017; Li et al., 2020). In the middle period of the Middle Carboniferous Moscowian (314.0–310.0 Ma, with a time limit of 4.0 Ma), due to the large-scale rise of the global sea level, the KT-II carbonate platform was flooded, and as a result, the MKT sedimentary system of deep-water shelf and slope developed in the study area. The North Truwa oilfield in the eastern study area deposited a (deep-water) mixed shelf with large thickness, and the western study area was transformed into a slope (basin), with a significantly thinner thickness. From the Late Moscowian of the Middle Carboniferous to the Gzhelian of the Upper Carboniferous (310.0–298.8 Ma, with a time limit of 11.2 Ma), due to another long-term and large-scale global sea level decline, KT-I was deposited during this process, which was transformed from an open platform to a restricted evaporation platform. In general, the North Truwa oilfield has experienced the sedimentary evolution of open platform, mixed shelf, open platform, and evaporation-restricted platform and is mainly composed of open platform facies. Affected by the compression of Ural tectonic movement, it also developed facies of platform marginal reef and slope (Figure 2).
[image: Figure 2]FIGURE 2 | Sedimentary evolution of the North Truwa oilfield.
3 MATERIALS AND METHODS
The understanding and achievements of the research on Carboniferous reservoirs in the North Truwa oilfield are mainly obtained from the analysis data of nine wells, including well CT-4, CT-10, CT-22, CT-41, CT-52, 5555, 5598, A-4, and A-7. The core intervals include KT-I and KT-II. Based on the data of the core, thin section, scanning electron microscope, conventional logging and imaging logging data, and the mathematical methods of K-nearest neighbor (KNN) and PCA, this study realized the effective classification and evaluation of carbonate reservoirs. The method flow is as follows:
(1) Identification of different sedimentary facies by detailed observation and analysis of the core and thin section data and classification of different sedimentary facies in single-well reservoirs by the logging curve shapes after the core location
(2) Based on the data of thin section and scanning electron microscope, the diagenesis, and the genetic patterns of pores, the lithofacies can be divided, and the diagenetic facies in the single-well reservoirs can be identified by the KNN algorithm
(3) Based on data from imaging logging, core observation, and thin section identification, the porosities of fractures and vugs can be calculated by conventional logging curves, and the development of fractures and vugs in single-well reservoirs can be identified
(4) Based on the sedimentary facies, diagenetic facies, and the development of fractures and vugs, the single-well petrophysical facies can be divided, and the classification and evaluation standards of pore-throat structures in different petrophysical facies are established by PCA combined with the pore-throat structure parameters
KNN is an effective mathematical algorithm. Each sample can be represented by its nearest k neighbors, and the new samples can be directly classified by the classification dataset in advance, without learning and training. If the neighbor of a sample to be divided is an object that has been correctly classified, the category of this sample can be determined by the category of the nearest sample or samples. Therefore, KNN is not affected by outliers and is suitable for classification problems with overlapping sample sets to be divided or overlapping class domains (Ma et al., 2022; Poggi et al., 2022; Zhang X. F. et al., 2022; Cao et al., 2023; Saravanan et al., 2023). The KNN algorithm is simple and direct. With this method, the samples with small sizes and characteristics can also be classified, but the number of sample types should be balanced.
The specific steps of KNN are as follows: we suppose there are [image: image] categories [image: image] for the pattern classification, and there are [image: image] samples for each category. The discriminant function of the [image: image] category is specified as
[image: image]
where [image: image] is the class [image: image] and [image: image] is the [image: image]th of the [image: image] samples in the [image: image] class.
According to Eq. 1, the decision rule can be written as follows: if [image: image], then the decision [image: image]. This decision method is called the nearest neighbor; that is, for the unknown sample [image: image], only the Euclidean distance between [image: image] and [image: image] samples of known categories needs to be compared. If the decision [image: image] is the same as the nearest sample, the category of sample [image: image] can be determined.
