[image: image1]Characteristics, Main Controlling Factors and Prediction of Complex Fracture–Cavity Reservoirs of Buried Carbonate Hills in the Weixinan Depression, Western South China Sea

		ORIGINAL RESEARCH
published: 08 April 2022
doi: 10.3389/feart.2022.865355


[image: image2]
Characteristics, Main Controlling Factors and Prediction of Complex Fracture–Cavity Reservoirs of Buried Carbonate Hills in the Weixinan Depression, Western South China Sea
Chong Zhang1,2*, Wen Zhou1*, Chang Liu3, Xinguang Wang2 and Hao Xu1*
1College of Energy, Chengdu University of Technology, Chengdu, China
2CNOOC China Limited, Hainan Branch, Haikou, China
3CNOOC Research Institute Limited, Beijing, China
Edited by:
Shuai Yin, Xi’an Shiyou University, China
Reviewed by:
Xie Runcheng, Chengdu University of Technology, China
Kesai Li, Chengdu University of Technology, China
Wenlong Ding, China University of Geosciences, China
Qilin Wu, Guangdong University of Petrochemical Technology, China
* Correspondence: Chong Zhang, zchlsqw@163.com; Wen Zhou, zhouw62@cdut.edu.cn; Hao Xu, haoxu777@qq.com
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 29 January 2022
Accepted: 25 February 2022
Published: 08 April 2022
Citation: Zhang C, Zhou W, Liu C, Wang X and Xu H (2022) Characteristics, Main Controlling Factors and Prediction of Complex Fracture–Cavity Reservoirs of Buried Carbonate Hills in the Weixinan Depression, Western South China Sea. Front. Earth Sci. 10:865355. doi: 10.3389/feart.2022.865355

Buried hill oil reservoirs have become a key area for offshore oil and gas exploration. In this paper, a typical oil field in the western South China Sea is used as the research object, and a study on the characterization, cause of formation and prediction of the fracture–cavity reservoir distribution is carried out. The reservoir in the study area is a complex fracture–cavity reservoir that developed due to weathering and leaching, tectonic movement and dissolution reconstruction on the limestone skeleton. The reservoir spaces are composed of karst caves, fractures and pores. The main controlling factors include lithological changes, karst landforms, tectonic deformation and faulting. To address the controlling mechanisms of the lithological changes on the formation of fracture–cavity reservoirs, a new parameter, the lithology standard deviation, to evaluate lithological changes is proposed based on the characteristics of the lithological changes, and the distribution of these lithological changes is portrayed in combination with the seismic attributes. The tectonic deformation principal curvature inversion algorithm is used to simulate the distribution of the tectonic principal curvature at the top of the Carboniferous. The larger the tectonic principal curvature is, the stronger the deformation of the rock formation and the more favorable the conditions are for fracture formation. The karst geomorphology controls the overall reservoir distribution, and the karst highlands and karst slope areas are the zones with the most–developed secondary pore space (or fractures and karst caves). The faulting control area is the fracture and dissolution pore development area, major faults control the distribution of the karst cave reservoirs, and secondary faults influence the formation of fractures in the faulted area. The study predicts and evaluates the distribution of fracture–cavity reservoirs from the perspective of fracture–cavity genesis quantification, and by gridding and normalizing the four major genesis quantification evaluation parameters and fusing the geological factors that control the formation of fractures and karst caves by using Back–Propagation neural network deep learning algorithms, a method for predicting the distribution of fracture–cavity reservoirs constrained by geological genesis analysis is developed.
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INTRODUCTION
Buried hill reservoirs have become key areas for offshore oil and gas exploration in recent years and have very high resource potential (Lu and Cai., 2010; Du et al., 2011). As exploration progresses, the exploration potential for tectonic reservoirs, such as anticlines and fault blocks, decreases (Jiang et al., 2014; Yin et al., 2018a; Yin et al., 2018b; Guo et al., 2020; Kang, 2020; Santosh and Feng., 2020; Chen et al., 2021). The buried carbonate hills in the Beibuwan Basin and buried granite hills in the deep water area of the Qiongdongnan Basin are gradually highlighted by their high resource potential as the focus of future oil and gas research in the western South China Sea (Yang, 2016; Zhao et al., 2019; Li et al., 2020; Xue et al., 2021).
The Weixinan Depression is located in the most hydrocarbon–rich depression that is indicated in the Beibuwan Basin of the western South China Sea (Ma et al., 2014; Li et al., 2015). The buried carbonate hills are mainly located between two major faults within the depression, and the current level of exploration is relatively low. However, drilling has revealed active oil and gas displays in the area (Zhang et al., 2015), with high tested production amounts per well (up to thousands of cubic meters per day).
