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The evaluation of reservoirs is of great importance in exploration practices, and reservoir distribution is dependent on multiple geological factors. The carbonate platform of the fourth member (Z2dn4) of the Dengying Formation (Z2dn) in the Gaoshiti-Moxi area (GMA) was uplifted above sea level during episode II of the Tongwan movement and underwent prolonged karstification by meteoric freshwater in the terminal Sinian, leading to a strong heterogeneity in reservoirs. Paleogeomorphology reflects hydraulic gradients that can affect the intensities of surface karstification and may be approximated by terrain slope gradients. Karst products (especially solution vugs and caverns) exist prevailingly in the Z2dn4; their development mirrors the extents of internal dissolution. Based on paleogeomorphological reconstruction using the elevation method, the slope angles of single boreholes were calculated through the digital elevation model (DEM). In accordance with single-borewell Fullbore Formation MicroImager (FMI) logging data, four electrofacies (host rock, vug, fracture, and cave) were identified in boreholes possessing FMI data. The identified electrofacies were matched with corresponding conventional logging curves to obtain the training data. A model generalized for other boreholes without FMI data was established with the random forest algorithm and the thicknesses of the four electrofacies in each borehole were determined to characterize the extent of karstification. Slope gradients and electrofacies thicknesses, together with multiple physical parameters of reservoirs in boreholes, were utilized for factor analysis. Four factors were obtained and fused into one comprehensive score based on their ratios of variance proportions. The favorability of reservoirs was described by the comprehensive scores of each borehole. These analyses showed that the most advantageous reservoirs are distributed in the vicinity of the platform margin in the west of the GMA, where they enjoy several benefits. Deposition of porous mound-shoal complexes occurs predominantly in the platform margin where large-scale caves are more developed in the mixing karst zone of seawater and freshwater. Meanwhile, the transmeridional lateral migration of hydrocarbons from the regional hydrocarbon-generating center abutting the west of the GMA contributes to earlier entrapment and accumulation in the mound-shoal complexes in the platform margin.
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1 INTRODUCTION
In the most important reservoirs of petroliferous basins around the world, carbonate rocks have consistently been a major research focus for petroleum exploration in both academia and industry (Calner et al., 2010). Carbonate reservoirs account for approximately 50% of total reserves and represent 60% of total hydrocarbon production in the world (Gomez-Rivas et al., 2014; Su et al., 2021; Chen et al., 2022), with large-scale marine carbonate reservoirs discovered in petroliferous basins worldwide (Dyman et al., 2002; Halbouty, 2003; Biteau et al., 2006). Increasing demand and continuous consumption of fossil fuels have prompted petroleum exploration to expand from medium-shallow to deep and even ultra-deep domains of carbonate reservoirs. Deep and ultra-deep carbonate strata with depths exceeding 4,500 m are hotspots for oil and gas exploration and exploitation (Yang et al., 2021) and represent reserves of around 35% of global hydrocarbons (Ma et al., 2020).
However, the compaction of deep carbonate reservoirs using burial results in low interconnectivity and porosity (Morad et al., 2018; Perrin et al., 2020). High-quality reservoirs with low permeability and porosity that produce commercial hydrocarbon flow may be subject to the development of secondary porosity and fractures. These may be caused by constructive diageneses such as karstification and recrystallization and tectonic movement (Abarca et al., 2019; Dai et al., 2020; Dong et al., 2020). Karstification has been shown to play a significant role in enhancing the integrated reservoir quality, e.g., porosity and permeability, throughout the duration of diagenesis (James and Choquette, 1988; Ronchi et al., 2010; Sayago et al., 2012; Chen et al., 2022). Meteoric freshwater percolates and diffuses downward into inner carbonate strata and dissolves the soluble calcium minerals, resulting in considerable porosity due to secondary dissolution, caverns, and dissolution fractures that augment extra storage spaces (Loucks and Anderson, 1985; Moore and Wade, 2013). Prolonged karstification following integral platform exposure can cause disconformity, i.e., general weathering crust in carbonate reservoirs. Thus, karstification is associated with disconformity, and paleokarst reservoirs are also related to disconformity (Fritz et al., 1993; Zhu et al., 2019; Chen et al., 2022). This is highly prevalent, as 20%–30% of global oil and gas resources are subject to unconformities (Fritz et al., 1993; Burchette, 1996). Relief of disconformity may be implicitly related to and reflect the karst intensity, which is influenced by karst hydraulic gradients and chemical denudation rate. Prediction of karst reservoirs through reconstruction of paleogeomorphology, therefore, should be feasible and valid (Tang et al., 2013). Additionally, different methods have been employed to reconstruct paleogeomorphology, and interpretations of the outcomes demonstrate that hydrocarbons are apt to accumulate in one or more paleogeomorphological units, e.g., monadnock and karst slope (Tang et al., 2013; Jin et al., 2017; Yu et al., 2021). This type of result demonstrates the utility and feasibility of paleogeomorphological reconstruction.
The evaluation and prediction of paleokarst carbonate reservoirs are an important but challenging aspect of hydrocarbon exploration due to the extreme complexity and heterogeneity of karst systems, which are controlled by subaerial karstification and burial alteration after tens to hundreds of millions of years (Li R. et al., 2021; Zhang et al., 2022). Previous studies on paleokarst reservoir evaluation and prediction based on conventional paleogeomorphological reconstruction methods are commonly qualitative or semi-quantitative, which can only indirectly reflect karst fluid hydrodynamics and cannot depict internal karst systems in line with the degree of karstification. Conventional well logging curves and Fullbore Formation MicroImager (FMI) are high-resolution means for identifying electrofacies such as host rocks, fractures, vugs, and paleocaves of paleokarst reservoirs (Tian et al., 2019; Zheng W. et al., 2021). These identified electrofacies also reflect karst system development. Porosity, permeability, and other parameters that characterize pore system geometry is only used to authenticate the validity of reconstructed paleogeomorphology, yet key parameters would be missed in reservoir evaluation and prediction.
For responsible paleokarst reservoir evaluation and prediction, it is essential to consider and integrate multiple features that affect reservoir development, i.e., lithofacies, diagenetic alteration and tectonics, and corresponding characteristic parameters. The core idea of multi-feature or multi-parameter analysis in reservoir evaluation and prediction is that a comprehensive dimensionless parameter can effectively substitute and represent other characteristic attributes and reserve most of the data (Li Y. et al., 2021). Factor analysis (FA), principal component analysis (PCA), and linear discrimination analysis (LDA) are commonly used in multi-feature dimensional reduction, where FA and PCA are unsupervised analysis approaches, but LDA is supervised (Wang and Lu, 2021). In addition, the integrated single parameter can be obtained also by other weighting analyses, e.g., analytical hierarchy process (AHP) (Kayastha et al., 2013), greyness related analysis (GRA) (Jia et al., 2016), ReliefF algorithm (RFA) (Reyes et al., 2015), entropy weight method (EWM) (Li Y. et al., 2021), and critic weight method (CWM), etc. Moreover, FA, PCA, and LDA are also weighting analytical methods.