PCA is a method of data dimensionality reduction, which to some extent reveals the hidden structure (principal component) of the best explanatory variables of data. By the projection method, the high-dimensional data can be projected to the low-dimensional space with as little information loss as possible so that the data dimension can be reduced, and the data structure can be simplified. The basic ideas of PCA are shown as follows (Hassan et al., 2022; Murshid et al., 2022): let the [image: image]-dimensional random vector [image: image], and the [image: image] eigenvectors [image: image] can be reconstructed into as few unrelated variables as possible, [image: image], which can fully reflect the information reflected by the original p eigenvectors. The specific calculation process of PCA is as follows:
(1) Based on the [image: image]-dimensional observation sample matrix [image: image] with [image: image] characteristic variables, the method and steps for calculating the principal component are as follows (Akbar et al., 2022; Manz, 2022; Ramesh and Satyavani, 2022):
[image: image]
(2) The original data are standardized; that is, the element xik is transformed in the sample set.
[image: image]
[image: image]
[image: image]
(3) The correlation coefficient matrix of the sample matrix is calculated.
[image: image]
(4) Corresponding to the correlation coefficient matrix [image: image], the P non-negative eigenvalues of the characteristic equation | [image: image] | = 0, [image: image] can be calculated by the Jacobi method, and the eigenvector corresponding to the characteristic value [image: image] is as follows:
[image: image]
(5) The principal component contribution rate [image: image] and cumulative contribution rate [image: image] are calculated to determine the principal component as follows:
[image: image]
[image: image]
The number of principal components, m, generally depends on the cumulative contribution rate. When the cumulative contribution rate of m principal components is greater than 85%, it can be considered that the current m principal components contain all the information of [image: image] variables.
4 RESULTS
4.1 Classification of petrophysical facies
Based on the theory of “facies control,” facies refers to rocks or rock combinations formed in the same sedimentary environment with the same rock composition and genetic significance. Hence, it can be seen that the petrophysical facies are mainly controlled by sedimentary facies, diagenetic facies, and the development of fractures and vugs (Yu et al., 2022), and their classification and naming should be affected by the three aforementioned factors (Amjad et al., 2021; Hou et al., 2022a; Mohsenipour et al., 2022; Yi et al., 2022). As the basis for petrophysical facies classification in carbonate reservoirs, the sedimentary facies, diagenetic facies, and fracture and vug development characteristics of the Carboniferous reservoirs in the North Truwa oilfield were researched in this study.
4.1.1 Sedimentary facies patterns
The North Truwa oilfield is located in the shallow carbonate platform facies area at the eastern margin of the Pre-Caspian Basin. The sedimentary patterns of oil layers, KT-I and KT-II, during the Late Carboniferous have a certain inheritance. The KT-I oil layer in the study area is mainly composed of evaporation platform, limited platform, and open platform. The KT-II oil layer is mainly composed of an open platform, which can be divided into four subfacies: lagoon, flat, grain bank, and intertidal sea (Figure 2). The sedimentary subfacies can reflect the changes of sedimentary environments and lithology, and the thickness of the sedimentary subfacies is moderate. As a result, sedimentary subfacies identified by lithology are accurate (Arnsari et al., 2020; Gomes et al., 2020; Salman, 2021; Mohammadkhani et al., 2022; Wu et al., 2022; Balaky et al., 2023). Therefore, based on sedimentary subfacies, petrophysical facies can be divided in this study. These studies will be discussed as follows.