Several buried carbonate hill reservoirs or oil–bearing formations have been discovered in the area, which demonstrate that the area has broad exploration and development prospects in the buried–hill field (Zhao et al., 2018). At present, several buried carbonate hill reservoirs or oil–bearing structures have been found in this area, which indicate that this area has broad prospects for the exploration and development of buried hills.
The buried carbonate hills in the Weixinan Depression consist of a set of thick light gray microcrystalline–fine grained carbonate strata. The Weizhou 1–N oilfield is a representative buried–hill carbonate reservoir in the Weixinan Depression (Figure 1). During the drilling process, most wells experienced mud and sea water loss and drilling tool cavitation, which indicate that buried–hill fractures and karst caves are well developed in this area. The oilfield has a high production capacity, but the reservoir distribution is extremely complex. Only five out of 11 wells obtained industrial oil flows, and the results of the later adjustment wells did not reach expectations. This occurred mainly because the distributions of fractures and karst caves are complex, and the development of fracture–cavity reservoirs is highly random. The formation of fracture–cavity reservoirs is controlled by factors such as lithology, tectonic movement, weathering and denudation time, paleoclimate and paleolandscape location in the area where buried hills developed. Even in the same area, the fracture cavity development characteristics of the drilled wells are not consistent, which make it difficult to predict the quality of reservoirs. The development of seam holes is the key to the formation of high–quality reservoirs. Understanding the development characteristics and formation mechanisms of seam holes in this area is an important basis for understanding the development law of high–quality reservoirs in buried carbonate hills (Yan, 2002; Xiao J et al., 2003), which is of great significance to the development and adjustment of buried carbonate hills in the Weixinan Depression.
[image: Figure 1]FIGURE 1 | Buried–hill distribution and tectonic location of the Weizhou 1–N oilfield in the Weixinan Depression.
GEOLOGICAL SETTING
The buried hill in the Weixinan Depression is mainly composed of marine Carbon–iferous strata (Xiao J et al., 2003). After the Carboniferous deposition, the area mainly experienced three major tectonic cycles, including the Indosinian tectonic movement, Yanshan and Himalayan Movement (Zhao et al., 2018). In the late Hercynian Movement, the Carboniferous strata were uplifted and exposed at the surface and were altered by weathering and formed carbonate weathering crust reservoirs. During the Indosinian and Yanshan Movements, a series of large NE–trending faults were generated, and the Weixinan large fault succession resulted in a series of NE–trending extensional faults (Tong et al., 2018), of which fault No. One was one, which thus formed the rudimentary shape of the current buried hill. In the third stage of the Himalayan movement, the buried hill was formed, the Beibuwan Basin also entered a depression development stage from a fault depression stage, and the strata changed from a differential uplift movement to large–area subsidence movement stage (Li, 2012; Sun et al., 2014; Gan et al., 2017).
The buried hill of the Weizhou 1–N oilfield limestone is located on the upthrown side of the No. One fault in the northern Weixinan Depression, which consists of an uplifted basement and ancient buried–hill trap that were buried after denudation. The relatively high part of the structure developed in a zonal pattern from southwest to northwest, the buried–hill shape is complete, and the buried hill is distributed in a northeast direction along fault No. 1 (Figure 1). The target strata were reached by each well in the Carboniferous Huangliu Formation, and the lithologies mainly consist of light gray and gray granular biological limestone, micritic biological limestone, and calcareous silt–crystal dolomite (Figure 2). From the Permian to Cretaceous, the buried hill was exposed to the surface for a long period and experienced strong weathering and erosion, which created favorable conditions for the development of fractures and karst caves (Zhao et al., 2019, 2018).
[image: Figure 2]FIGURE 2 | Stratigraphic and lithology profiles of the Carboniferous strata in the Weixinan Depression.
MATERIALS AND METHODS
Core Description and Casting Section Identification
The core observations are based on core wells that were drilled to encounter the Carboniferous Huanglong Formation, with a total observed core length of 40.06 m and core harvest rate of 72.5%. A total of 290 cast thin sections were taken from rock chips or from the cores of four wells. Core and cast body thin section observations can clarify the lithology, filling characteristics of the small–scale fractures and cavities, fracture opening degrees, and dissolution pore development, which can be used as constraints for seam hole analyses and reservoir predictions.
Method for Characterization of Lithological Changes
The standard deviation (STD DEV) is a statistical term used in mathematics to measure the degree to which a data distribution of is scattered and quantifies the degree to which the data values deviate from the arithmetic mean (Wang, 2009; Chen et al., 2013; Mahmud et al., 2020; Qie et al., 2021). The smaller the standard deviation, the less these values deviate from the mean, and vice versa (Zhang and Song., 1981; Gu., 2006; Dong et al., 2020; Yoshida and Santosh., 2020; Wang and Wang., 2021).