The Sinian Z2dn of the Gaoshiti-Moxi area in the Central Sichuan Basin has been discovered in recent years to be a giant gas field, which was a major breakthrough (Liu et al., 2015; Luo et al., 2017; Xie et al., 2019; Zhou et al., 2020). The proven total reserves of natural gas were as high as 1 × 1012 m3, and the cumulative gas production had reached 4.19 × 1010 m3 by the end of 2018 (Li et al., 2020). The interface between the Z2dn4 and the overlying Maidiping Formation (Є1m) or Qiongzhusi Formation (Є1q) is a disconformity. It is widely understood that the disconformity is a consequence of meteoric freshwater leaching and eroding after the regional tectonic uplift of the Tongwan Movement episode II (Luo et al., 2015; Yang et al., 2016; Wei et al., 2016; Zhou et al., 2016; Luo et al., 2017; Hao et al., 2017), though a debate co-exists on which karstification type (eogenetic, hypogenetic, or epigenetic) dominates the formation of numerous karst products in the Z2dn4 (Tang et al., 2013; Luo et al., 2015; Zhou et al., 2016; Jin et al., 2017; Che et al., 2019; Li et al., 2019; Jin et al., 2020; Zhou et al., 2020). Karstification is regarded as the vital diagenetic alteration in the formation of Z2dn4 reservoirs in the Gaoshiti-Moxi area (Luo et al., 2017; Shan et al., 2017; Duan et al., 2019; Zhou et al., 2020). However, it is difficult to quantitatively and precisely evaluate and predict paleokarst reservoirs via a single approach such as through paleogeomorphological reconstruction, paleokarst development characterization, or some other petrophysical parameters.
This study is aimed at integrating targets of paleogeomorphological reconstruction, paleokarst development characterization, and reservoir physical properties to quantitatively evaluate and predict potentially favorable areas of reservoirs for Z2dn4 using machine learning. The elevation method of paleogeomorphological reconstruction was employed, and slope gradient data were obtained through slope analysis to approximate hydraulic gradients. The principles of random forest (RF) and FA were discussed. Constrained by high-resolution core analysis, conventional well logging data, and FMI, paleokarst electrofacies of boreholes were identified and their thicknesses were calculated to characterize paleokarst development. Combined with porosity and permeability, FA was used to reduce data dimensions and fuse multi-features into four factors that describe the development of paleokarst reservoirs. Weight coefficients were derived from the variance contribution rate of each factor multiplied by the factor value to obtain final reservoir evaluation values. The results can essentially quantify the favorability of each paleokarst reservoir and illustrate the principles of Z2dn4 reservoir development and regulation.
2 GEOLOGICAL SETTINGS AND STRATIGRAPHY
The Sichuan Basin is a constituent part of the Upper Yangtze Block located in Southwest China with an area of about 26 × 104 km2. Since its formation, the basin has undergone multiple tectonic movements in geological history. Its current structural pattern is the consequence of the integrative action of all tectonic movements since the Precambrian. The whole Sichuan Basin can be subdivided into six structural domains based on structural characteristics: the western high-steep structural belt (①), the northern low and gentle structural belt (②), the eastern high-steep structural belt (③), the southern low-steep structural belt (④), the southwest low-steep structural belt (⑤), and the central gentle structural belt (⑥) (Figure 1A). The Gaoshiti-Moxi Area (GMA), situated in the gentle structural belt of the Central Sichuan Basin, is close to the low-steep structural belt to the south. Crossing the Mianyang-Changning intracratonic sag, the low-steep and high-steep structural belts lie in the west (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) structural map of the Sichuan Basin and the position of the study area. (B) comprehensive stratigraphic section of the Z2dn4 in the GMA.
The Z2dn4 of the GMA is the uppermost section of the Z2dn, mainly consisting of microbial and micritic dolomites of platform carbonates, the thickness of which ranges from 200 to 380 m. A disconformity on top of the Z2dn separates the overlying Є1m and Є1q and the underlying Z2dn4, and a subjacent third member of the Z2dn (i.e., Z2dn3) composed mainly of siltstone, silty mudstone, mudstone, and sandy dolomite vertically connects with the Z2dn4 (Figure 1B). Tectonic uplift in the late Sinian resulted in extensive exposure of the Sichuan Basin, and the warm paleoclimate caused abundant and frequent atmospheric precipitation (Zhang et al., 2014; Wang J. et al., 2020), producing prolonged leaching and infiltration of soluble carbonates that cultivated the complex karst system. Large quantities of organic matter from the basin floor in the Yangtze block oxidized due to the regional uplift, and the CO2 produced increased the partial pressure of CO2 in the atmosphere and elevated the acidity of meteoric precipitation. This further facilitated karstification, especially the chemical denudation in the platform part (Li et al., 2017). Karst phenomena and products are pervasive in Z2dn4, and reservoir characteristics are intrinsically related to karstification.
3 METHODS
The distribution of reservoirs is generally considered a consequence of multiple factors and their interactions. It is, therefore, appropriate to apply mathematical tools to estimate reservoir distributions through multifactor analysis (Li Y. et al., 2021). Paleogeomorphological reconstruction using a quantitative digital elevation model (DEM) was performed to obtain the slope gradients of karst paleogeomorphology, which approximate the karst hydraulic gradients that characterize hydraulic potentials. The DEM is modeled from elevation values that are obtained from the reconstructed paleogeomorphology utilizing the elevation method, and the slope gradient data are acquired from slope calculation in the ArcGIS software. The RF algorithm was employed to identify the electrofacies of the host rock, fracture, vug, and cave in boreholes according to core analysis, thin sections, conventional logging data (i.e., GR, AC, DEN, CNL, RT, RXO, and RESD (resistivity difference between RT and RXO)), and FMI. The thicknesses of the electrofacies of each borehole served as features characterizing paleokarst development. A single estimating parameter (factor score) was calculated based on a quantitative evaluation approach (i.e., FA) combined with the integration of slope gradients, the thicknesses of the various electrofacies, and certain reservoir physical properties. This factor score was then used to plot a map of favorable reservoir distribution.