4.1.1.1 Characteristics of sedimentary subfacies
The top of the KT-I layer is mainly composed of dark gray micritic dolostone (Figure 3A) with occasional anhydrite (Figure 3C). There are few organisms and many cyanobacteria in the micritic dolostone; as a result, algal mats, algal clumps, and algal laminae are developed (Figure 3B). Based on these characteristics, it can be seen that during the sedimentation of KT-I, it was a shallow water environment, with poor connectivity to large-scale sea area, high evaporation, and high salinity, which shows typical characteristics of flat subfacies. The middle part of KT-I is mainly composed of bioclastic marlstone (Figure 3D) and mudstone. The bioclastic marlstone is formed with few particles, small organisms, and many biological fragments, and it is mainly supported by plaster (Figure 3E). It can be judged that the middle part of KT-I is located in low-lying areas within the restricted platform. It was flooded by seawater; as a result, it was developed with low environmental energy and still water sedimentation. Through comprehensive judgement, it can be seen that the middle part of KT-I is lagoon subfacies. The middle and lower parts of the KT-I layer are mainly composed of sparite bioclastic granular limestone (Figure 3F), and the particles are mainly composed of foraminifera, echinoderms, brachiopods, and mollusks, with high sorting. Most of the particles are filled with sparite cement, and there is less plaster (Figure 3G). It can be seen that the middle and lower parts of KT-I were formed in the seabed highland on the platform, with high water energy. Controlled by tidal and wave action, granular rocks were formed. As a result, it can be comprehensively judged that the sedimentary environment of the middle and lower parts of KT-I is grain beach subfacies. There are micritic carbonate interlayers of 2–3 m in the thicker granular carbonate rocks at the bottom of KT-I (Figure 3H), with low biological content and a large number of local algae (Figure 3I). These characteristics reflect the discontinuous distribution of grain banks in the space. Stable sedimentary environments with relatively deep water bodies can be developed between the beaches, namely, the inter-beach marine subfacies.
[image: Figure 3]FIGURE 3 | Typical characteristics of sedimentary facies in the North Truwa oilfield. (A) Well CT-4, 2341.29∼2341.38 m, micritic and powdercrystal dolomite with dissolved pores and caves; (B) well CT-4, 2341.29∼2341.32 m, micritic and powder crystal dolomite with intense dolomitization, fusulinids, and algae, ×40; (C) well A-1, 2616.00∼2316.03 m, gypsum rock associated with dolomite, ×40; (D) well CT-52, 2285.56∼2285.89 m, bioclastic granular marl without pores; (E) well CT-52, 2285.72∼2285.75 m, bioclastic wackestone with few grains and high marl content, ×40; (F) well CT-22, 2300.07∼2300.27 m, sparry bioclastic grainstone with few pores and one fracture; (G) well CT-22, 2300.14∼2300.17 m, sparry bioclastic grainstone with much bioclastic and little marl, ×40; (H) well CT-10, 2346.93∼2347.00 m, micritic limestone without pores; and (I) well CT-10, 2346.97∼2347.00 m, micrite limestone with micrite grains, ×40.
4.1.1.2 Identification of sedimentary subfacies by logging data
Conventional logging curves with high sensitivity to carbonate sedimentary facies include acoustic logging (AC), gamma-ray logging (GR), density logging (DEN), compensated neutron logging (CNC), and deep-lateral resistivity logging (RD). Based on the sedimentary facies division by core and thin section data, this study carried out the depth homing of core and thin sections and summarized the response characteristics and variation ranges of the four sedimentary subfacies, including lagoon, flat, grain bank, and intertidal sea on the logging curve (Table 1).
TABLE 1 | Logging response variation of sedimentary subfacies in the North Truwa oilfield.
[image: Table 1]4.1.2 Diagenetic facies patterns
The reservoirs in the North Truwa oilfield mainly experienced five diagenesis, including compaction and pressure dissolution, argillization, multi-period cementation and filling, dissolution, and metasomatism. The diagenetic parameters in these diageneses are quite different. Based on the comprehensive diagenesis patterns, diagenesis intensity, pore genesis patterns, reservoir physical properties, and sedimentary environments, five diagenetic facies are divided, including early dissolution facies (DF1), early dolomitization dissolution facies (DF2), weak-cementation pore preservation facies (DF3), cementation facies (DF4), and compaction facies (DF5). The specific descriptions of these diagenetic facies are described as follows.