3.1 Elevation Method for Paleogeomorphological Reconstruction
Certain attempts of paleogeomorphological reconstruction performed in the Sinian/Cambrian boundary in the Gaoshiti-Moxi area have obtained some good achievements in recent years on the basis of the impression method and residual thickness-impression combination method (Wang et al., 2014; Liu et al., 2015; Jin et al., 2017). The most commonly used methods for paleogeomorphological reconstruction are the “residual thickness” method and the “impression” method (Yan et al., 2020). The residual thickness method is unsuitable for the Central Sichuan Basin for paleogeomorphological reconstruction, attributing to irrational onlaps that appeared on the reconstructed and interpreted karst highlands and depressions (Jin et al., 2017). Also, interpretations of reconstructed paleogeomorphology resulting from the impression method are opposite to the impression thickness. In other words, the thinner the impression thickness, the higher the geomorphology is. This might not be a big problem under normal circumstances; however, it could go badly wrong when applying the impression thickness to subsequently calculate the slope gradients. Therefore, we use the elevation method introduced by Yan et al. (2016) and Zhao et al. (2018) to reconstruct the paleogeomorphology of the Sinian/Cambrian interface. Compared to the impression method, the elevation method introduces a second base level (the lower base level) to convert the impression thickness into a quantitative elevation value. Also, the elevation value directly represents the reconstructed geomorphological height; thus, we can apply the elevation values to calculate the corresponding slope gradients. The overlying lower Cambrian sequences of Є1q- Є1c are a complete transgressive-regressive sedimentary cycle, which basically fills up the underlying Sinian/Cambrian karst geomorphology (Jin et al., 2017; Yan et al., 2020). The high-quality 2D and 3D seismic data are generally covered in the research area, and more than 40 boreholes have been drilled through the Z2dn4. Based on these data, it is feasible to perform paleogeomorphological reconstruction within the GMA.
3.1.1 Principles of Paleogeomorphological Reconstruction
The elevation method is similar to the impression method, especially in principle. The core idea for the two methods is to select an upper base level that corresponds to the transgressive surface or maximum flooding surface. The interval between the selected base level and the disconformity needs to fill up the disconformable interface, thus the morphological relief can be characterized by the thickness of the interval. The additional lower base level introduced by the elevation method is the nearest stratigraphic interface beneath the disconformity. The interface represents the underlying structural surface (in the context of leveling off the upper base level), and the relief of which affects the geomorphology of the overlying disconformity. The lowest point of this structural surface within the research area is regarded as the initial point of the elevation value which is equal to 0. A reference level horizontally extended from this point refers to a datum where the elevation value is 0. Also, the elevation values are calculated based on this horizontal reference level. Thus, the interval thickness between the disconformity and the upper base level is inversely converted to the interval thickness between the disconformity and the lower base level (i.e., the elevation value). The specific steps of the elevation method are as follows:
I) Selection of the upper base level that fills and levels the karst disconformity to characterize the ups and downs of the paleogeomorphology is the key to the paleogeomorphological reconstruction. The four criteria for selecting the upper base level are isochroneity, full covering within the scope of the research area, minimum distance away from the disconformity, and traceability in the seismic interface (Yan et al., 2016).
II) Once the upper base level is selected and flattened, the bottom boundary of one underlying stratum beneath the disconformity is requisite as the lower base level. The selection of the lower base level should meet the same requirements as those for selecting the upper base level. Then, the maximum thickness between the upper and lower base levels within the research area was identified and measured. From this point, a level surface was extended as the horizontal reference plane with an elevation of 0 m.
III) The elevations (HE) of other data points were equal to the maximum thickness (HTM) minus the impression thickness (HM). The equation can be given as follows:
[image: image]
where HE is the elevation, HTM is the maximum thickness between the upper base level and lower base level, and HM is the impression thickness.
The calculation model for the elevation is displayed in Figure 2A.
[image: Figure 2]FIGURE 2 | (A) principle of paleogeomorphological reconstruction via the elevation method (modified from Yan et al. (2016) and Zhao et al. (2018)); (B) seismic reflection profile of the upper and lower base levels. The bottom of the Є1l and the top of the Z2dn2 are optimal as the upper and lower base levels, respectively.
In addition, depth/thickness data points were obtained through time-depth conversion using drilling data and 2D and 3D seismic strata interpretations.
3.1.2 Selection of Base Levels
With regard to the reconstruction of the karst paleogeomorphology on the top of the Z2dn4 in the GMA, two base levels were selected: the upper base level—the bottom boundary of the Longwangmiao Formation (Є1l)—and the lower base level—the top of the Deng II member (Figure 2B).
The lower Cambrian successions consisted of the Є1m, Є1q, the Canglangpu Formation (Є1c), and Є1l, stacked upon the Z2dn. There were relatively small variations in the thickness of the Є1l in the GMA, implying that it was completely filled by deposits of the Є1c (Yang et al., 2016). Furthermore, the interface between the Є1l and Є1c is a transitional lithologic interface with preferable seismic traceability (Figure 2B), and an isochronous red bed is uniformly spread immediately close to the interface. Thus, the interface was optimal at the upper base level.
The interface between the Z2dn3 and the Z2dn2 is broadly distributed in the entire basin. This interface is a zonally isochronous disconformity. Moreover, the Z2dn3 is one of the marker layers in the region and exhibits an abrupt lithologic transition toward the Z2dn2. The interface between them is distinguishable and traceable (Figure 2B). For this reason, it was considered optimal at the lower base level.
3.2 Random Forest Algorithm
Random forest (RF) is a supervised ensemble algorithm containing multiple decision trees under a bagging framework (Breiman, 2001). The bagging framework performs random bootstrap resampling of the original data to generate input data for the RF that is equivalent to the original data in sample quantity. A number of decision trees are built through the selection of optimal features in differentiated random feature subspaces at splitting nodes, and the leaf nodes of each tree are established and labeled. The predictions of input sample categories are obtained via majority votes from all trees in the RF.
The decision tree is the foundation of the RF, the generation of which greatly affects the RF’s performance. The generation of a decision tree begins with a root node receiving input data. The root node then splits recursively in accordance with the optimal features in the random feature subspace until the total generated leaf nodes satisfy the stop-generating conditions. Each path from the root node to the leaf node represents a mode of regulation for classification, and the labels of the majority of samples in a leaf node would be taken as the output (Zhu et al., 2021). Multiple methods have been proposed for the feature-selecting criteria, including the ID3, C4.5, and the CART (Classification and Regression Tree) (Breimen et al., 1984; Olshen and Quinlan, 1986; Quinlan, 1992). The ID3 and C4.5 methods are both based on Shannon information entropy, except that the ID3 method seeks to maximize information gain while the C4.5 method focuses on maximizing information gain ratio. Meanwhile, the CART method aims to minimize the Gini index. The standard RF is built by decision trees based on CART splitting (Bai et al., 2022). The CART is the default option for the Python RF classifier and is the most commonly used method that works well in classification tasks. The CART method uses the Gini index minimization criterion, where the probability distributed Gini index is defined as follows:
[image: image]
For a given dataset S, its Gini index is calculated as follows:
[image: image]
If the dataset S is split into subsets S1 and S2 in accordance with one value of feature N, under the conditions of subsets S1 and S2 subdivided on the basis of feature N, the Gini index of dataset S is defined as
[image: image]
where K refers to categories of the data and pk is the probability of the category k, [image: image]. [image: image], [image: image], and [image: image] denote the sample quantities of category k in dataset S, subset S1, and subset S2, respectively.