4.1.2.1 Characteristics of diagenetic facies
The early dissolution facies (DF1) represents the diagenetic facies significantly dissolved and transformed by meteoric water during the contemporaneous–quasicontemporaneous period. Most of the rock particles in the DF1 are in point-suspension contact. The intragranular dissolution pores, mold pores, and coelom pores are relatively developed. The multi-period cementation of dentate-powder crystal-fine crystal-coarse crystal calcite can be seen between the grains (Figure 4A). The diagenesis is mainly selective dissolution, which is mainly developed in the grain bank subfacies. The early dolomitization dissolution facies (DF2) represents the diagenetic facies formed by dolomitization and leaching and transformation of meteoric water during the contemporaneous–quasicontemporaneous period. The particles in the rocks are mainly in suspension contact, and intergranular pores and intergranular dissolution pores are widely developed (Figure 4B). The diageneses are mainly dolomitization and intergranular dissolution, which are mainly developed in the flat subfacies. The weak-cementation pore preservation facies (DF3) represents diagenetic facies with primary pores, which have hardly transformed by early karstification. Most of the rock particles are in point–line contact. The intergranular pores are widely developed, the connectivity between pores is high, and the cementation-filling effect is weak. The cements are mostly local patchy cements (Figure 4C), which are developed in the grain bank subfacies. The cementation facies (DF4) represents the diagenetic facies formed by the sediments in the pores consolidated by the cements precipitated from the pore water. The cements are mainly composed of sparry calcite with strong cementation and filling (Figure 4D), and they are mainly developed in the lagoon subfacies. The compaction facies (DF5) represents diagenetic facies composed of particles closely packed by the gravity of the overlying sediments during the shallow–medium burial period. The contact modes of rock particles include point contact, line contact, and mosaic contact, and the rocks are tight (Figures 4E, F), which are widely developed in the subfacies of lagoon, intertidal sea, and grain bank.
[image: Figure 4]FIGURE 4 | Typical diagenetic facies characteristics of the North Truwa oilfield. (A) Well CT-10, 2346.49∼2346.52 m, bioclastic calcareous siliceous rock with foraminiferal visceral foramen and siliceous and calcite cementation, ×12.5; (B) well CT-10, 2398.12∼2398.15 m, fine-powdery dolomite with fusulinids visceral foramen. It is filled with powdery dolomite, ×50; (C) well CT-10, 3122.52∼3122.55 m, sparry bioclastic limestone with residual intergranular pores and weak cementation, ×50; (D) well CT-10, 2350.64∼2350.67 m, sparry bioclastic limestone with fine bioclastic grains and intense calcite cementation, ×50; (E) well CT-10, 2346.11∼2346.14 m, micritic bioclastic limestone with micritic grains and intense compaction, ×12.5; and (F) well CT-10, 2347.52∼2347.55 m, bioclastic-bearing micritic limestone with micritic grains and intense compaction, ×50.
4.1.2.2 Identification of diagenetic facies by logging data
Well logging is widely used to identify carbonate sedimentary facies. However, due to the rapid vertical change, high longitudinal resolution is required during the identification of diagenetic facies (Zhao C. J. et al., 2022; Zhang J. F. et al., 2022; Zhao X. B. et al., 2022; Zhang L. Q. et al., 2022; Li et al., 2022; Wang et al., 2022). It is difficult to effectively identify the diagenetic facies by the common induction of log response values. Therefore, the KNN is chosen to identify and predict the diagenetic facies (Gao et al., 2021; Wang and Lu, 2021). While selecting logging curves, the well sections with poor borehole conditions or poor drilling fluid quality should be excluded. Also, inter-well standardization should be realized to eliminate errors caused by the environment and different logging tools. The crossplot of PE, CNC, DEN, and DT values of different diagenetic facies is shown in Figure 5. The difference of logging response provides a reliable basis for the identification of diagenetic facies by the KNN.
[image: Figure 5]FIGURE 5 | Crossplot of diagenetic facies logging response in the North Truwa oilfield.
4.1.3 Development of fractures and vugs
4.1.3.1 Patterns of fractures and vugs
Vugs with different sizes in the Carboniferous reservoirs of the North Truwa oilfield are also widely developed, which are mainly composed of pore spaces formed by the significant non-fabric selective dissolution of crystalline dolomite, with irregular shape and pore size of more than 2 mm (Figures 6A–C, E). The individual vugs have various shapes, including round, elliptical, and irregular shapes, and can be locally distributed in honeycomb-like patches (Figure 6A), with a variety of sizes. The overall filling degree of these vugs is low. The reservoir fractures are mainly structural fractures, sutures, and dissolution fractures, among which the structural fractures are formed by tectonic stress, with flat and straight occurrence and groupings. The structural fractures are mostly formed with openings of less than 0.1 mm, and they are either unfilled or semi-filled (Figure 6F). The sutures are mainly formed by pressure dissolution, and the gaps can be seen on the suture cylinder surface, which are mostly partially filled or fully filled with asphalt, and the opening is usually less than 0.03 mm (Figure 6D). Dissolution fractures are the expanded fractures in the original shapes after the dissolution of diagenetic fluid. Most of the fractures are beaded, reticulated, irregularly curved, or serpentine, and are partially filled with calcite or dolomite in the later periods. The opening of these fractures changes greatly. They are mostly connected with vugs and various dissolved pores to form a typical fracture–cavity system, greatly improving the connectivity of the reservoirs (Figures 6C, E).