A smaller Gini index indicates a lower uncertainty and higher accuracy of prediction. A CART constructed by the Gini index generates understandable rules, notwithstanding the possible rapid increase in classified error. The RF algorithm may resolve the problem reasonably effectively by constructing multiple decision trees. Each tree in the RF is generated by choosing optimal features from varied random feature subspaces at every non-leaf node; thus, all the trees are different from each other and characterize distinguished aspects of the feature space. As the majority votes determine the output category of the RF, uncertainty and classified error are greatly reduced, hence, enhancing the accuracy of the result compared to a single decision tree classifier.
3.3 Factor Analysis
Factor analysis (FA) is a statistical technique for extracting common factors from a multivariate. This technique can find hidden representative factors existing in multiple variables. By grouping variables that are intrinsically related into a single factor, the number of variables and the dimensions of the data are reduced, and the correlations among original variables are delineated. In general, the variables can be represented as a linear combination of common factors:
[image: image]
where vi (i = 1, 2, …, n) is the ith standardized variable, Fj (j = 1, 2, …, p) denotes the jth common factors, Ui (i = 1, 2, …, n) is the ith specific factor that only correlates to vi, and the coefficients aij and ci denote factor loading. The value of aij indicates the contribution of the ith original variable to the jth common factor.
The above equation can be expressed in the form of a matrix as
[image: image]
This is the factor analysis model, where v is the m-by-n data matrix, F is the m-by-p matrix of common factors, A is the n-by-p component matrix grouped by aij, T is the transpose symbol, and R is the m-by-n residual matrix.
The contributions of common factors to the variance of the ith original variable, i.e., the interpretation validity of factors, are denoted as follows:
[image: image]
where hi2 is the communality.
Estimation of the factor loading in FA is a basic problem. The most used approach is principal component analysis (PCA) based on a correlation matrix. The correlation matrix of original variables v can be obtained as follows:
[image: image]
where ψ is the diagonal matrix of specific variances of U and the factor loading matrix [image: image] in which λ and η are the eigenvalues and eigenvectors of the correlation matrix C, respectively.
Because the factors obtained are usually elusive and hard to interpret, the orthogonal transformation of factor loadings is applied so that the factors become easier to interpret (Lawley and Maxwell, 1962; Szabó, 2011). Generally, the transformation is achieved by factor rotation based on the varimax criterion (Kaiser, 1958). The rotated factor analysis model is calculated as follows:
[image: image]
where v* is the rotated data matrix, [image: image] is the orthogonal transformation matrix, [image: image] is the rotated component matrix, and bij refers to the rotated factor loadings.
The variance of the rotated factor loadings bij is calculated as follows:
[image: image]
Under the condition of [image: image], the maximum Var(bij) is reached and the rotated component matrix is acquired.
4 RESULTS
4.1 Paleogeomorphology and Slope Gradients
The karst paleogeomorphology on top of the Sinian (Figure 3A) was plotted based on the difference between the maximum thickness and moulage thickness of the GMA. The paleogeomorphology of the study area is roughly composed of two parts: the low-lying part and the raised part, which are separated by a slope. The raised part is the main body of the Z2dn4 platform, and the low-lying part is a trough called the Mianyang-Changning intracratonic sag, which is the cumulative result of various geological processes, such as rifting, erosion, and dissolution (Li et al., 2015; Liu et al., 2016). Following the reconstruction of paleogeomorphology on top of the Z2dn4 in the GMA, a slope map was plotted according to the digital elevation model (DEM) (Figure 3B) to characterize its gradient distribution, which reflects the karst hydraulic gradient. Moreover, the slope gradient data of each borehole were obtained.
[image: Figure 3]FIGURE 3 | (A) reconstructed paleogeomorphology on top of the Z2dn4 in the GMA. (B) slope map corresponding to (A) based on DEM.
4.2 Electrofacies Identification in Boreholes
4.2.1 Selection of Conventional Logging Data
The gasfield in the GMA is a typical low-porosity and low-permeability reservoir. Its main storage spaces, vugs, and caves can be identified visually through high-resolution imaging. However, due to economic constraints, the technique was not applied to all boreholes (Zheng W. et al., 2021). Based on core-calibrated FMI images, the electrofacies of paleokarst reservoirs of Z2dn4 were divided into four types: host rock, fracture, vug, and cave.
The four types of electrofacies differ obviously in conventional logging data such as GR, AC, CNL, DEN, RT, and RXO (Figure 4). Thus, it is possible to identify the four electrofacies using basal conventional logging data. In addition to the aforementioned six types of logging data, the resistivity difference between RT and RXO (RESD) is also used in electrofacies identification. Therefore, the logging curves of GR, AC, CNL, DEN, RT, RXO, and RESD were selected as the seven dimensions of the input data for the RF.
[image: Figure 4]FIGURE 4 | Conventional logging response and FMI characteristics of the four types of electrofacies.
4.2.2 Cleaning of Logging Data
Due to missing data in some characteristic dimensions, the data of the corresponding borehole interval were deleted. Furthermore, due to mismatches between conventional logging data and FMI images, non-matched data were also deleted. In addition, the popular boxplot technique was used to identify and remove irrational outliers in the logging data that can impair the fitting and prediction accuracy of the training model. Values were considered discrete outliers if they existed outside of the scope of normal values, defined by the range of the left and right boundaries, which relate to the lower and upper quartiles, respectively. The right boundary was determined by the upper quartile plus 1.5 times the interquartile range (IQR, the difference between the lower and upper quartiles), while the left boundary is determined by the lower quartile minus 1.5 times the IQR. Moreover, borehole interval data of inferior image quality were eliminated. Thus, the cleaned logging data were ready for the training classification model through the RF algorithm.
4.2.3 Accuracy of Classification by the Model
Prior to applying the supervised RF algorithm, the electrofacies in the conventional logging data of 16 boreholes were labeled via core-calibrated FMI. The 7-dimension logging data of the 16 boreholes served as input data and were split into 75% training dataset and 25% testing dataset for the hold-out cross-validation of the RF algorithm. The training dataset did not require further splitting due to the small size of both the training and validation datasets. This is because ∼36.8% of the out-of-bag data were not picked up by the single decision tree in the bootstrap process, that is, the out-of-bag data of the training dataset acted as the validation dataset. Due to the incompleteness of the training dataset, the whole input dataset was used as the training dataset to establish a more accurate model, and its accuracy was obtained by out-of-bag scoring. A 5-fold repeated stratified cross-validation was used to estimate the generalization capability of the trained RF model. Dummy classifiers using “stratified” and “most-frequent” strategies were applied as the benchmark classification model for comparison to the RF model. The results are shown in Table 1. The mean accuracies of the 5-split hold-out cross-validation were very close to the mean accuracy of the 5-fold repeated stratified cross-validation, all of which were slightly greater than 88% and much greater than 49.11% and 39.84% of dummy classifiers, respectively, showing a relatively good effect of classification. Based on the electrofacies prediction model constructed using the input data of 16 boreholes, the logging data of other boreholes without FMI images were used to predict the four types of electrofacies. The development thicknesses of the electrofacies in each borehole of the GMA were calculated.
TABLE 1 | Model scoring of electrofacies recognition based on RF algorithm.