[image: Figure 6]FIGURE 6 | Types and characteristics of karst vugs and fractures in the North Truwa oilfield. (A) Well CT-22, 2350.45∼2350.62 m, dolomite with oil stains, dissolved caves, and pores. The dissolution caves and pores are honeycombed. The needle-like pores are widely developed with a diameter of 2–15 mm; (B) well CT-59, 2423.00∼2423.03 m, karst breccia limestone with 3.1 mm karst caves, weakly filled with weathered crustal clay, ×40; (C) well CT-4, 2345.28∼2345.31 m, residual bioclasticpowder crystal dolomite with unfilled dissolved pores and caves interconnected by beaded dissolution fractures, providing good connectivity, ×40; (D) well CT-22, 2370.88∼2370.91 m, micritic powder crystal dolomitic limestone with intergranular (dissolved) and intragranular pores show dolomitization along the stylolite and local dissolution, ×40; (E) well CT-4, 2341.66∼2341.69 m, bioclastic micritic dolomite with beaded and network dissolution fractures forms a fracture–cavity system with dissolved cavities and various dissolved pores, ×40; and (F) well 5555, 2345.72∼2345.75 m, residual bioclastic micritic and powder crystal dolomite show an intermittent structural fracture. The fracture is 0.03–0.1 mm wide and is partially filled with dolomite, ×40.
4.1.3.2 Identification of fractures and vugs by logging data
Image logging can accurately identify the reservoir spaces in the study area, such as pores, fractures, and vugs. In log imaging, the pores are shown as pieces of dark and fuzzy pattern (Figure 7A), which are generally distributed in the limestone reservoirs. Fractures are shown as large-amplitude dark sine strips (Figure 7B) in the imaging log. The higher the fracture angle, the greater the sine amplitude (Hou et al., 2022b). The pores are shown as dark blocks (Figure 7C) in the imaging log, which are generally distributed in the dolomite reservoirs with more physical properties.
[image: Figure 7]FIGURE 7 | Image logging of different reservoir space types in the North Truwa oilfield. (A) Well CT-1, 3,299∼3,304 m; (B) well CT-1, 2,311∼2,316 m; and (C) well CT-1, 2,349∼2,354 m.
For wells without imaging log data, conventional logging data can be used to calculate reservoir fracture porosity and vug porosity. Xavier and Lucia (2018) proposed to calculate the interparticle porosity by the AC difference (i.e., slowness). Therefore, pore–vug porosity can be calculated by subtracting the interparticle porosity from the total porosity, as follows:
[image: image]
[image: image]
[image: image]
For pore-pattern reservoirs, the reservoir resistivity has a good relationship with the AC. However, due to the fractures, the reservoir conductivity is greatly increased with few changes in the reservoir porosity, so the relationship between resistivity and AC is quite different in the fractured reservoir. The AC can reflect the porosity of the reservoir matrix, which is less affected by the lithology and fluid in the reservoir, and can be used to calculate the reservoir matrix resistivity (Figure 8):
[image: image]
[image: image]
where [image: image] is the resistivity of matrix formation, [image: image], and [image: image] is the acoustic interval transit time, [image: image]. According to the coring data, a section of pure porous matrix formation can be selected, and the resistivity curve [image: image] of the matrix formation can be calculated based on the good relationship between AC and deep-lateral resistivity. As a result, the fracture porosity can be calculated by the overlap of the two resistivity curves.
[image: image]
where [image: image] is the fracture porosity, [image: image]; [image: image] is the fracture porosity index; [image: image] is the resistivity of mud filtrate, [image: image]; [image: image] is the resistivity of deep detect formation, [image: image]; and [image: image] is the matrix formation resistivity, [image: image].
[image: Figure 8]FIGURE 8 | Calculation models of matrix resistivity for reservoirs with different lithologies in the North Truwa Oilfield. (A) Well CT-4, 2,300∼2,302 m, dolomite reservoir without fractures and cavities; (B) well CT-4, 2,357–2,360 m, limestone reservoir without fractures and cavities.
4.1.4 Classification and nomenclature of petrophysical facies
Considering the complexity of the naming scheme after the classification of petrophysical facies by the “facies control” method, the author believed that the superimposed petrophysical facies can be classified and summarized by favorable and unfavorable sedimentary subfacies, constructive and destructive diagenetic facies, and fracture development or not. Among them, the favorable sedimentary subfacies are grain bank and dolomite flat, and the unfavorable sedimentary subfacies are intertidal sea and lagoon. The constructive diagenetic facies include early dissolution facies (DF1), early dolomitization dissolution facies (DF2), and weak-cementation pore preservation facies (DF3), and the destructive diagenetic facies include cementation facies (DF4) and compaction facies (DF5). The development of fractures and vugs can be calculated by the logging data. Considering the specific combination relationship between some diagenetic facies and sedimentary subfacies (early dolomitization dissolution facies only developed in favorable sedimentary facies, such as dolomite flat subfacies and fractures and vugs, generally do not develop in unfavorable sedimentary facies), the reservoirs in the North Truwa oilfield can be divided into six petrophysical facies, including favorable sedimentation-constructive diagenesis-fracture–cavity facies, favorable sedimentation-constructive diagenesis-non-fracture–cavity facies, favorable sedimentation-destructive diagenesis-fracture-fracture–cavity facies, favorable sedimentation-destructive diagenesis-non-fracture–cavity facies, unfavorable sedimentation-constructive diagenesis-non-fracture-vug facies, and unfavorable sedimentation-destructive diagenesis-non-fracture-vug facies (Table 2; Figure 9).
TABLE 2 | Classification results of different petrophysical facies in the North Truwa oilfield.
[image: Table 2][image: Figure 9]FIGURE 9 | Pore-throat radius and capillary pressure characteristics of different petrophysical facies.
5 DISCUSSION
5.1 Establishment of evaluation standard
When studying the characteristics of pore-throat structures with different petrophysical facies, the following points can be seen. First, the characteristics of pore-throat structures in rocks are important for the classification of petrophysical facies, which can correct the deviation of the classification results based on geological factors such as sedimentary facies, diagenetic facies, and the development of fractures and karst vugs. Second, the range of quantitative parameters (such as average pore-throat radius) characterizing the pore-throat structures of different petrophysical facies overlaps, as a result, single parameters of pore-throat structure cannot be distinguished. Finally, the characteristics of the pore-throat structure of individual core samples are between two different petrophysical facies, and there is no direct evidence to identify their petrophysical facies patterns, such as thin section photos and scanning electron microscopy. Therefore, based on the multi-information fusion technology, this study selected the pore-throat structure parameters, such as displacement pressure ([image: image]), mercury removal efficiency ([image: image]), median throat radius ([image: image]), and sorting coefficient ([image: image]), and carried out the dimensionality reduction analysis on four characterization parameters through the quantitative characterization of pore-throat structures by PCA. Two principal components, [image: image] and [image: image], were selected with a cumulative contribution rate of 86%, and the corresponding expressions are as follows:
[image: image]
[image: image]
PCA can effectively identify different pore-throat structures. Finally, the sum of the total eigenvalues ([image: image]) of the principal components of the identification results from different pore-throat structures can be calculated, and the proportion of the corresponding eigenvalues from the extracted principal components, [image: image] and [image: image], to [image: image] can be used as the weight of each principal component. As a result, the comprehensive score model of the principal components can be established, and the index ([image: image]) can be quantitatively identified by different pore-throat structures, whose function is as follows:
[image: image]
After the calculation, the discriminant standards of six pore-throat structures are shown in Table 3, including the facies of favorable sedimentation-constructive diagenesis-fracture and vug, the facies of favorable sedimentation-constructive diagenesis-non-fracture or vug, the facies of favorable sedimentation-destructive diagenesis-non-fracture or vug, the facies of unfavorable sedimentation-constructive diagenesis-non-fracture or vug, and the facies of unfavorable sedimentation-destructive diagenesis-non-fracture or vug. Based on the identification index P, different pore-throat structures can be quantitatively classified.