[image: Table 1]4.3 Comprehensive Evaluation of Favorable Reservoirs
The calculated thickness of vuggy interval (TOVI), thickness of cave interval (TOCI), and slope gradients (SG) obtained earlier, together with the physical parameters of mean stratum porosity (MSPOR), mean stratum permeability (MSPER), mean reservoir porosity (MRPOR), mean reservoir permeability (MRPER), reservoir thicknesses (RT), reservoir/stratum ratio (RSR), reservoir quality index (RQI), and energy-storage coefficient (ESC) of the Z2dn4 of each borehole (Table 2) were applied to carry out factor analysis. As vugs and caves play a dominant role in reservoir spaces, their thicknesses describe reservoir space development. Therefore, the thicknesses of vuggy and cave intervals were taken into account for factor analysis. Also, the slope gradient implies the karst hydraulic gradient and was considered a characteristic parameter. The reservoir quality index, which indicates the hydraulic flow unit of the porous media, is also very useful. The two most important petrophysical properties, porosity and permeability, were integrated into one parameter (the RQI) (Al-Rbeawi and Kadhim, 2017), which reflects the microscopic pore structure and petrophysical properties of different reservoirs (Jiang et al., 2021). The RQI was calculated as
[image: image]
where k is permeability and φe denotes effective porosity.
TABLE 2 | Characteristic parameters selected for factor analysis of a part of boreholes.
[image: Table 2]The energy-storage coefficient indicates reservoir capacity and was calculated as follows:
[image: image]
where H denotes the effective thickness of the reservoirs.
The 11 characteristic parameters of each borehole were applied for factor analysis, producing four principal components that accounted for more than 85% of the variance obtained. Thus, the 11 parameters can be ascribed to four factors via factor rotation of the principal components. These four factors may be interpreted based on the rotated component matrix (Table 3). The first factor F1 primarily governed the mean stratum permeability, reservoir quality index, and mean reservoir permeability, reflecting the interconnectivity of the rock pore structure. The second factor F2 is mostly related to the reservoir/stratum ratio, reservoir thickness, and energy-storage coefficient, indicating reservoir development. The third factor F3 contributed mainly to slope gradient, thickness of cave intervals, and thickness of vuggy intervals, demonstrating karst impact. Finally, the last factor F4 primarily controlled the mean reservoir porosity, mean stratum porosity, and thickness of vuggy intervals, implying reservoir storage capacity.
TABLE 3 | Rotated component matrix. The bold values refer to large factor loadings, which indicates great impacts of different factors on various parameters.
[image: Table 3]After acquiring the rotated component matrix, the component score coefficient matrix was also obtained, in which the four factors were represented linearly by the 11 characteristic parameters/original variables as follows:
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The comprehensive score of the factors of each borehole was calculated through the ratio of variance proportions of the four factors to the total cumulative variance proportion, i.e., the weight coefficient of each factor. The calculation formula is as follows:
[image: image]
The factor scores and comprehensive scores of each borehole are shown in Table 4. The comprehensive score is an integrated evaluation of the reservoirs using the aforementioned 11 original variables that characterize reservoir development. The distribution and evaluation of the reservoirs could be implemented by Kriging interpolation of single-well comprehensive scores, which is equivalent to map overlays of single-well factor scores considering corresponding weight coefficients (Figure 5).
TABLE 4 | Factor scores, comprehensive score, and tested gas productivity (TGP) of each borehole.
[image: Table 4][image: Figure 5]FIGURE 5 | Comprehensive evaluation of reservoirs of Z2dn4 via factor analysis for the 11 characteristic parameters. Note the right panel, in which the tested gas productivities are superimposed on the comprehensive evaluation map and show a well-coupled matching with the comprehensive scores. CS-comprehensive score, dimensionless.
5 DISCUSSION
Based on the comprehensive evaluation of favorable reservoirs, the tested gas productivity of each borehole was used to validate reservoir favorability (Figure 5, right panel). Gas testing data of boreholes corresponded well with their comprehensive scores. Reservoirs were more developed in the vicinity of the thin-out line, illustrating the heterogeneity in reservoir distribution. This heterogeneity may be related to several factors that affect reservoir development.
5.1 Distribution of Sedimentary Facies
The carbonate platform of Z2dn4 can be horizontally divided into the platform margin and platform interior based on their geometric anatomy. In the platform margin, the subtidal zone is normally dominated by thrombolites with intermittent laminae and fewer grains and transits upward to the high-wave energy lower intertidal zone. This region features combinations of granular rocks and corrugated stromatolites, which are characterized by their higher content of bonded grains. In the shallower upper part of the intertidal zone, the grain size reduces with decreasing wave energy, and the lithologies are primarily thin laminites with fine grains (Wen et al., 2017). Moreover, in the area only affected by storm waves, the supratidal zone, micrites containing dead microbial materials feature in mud cracks, bird-eye, and fenestral structures (Li A. P. et al., 2021). These imply evaporation- and degasification-controlled sedimentary environment that lies in the uppermost part of a shallowing-upward cycle.
Microbial frameworks are constructed and protrude around soft sediments. The microbial build-ups start with only a tiny convex structure, then accrete vertically and migrate laterally in response to sea-level eustacy. The frameworks may be broken by the agitation of the water column and shed redundant production sidewise after growing into a wave-acting zone. The broken clasts deposit in the flank of microbial mounds as grain shoals or aprons that are combined into mound-shoal complexes together with the encircled microbial mounds, and the complexes are separated by inter-mound depressions or lagoons. The longitudinal aggradation and lateral displacement of multi-stage complexes erect a protective platform margin in the west of the Z2dn4 in the GMA (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) converted residual thickness of Deng Ⅳ and Z2dn3s based on seismic data. Note the banded convex structure along the pinch-out line, which refers to the greater thickness in the platform margin. Due to the inferior traceability of the interface between the two members and the very thin thickness of the Z2dn3, the combined thickness is an acceptable approximation for the thickness distribution of the Z2dn4. (B) sedimentary facies of the Z2dn4 in the GMA superimposed with the reservoir evaluating line. The sedimentary base map is modified from Zhou et al. (2017) and Li A. P. et al. (2021).
The differences in primary porosities and pore structures, which closely correlate to microorganic activities, account for the differences among the porosities of the various sedimentary facies. The sedimentary framework with abundant microbial build-ups at the edge and scarce build-ups in the interior thus significantly affects the diageneses, particularly karstification. The primary pores of microbial mounds and grain shoals in the platform margin are bigger in size and, hence, are the preferential conduits for karst fluids. In addition, rigid microbial frameworks and coarse-grain sediments are more able to resist compaction, resulting in greater preservation of efficient reservoir spaces.