TABLE 3 | Quantitative classification standards of pore-throat structures with different petrophysical facies in the North Truwa oilfield.
[image: Table 3]5.2 Application instance
Taking well CT-4 in the North Truwa oilfield as an example, the well took cores from 2,293∼2,297 m and 2,322∼2,354 m intervals of the KT-I oil layer. Based on core observation and thin section identification, petrophysical facies research was conducted in combination with the characteristics of logging curves. The results showed that the well section was divided into three sedimentary subfacies types from top to bottom, namely, grain beach, flat, and lagoon, and three diagenetic facies types, namely, DF4, DF2, and DF5, at 2,321∼2,325 m. The porosity development of fractures and karst cavities calculated in the well section of 2,337∼2,356 m is consistent with the core photos. Five petrophysical facies, namely, PF1, PF2, PF3, PF4, and PF5, are comprehensively divided, and two petrophysical facies, namely, PF1 and PF3, are developed as oil layers. The petrophysical facies of the reservoir at 2322.3∼2324.1 m well depth is classified as PF1 and those of 2341.2∼2353.7 m depth are PF1 (81%) and PF3 (19%) (Figure 10). The well was perforated in 2008, and daily oil productions of the two sections were 3.25 tons and 61.32 tons, decreasing to 2.41 tons and 11.98 tons 2 years later, respectively. Then, the well was reinjected in 2016. The relative water absorptions were 44% and 56% in 2016 and 0% and 100% in 2017. The results show that the storage capacity of PF1 is better than PF3. This is a critical guarantee for the high and stable production of the reservoir. After water injection, the water is quickly absorbed by PF1 and then the absorption ceased soon, stably replenishing the formation energy. In general, the production performance is well matched with the results of petrophysical facies division.
[image: Figure 10]FIGURE 10 | Petrophysical facies division of well CT-4 in the North Truwa oilfield.
6 CONCLUSION

(1) Under complex sedimentary evolution and diagenetic transformation, the North Truwa oilfield developed two favorable sedimentary subfacies, grain bank and flat, and two unfavorable sedimentary subfacies, lagoon and intertidal sea. After five types of diagenesis, such as compaction and pressure dissolution, argillization, multi-period cementation and filling, dissolution, and metasomatism, five diagenetic facies can be divided, including three constructive diagenetic facies, early dissolution facies (DF1), early dolomitization dissolution facies (DF2), and weak-cemented pore preservation facies (DF3), and two destructive diagenetic facies, such as cemented facies (DF4) and compacted facies (DF5). The core observation and thin section identification results show that fractures and karst vugs are mainly developed in favorable sedimentary subfacies.
(2) The sedimentary subfacies of the carbonate reservoirs in the study area can be divided by core observation and logging curves. The diagenetic facies can be effectively identified and divided by the KNN. Based on the data of image logging and conventional logging, the development of reservoir fractures and vugs can be identified, and six petrophysical facies can also be classified, including the facies of favorable sediment-constructive diagenesis-fracture and vug, the facies of favorable sediment-constructive diagenesis-non fracture or vug facies, the facies of favorable sediment-destructive diagenesis-fracture and vug, the facies of favorable sedimentation-destructive diagenesis-non fracture of vug, the facies of unfavorable sedimentation-constructive diagenesis-non fracture or vug, and the facies of unfavorable sedimentation-destructive diagenesis-non fracture or vug.
(3) The identification standards of pore-throat structures with different petrophysical facies can be established by PCA, which can cover 86% of the information of pore-throat structure parameters of each rock and realize the effective classification of petrophysical facies. PF1 reservoir has strong reserves capacity, and the formation energy can be rapidly replenished after water injection development. It is an important object to implement water-driven production and ensure efficient reservoir development.
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