There is a possible “edge effect of dissolution” where dissolution is more intensive in the center than at the edge. This is because the lower flow velocity and longer dissolution time in a homogeneous model led to an elevated margin and a lower interior of the platform (Purdy and Winterer, 2001). The differences in sedimentary facies almost exist and the stratum of the Z2dn4 is actually heterogeneous. The thicker platform margin is more likely the result of differentiation in sedimentation, and the reconstructed paleogeomorphology on top of the Z2dn4 in the GMA (Figure 3A) also illustrates a flat terrain caused by prolonged deplanation. The platform margin is mainly occupied by shoal-water mound-shoal complexes, and the platform interior is a restricted platform that is a predominantly tidal flat and restricted lagoon with scattered patch mounds and shoals. Bioherms in the seismic sense are essentially complexes that are difficult to distinguish in seismic data due to limited horizontal resolution (Schlager, 2005). Therefore, the distribution of sedimentary facies plotted by chaotic seismic reflection configuration directing to mound-shoal complexes can indicate the distribution of complexes. By overlapping the favorable map with the planar distribution of sedimentary facies (Figure 6B), it was observed that the favorable reservoir area corresponds well with the mound-shoal area in the platform margin, indicating that high-quality reservoirs are distributed mainly in the mound-shoal complexes of the platform margin in the west of the GMA.
Statistically, the porosity distribution of the microbial mound, shoal, tidal flat, and lagoon of the Z2dn shows apparent variance. All samples from the tidal flat and lagoon were below 4% while considerable parts of those from the mound and shoal were above 4% (Hou et al., 2021) (Figure 7A). In addition, lithofacies demonstrated the highest porosity in dolarenite, followed by crystal-powder dolomite, stromatolite, thrombolite, and laminite, all of which may be underlying reservoirs (Figure 7B). In contrast, the micritic dolomite had the lowest porosity and has adverse effects on the reservoirs (Figure 7B).
[image: Figure 7]FIGURE 7 | (A) porosity distribution histogram of various sedimentary facies (data derived from Hou et al. (2021)); (B) violin plot (left panel) of diverse lithofacies and corresponding proportion of different porosity ranges in the lithofacies (right panel).
To sum up, favorable sedimentary facies, i.e., mounds and shoals in the platform margin, are material foundations for high-quality reservoirs.
5.2 Paleogeomorphology and Karstification
The differences in material foundations and hydraulic gradients in various geomorphologic shapes result in diverse dissolution mechanisms and patterns. These result in differences in karst intensities, products, and donations for reservoir development.
There is a noticeable difference in the slope gradient (Figure 3B) of the top of Sinian in the GMA. The banded highlighted area referring to slope terrain exceeds the deep-blue part representing flat topography. Topographical relief of paleogeomorphology determines karst hydrodynamics to a great extent (Han et al., 2019). The recharge, runoff, and discharge of karst hydrodynamic systems also differ depending on the morphology and hydraulic gradient (White, 1988; White, 2002; Ford and Williams, 2007). In the areas with higher slope angles, including slopes and side slopes of convex and concave terrains, the hydraulic head, flow velocity, and potential energy are all higher and exert drastic mechanical erosion on the surface. Such rapid and frequent exchange of fluids caused by high hydraulic gradients guarantees less etching time for surface corrosion. Hence, there is greater internal dissolution resulting from calcium carbonate unsaturation in karst fluids that percolate through matrix pores and fractures. This produces honeycomb-like caves (Figure 8A), large grikes (Figure 8B), and caves developing from laminae in microbial dolomites (Figure 8C), ultimately causing solution collapse in dolomite breccias. The dissolution is so strong in slope terrains that the first-stage fibrous cement that precipitates from seawater is rarely well preserved. Moreover, the framework vugs of microbial rocks and other dissolution pores are cemented with bladed dolomites in the shallow burial stage and further filled by solid bitumen residue in the subsequent hydrocarbon charging process (Figure 8D, E) although there also exist “clean” dissolution voids without bitumen (Figure 8F).
[image: Figure 8]FIGURE 8 | Macro and microscopic karst features of slope terrain and flat topography. (A) honeycomb-like vugs, borewell M109, 5,110.17 m; (B) vadose grike hatched by breccias, mud, and dolomites, borewell GK1, 5,028.35 m; (C) stromatolithic dolomite, horizontally elongated vugs distributed along laminae, borewell GK1, 5,150.58 m; (D) stromatolite, framework vugs half-filled by bladed dolomite and solid bitumen, borewell GK1, 5,149.58 m, plane-polarized light; (E) microbial micritic boundstone, solution pore half-hatched by bladed dolomite and solid bitumen, borewell GK1, 5,145.1 m, plane-polarized light; (F) granular dolostone, solution pore nearly unfilled, borewell M109, 5,107.43 m, plane-polarised light; (G) locally concentrated honeycomb-like vugs and pores, borewell M9, 5,034.66–5,034.83 m; (H) solution pinholes distributed along laminae, borewell G2, 5,012.8–5,012.86 m; (I) laminated dolomite, solution pinholes arranged along laminae, borewell G18, 5,134.2 m; (J) stromatolite, laminated framework vugs filled by silica, borewell AP1, 5062 m, cross-polarized light; (K) coarse-powder crystalline dolostone, horizontally distributed solution pinholes filled by fine crystalline dolomite and solid bitumen, borewell AP1, 5,053 m, plane-polarized light; (L) stromatolite, inter-laminae solution pores filled by fine-crystalline dolomite and solid bitumen, borewell G2, 5,013.99 m, plane-polarized light; (M) vertical alternation of aquiclude and permeator, manifesting control of sedimentary facies on karstification, borewell M105, 5,347.27–5,349.74 m (this photograph is cited from a Sinopec PPT).
The flat topography is the result of the terminal stage of the last erosional cycle. In the cycles, land raised above sea level would be eroded to the erosion base level (generally, sea level) and show less-undulated relief (Ford and Williams, 2007). On flat topography, runoff moves horizontally and laterally, and the relatively low average hydraulic gradients lead to a low hydraulic head difference, weak potential, slow velocity, and inadequate water incision. Hence, flat areas show inferior karstification compared to slope terrains. In the “inland” area, far from the west main discharge area (Figure 3A), part of the recharge that does not include runoff percolates and infiltrates downward via less-developed, smaller matrix pores and fractures as groundwater, forming locally concentrated vugs (Figure 8G) and pint-sized solution pores (Figure 8H). Laminae-arranged and bedding-parallel dissolution voids (Figure 8I) are rather common in microbial laminae of the platform interior due to modest downward erosion. The first-stage isopachous cement in prime intergranular pores are almost absent after prolonged karstification and other alterations, and voids that are sufficiently interconnected to hatch by silica (Figure 8J) and solid bitumen (Figures 8K,L).
The Z2dn4 in the GMA is mainly modified by eogenetic karstification prior to a complete deep burial stage. The Z2dn4 in the GMA had never been uplifted to subaerial conditions to undergo epigenetic karstification following the deep burial stage, and episode Ⅱ of the Tongwan Movement came up immediately followed by a shallow burial stage (Zhou et al., 2020). Large-scale exposure of the Z2dn4 occurred only in the eogenetic stage. Thus, the difference in materials affected the karst result greatly (Loucks, 1999; Vacher and Mylroie, 2002; Tan et al., 2015). Namely, microbial framestones and coarse-grain rocks like granular rocks possess stronger abilities to resist shallow burial compaction compared to fine-grain ones, resulting in lithofacies-controlled karstification (Jin et al., 2020). Therefore, the platform margin was occupied by a larger proportion of microbial build-ups and sand shoals that retained far more pore spaces than the platform interior. This provided preferential conduits for karst fluids and, hence, displayed more developed karst porosities, vugs, and cavities.
Furthermore, frequent sea-level eustacy brought about multi-stage exposures and synsedimentary karst from atmospheric freshwater occurred in local highs of the platform margin. During dramatic regression, i.e., episode Ⅱ of the Tongwan Movement, extensive exposure occurred and strata were eroded to even the upper Z2dn2 in the Mianyang-Changning intracratonic sag (Liu et al., 2016). Eogenetic karstification of the Z2dn4 in the GMA exhibits the peculiarities of coastal karstification (Jin et al., 2017; Jin et al., 2020). Due to the dissolution of seawater and meteoric freshwater, massive caverns tended to flank marginal caves and a mass of vugs appeared in the seawater-affected belt (Moore and Wade, 2013; Tan et al., 2015). The seawater-affected belt overlapping with favorable microbial and granular lithofacies led to the horizontal difference in reservoir development between the platform margin and interior. Additionally, due to the impact of constant sea-level eustacy, reservoirs derived from mixing karstification in the platform margin were distributed evenly in the whole member and were vertically separated by tight aquicludes (Figure 8M). This demonstrates peculiarities of sedimentary control (Figure 8M) that outmatch those in the platform interior in both quantity and quality, mostly scattered in the vadose and phreatic freshwater zones of the upper and middle Z2dn4 (Figure 9A). Statistical analysis of the vugs in the platform margin prominently surpassed those in the platform interior in both number and diameter (Tian et al., 2020) (Figure 9B).
[image: Figure 9]FIGURE 9 | (A) multi-borewell correlation of reservoirs of Z2dn4. The reservoirs and non-reservoirs are compartmentalized by 2% porosity and 0.002 mD permeability. Note that the platform margin with more protected lithofacies greatly influenced karstification. Vertical differences in the distribution and development of reservoirs may relate to karst differentiation in pattern and depth. The violet-blue polyline implies the possible lower bound of karstification. For section location, see Figure 6A. (B) statistic differences in number and diameter of vugs between the platform margin and interior (data cited from Tian et al. (2020)).
5.3 Hydrocarbon Charging
Notwithstanding the advantageous conditions for hydrocarbon accumulation, exploration practices illustrate notable differences between the platform margin and interior, that is, reservoirs are more developed in scale and quality in the platform margin than the platform interior, and the tested gas productions also vary vastly (Tian et al., 2020). This is a further reminder of the strong heterogeneity in reservoir distribution that may be the result of multi-factor functions. Aside from the differences in sedimentary facies, paleogeomorphology, and karst alteration expounded earlier, the hydrocarbon charging process may be another vital function for reservoir differences between the platform margin and intraplatform regions.
The natural gas in the Z2dn in the GMA is derived from multiple sources (Wei et al., 2015; Zheng D. et al., 2021). Analyses for hydrocarbon inclusions formed during hydrocarbon expulsion of the Z2dn in the GMA suggested a U-Pb isotopic age of 416 ± 23 Ma and a clumped isotopic temperature of 84–120°C. As the burial depth of the Є1q was 1 km shallower than that of the Z2dn, the calibrated hydrocarbon expulsion temperature may have been constrained by the burial depth of the Є1q and ranged from 70 to 100°C, exceeding the hydrocarbon-generating threshold (Shen et al., 2021). Adjacent to the GMA, the Ziyang-Weiyuan area (ZWA) went through two major hydrocarbon charging processes. Re–Os hydrocarbon dating showed two isochron ages for bitumen and 78 ± 37 Ma for pyrobitumen, which indicate the generating and thermal cracking timings of liquid hydrocarbons, respectively (Shi et al., 2020a). The hydrocarbon expulsion time of the source rocks was 414 ± 44 Ma, denoting the late Silurian which is consistent with the results for the Є1q. Furthermore, the Mn/Fe ratios of bitumen in the Z2dn and Є1q are most related (Shi et al., 2020b). Biomarker chromatograms for the reservoir bitumen and the source rocks from Є1q and Z2dn revealed comparable sterane distributions, implying that the reservoir bitumen of the Z2dn is composed of mixed sources derived from the Є1q and the Z2dn (Zheng D. et al., 2021).
With respect to the Z2dn4, source rocks from the lower Sinian Doushantuo Formation, the Є1q of the lower Cambrian, and the Z2dn3 supply most of the hydrocarbon, with the small remainder being produced by the muddy dolomites of Z2dn4 itself (Yang et al., 2020). The major source of hydrocarbon for Z2dn4 is mud-shale in the Є1q, which is distinguished by a high TOC content ranging from 0.83% to 4.28% (Wei et al., 2017), high maturity with Ro values between 1.5% and 5.7% (Zou et al., 2010), and a large thickness that is favorable for large-scale hydrocarbon generation and effective sealing (Li et al., 2018; Yang et al., 2020). Moreover, due to the Mianyang-Changning intracratonic sag lying to the west of the GMA, the deposited thickness of the Є1q was much thicker compared to the crystallizing regional hydrocarbon-generating center right above the GMA (Figure 9B).
The GMA displays excellent spatial dispositions amongst source rocks and reservoirs. The Є1q source rock, together with very thin Є1m, clings to the flank and top of the Z2dn4, ideating patterns of lateral migration and downward charging for hydrocarbons. The two spatial disposition patterns display direct contact between source rocks and convex mound-shoal reservoirs from two sides, which is beneficial to hydrocarbon accumulation in mound-shoal complexes of the platform margin (Yang et al., 2020). In addition, source rocks from the underlying Z2dn3 and Doushantuo Formation present another pattern of upward charging (Figure 10). Thus, the Z2dn4 in the GMA is surrounded by source rocks from three sides: the west flank, top, and bottom and exhibits vast exploration potential.
[image: Figure 10]FIGURE 10 | Sketched map of hydrocarbon migration of the Z2dn4 in the GMA. For the section location, see Figure 11. Note that the inferior and superior reservoirs are compartmentalized by 5% porosity and 0.25 mD permeability.
The three charging patterns mentioned earlier intrinsically lead to different degrees of reservoir accumulation. First, the potential for hydrocarbon generation of source rocks differs tremendously; the lower Cambrian Є1q is the major donor for natural gas of the Z2dn (Zheng D. et al., 2021). Second, the thickest part of the Є1q (also called the hydrocarbon-generating center) lies in the Mianyang-Changning intracratonic sag that is adjacent to the GMA on the west and constitutes a lateral migrating assemblage with reservoirs of Z2dn4. It is intuitively plausible that hydrocarbons expulsed in the regional generation center tend to laterally transfer and preferentially accumulate in mound-shoal complexes of the platform margin that are nearest to the intracratonic sag. Moreover, this postulated insight is confirmed by the solid bitumen distribution.
Solid bitumen exists prevailingly in reservoir spaces in the Z2dn in the GMA (Gao et al., 2018). Its occurrence in the matrix porosities demonstrates direct evidence for the existence of paleo-reservoirs (Wang Z. Y. et al., 2020; Liu et al., 2022), while its content and distribution can indicate the dominant migration path of hydrocarbons (Mastalerz et al., 2018). The contents of solid bitumen in single boreholes of Z2dn4 in the GMA were evaluated quantitatively by Song et al. (2021) via a multi-mineral volumetric inversion pattern established by five conventional logging curves (viz. AC, CNL, DEN, RT, and RXO) and data from cores and thin sections. The plane distribution of bitumen contents in boreholes reveals a high bitumen content in the platform margin that tends to gradually decrease from west to east (Figure 11). This implies a predominant role of lateral migration and the charging of hydrocarbons from west to east (with a non-negligible contribution from the nearly transmeridional fault system). This may be because the capacity for lateral migration reduces with increasing distance away from the regional hydrocarbon-generating center, i.e., the intracratonic sag. Lower matrix porosity in intraplatform might also block the pathway of hydrocarbon transfer. This thus accounts for the differences in hydrocarbon entrapment between the platform margin and intraplatform region.
[image: Figure 11]FIGURE 11 | Combined source rock thickness of the lower Cambrian Є1m and Є1q. Single-borewell volume content of solid bitumen and faults, of the Z2dn4, are added to the thickness map. The volume contents of bitumen in the boreholes within the speculative platform margin intuitively exceed those in the intraplatform region. The fault system plays an important role in lateral hydrocarbon migration. The volume content of solid bitumen is cited from Song et al. (2021).
With regard to the upward hydrocarbon-charging pattern, the gas sources were derived majorly from mudstones from the underlying Z2dn3 and the lower Sinian Doushantuo Formation. The TOC content of the Z2dn3 ranged from 0.5% to 4.73% and that of the Doushantuo Formation was in the range of 0.56%–14.17% (Wei et al., 2015). These are, therefore, seemingly adequate source rocks. However, both strata are too thin compared to the Є1q as their mean thickness was less than 30 m, thus limiting their potential as source rocks. Hydrocarbons from the two strata have limited effect on the transmeridionally differentiated accumulation framework of the Z2dn4, let alone the prior reception and entrapment of the Z2dn2 for hydrocarbon from the Doushantuo Formation.
Regarding the downward charging process, the key is that the formation pressure in overlying source rocks exceeds the sum of the underlying formation pressure, hydrocarbon buoyancy, and migrating resistance along the faults (Cong et al., 2016; Fu et al., 2017). The trends in the formation pressure of the Є1q showed that the overpressure started with hydrocarbon expulsion in the late Permian and culminated in the middle Jurassic with a maximum pressure coefficient of 2.4, before eventually stabilizing with a pressure coefficient of 2.2 (Liu et al., 2018). The pressure coefficients of the Є1q after hydrocarbon generation clearly exceeded those (1.11–1.59) of the Z2dn4 (Liu et al., 2022). This may be evidence supporting a downward charging pattern; however, the capillary pressure and hydrocarbon buoyancy are not quantitively constrained, and further investigation is required concerning the superimposed effect of the hydrocarbon expelling zone, source rock overpressure area, and hydrocarbon conducting faults in the GMA. In the intraplatform region, hydrocarbons from superjacent Є1q can be entrapped and reserved by local geomorphic highs and form a considerable number of reservoirs. Furthermore, the hydrocarbon potential is higher in the intracratonic sag than right above the GMA due to larger depositional thickness (Yang et al., 2020), which is one of the reasons responsible for the heterogeneous distribution of reservoirs in the GMA.
6 CONCLUSION
The distribution of carbonate reservoirs is generally known as a comprehensive consequence of multiple factors. Based on paleogeomorphological reconstruction using the elevation method, the slope angles of each borehole were calculated, showing a slope belt surrounding the platform. In the light of FMI data in boreholes, four electrofacies (host rock, vug, fracture, and cave) were identified. The random forest algorithm was employed to identify the four electrofacies in borewells that lacked FMI data, and the result suggested that the vuggy and cave sections of boreholes are thicker in the platform margin than in the platform interior, which is consistent with the postulated greater erosion and karstification in the platform margin. The slope gradients, thicknesses of the four electrofacies in every borehole, and multiple physical property parameters of reservoirs were used for factor analysis. Four rotated factors with a total variance contribution greater than 80% were obtained, and the comprehensive score of each borehole was calculated via the cumulative sum of the four factors according to their respective ratios of variance proportions. This score depicts the favorability and development of reservoirs and shows that the most advantageous reservoirs are distributed in the mound-shoal complexes of the platform margin that is adjacent to the Mianyang-Changning intracratonic sag in the west of the GMA. The development and distribution of reservoirs are predominantly subjected to the following three factors:
(1) Favorable sedimentary facies are the material foundations for high-quality reservoirs. Both the quantity and quality of vugs in mound-shoal complexes of the platform margin are notably superior to those in the intraplatform region of the Z2dn4. Furthermore, the porosities of various sedimentary facies are apparently biased. In the platform margin where the mound-shoal complexes dominate, porosities are higher than in the tidal flats and lagoons that were most common in the inner platform. This indicates differences in the primary deposition that provide substantial bases for later karst alteration and hydrocarbon charging.
(2) In episode Ⅱ of the Tongwan Movement, the Sichuan Basin including the GMA was uplifted above sea level. Massive exposure of the Z2dn4 platform led to extensive karstification. The prolonged karstification differs in the platform margin compared to the intraplatform region due to differences in depositional bases and karst fluids. The mixing karst zone, which involved both seawater and freshwater, is superimposed with the platform margin and slope terrain with higher hydraulic gradients. This resulted in more intensive karstification and more developed vugs and caverns that are conductive to hydrocarbon storage in the platform margin.
(3) Source rocks of the Z2dn4 in the GMA incorporate the lower Cambrian Є1q, the underlying Z2dn3, and the lower Sinian Doushantuo Formation, forming three types of charging processes: the lateral migration pattern and the downward and upward charging patterns. The Є1q together with the very thin Є1m in the Mianyang-Changning intracratonic sag abutting the platform margin of the GMA is the regional hydrocarbon-generating center. This area constitutes a lateral migrating and accumulating assemblage with mound-shoal complexes in the platform margin. The concentrations of bitumen in restored single-borehole solid bitumen contents were gradually decreased with increasing distance from the sag, implying that lateral migration played a dominant role. Moreover, the bulk lateral migrating hydrocarbons are entrapped in the platform margin, accounting for the heterogeneous distribution of the reservoirs.
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