From the above definition, it can be seen that the standard deviation reflects the degree of dispersion of the numerical values relative to the mean value. Therefore, this paper proposed defining a standard deviation value that reflects the dispersion degree of the single–layer thicknesses and average thicknesses of the strata in the longitudinal direction of a reservoir as the lithology standard deviation. The specific expression is as follows:
[image: image]
where LSD–lithology standard deviation, dimensionless; hi–single layer thickness, m; [image: image] – average layer thickness of a single well, m; and N–number of layers, layers.
The lithologies in this area change rapidly, and these lithology changes will cause differences in the thickness of a single rock layer in the formation. Therefore, the new parameter, lithology standard deviation, can be used to describe the change characteristics of the longitudinal lithology of the buried hill reservoir in this area. The smaller the lithology standard deviation is, the more dramatic the thickness changes are.
Tectonic Principal Curvature Simulation
Numerical simulations of the deformation process of rock formations by using mathematical physical methods have been used to obtain the distribution of the ancient strain field during rock deformation to evaluate the fracture development and are an important research direction in fracture research (Cao and Liu., 2008; Chen et al., 2020; Lan et al., 2021; Mirzaei-Paiaman and Ghanbarian., 2021). The simulation method using the tectonic principal curvature was first proposed by Murray, which applies the combination of trend surface analysis and the difference method to calculate the principal curvatures of tectonic surfaces by using discrete data at the tectonic level (Zhou., 1998; Yin et al., 2020a; Hong et al., 2020; Yin and Wu., 2020; Yang et al., 2021).
By mathematically describing an abstractly constructed surface as a mathematical surface, S, and by establishing a fixed reference system; then, the surface S can be uniquely determined by the Equation z = f (x, y). Then, tectonic trend surface fitting was carried out for the top tectonic surface of a certain stratum (Kong et al., 2011; Liu et al., 2012; Hu, 2018; Yin et al., 2020b; Zhang et al., 2020). When the fitting degree exceeds 85%, the trend surface equation is obtained as follows:
[image: image]
Based on the above tectonic surface trend equation, we can calculate the principal curvature values by using the following equation:
[image: image]
Where:
[image: image]
According to the calculation results, the maximum principal curvature of a point on the plane is plotted to obtain the curvature distribution, which can be used to evaluate the distribution characteristics of fractures that are caused by tectonic deformation.
Neural Network Deep Learning Method
Neural network deep learning algorithms have been widely used in various research fields (Kaba, 2018; Yin et al., 2019a; Yin et al., 2019b; Shen, 2019; Taesic et al., 2019; Zhang et al., 2019). The neural network training process generally uses a learning sample set, which is as known as the error back propagation (BP) algorithm for training, by calculating the errors between the output values and the expected values (E). If this process cannot achieve the desired outputs in the output layer, then back propagation occurs by adjusting the connection weights among the output layer, hidden layer and input layer and the values of the hidden layer and output layer until the error signal is minimized.
For the neurons that are in the input layer of the BP model, the output is the same as the input, while the calculation formula for the neurons in the hidden middle layer and for the output layer is as follows:
[image: image]
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where p is the current input sample number, Wji is the connection weight from Neuron I to Neuron J, Opi is the current input of Neuron J, and OPJ is its output. When the BP network uses the steepest descent method, the transformation function uses the sigmoid function. The function is expressed as follows:
[image: image]
The network output error is set as follows:
[image: image]
Then, the error generated by all samples in the entire training set is calculated as follows:
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If j is the output node, then:
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If J is not an output node, then:
[image: image]
The unified weight adjustment formula for the BP network is as follows:
[image: image]
When the error signal is at a minimum, the connection power and threshold between the networks no longer change, which thus predicts the unknown information with similar input conditions as the training information.
RESULTS
Characteristics of Fracture–cavity Reservoirs
The buried carbonate hills in the study area were exposed to the surface over long geological periods and experienced severe weathering, denudation and karstification and formed many secondary pore spaces. According to the analysis of the drilling and core testing data, three types of carbonate reservoir spaces are present in the buried hills: karst caves, fractures and pores (Figure 3).
(1) Karst cave.
[image: Figure 3]FIGURE 3 | Carbonate reservoir space characteristics in the buried hills of the Weixinan Depression. (A) W1–N1, 1,553 m, grainy biological limestone, and the tectonic fractures cut and restrict each other. The early fractures are filled with medium–coarse calcite, the width of the fractures is 0.4 mm, there are a few dissolution pores along the fractures, and the growth of the late fractures is restricted by the early fractures. (B) W1–N1, 1,554 m, grain–white biological limestone with reticulated weathering fractures, which are generally filled with fine–grained calcite. (C) W1–N1, 1,556 m, karst caves filled with horse–tooth–shaped giant calcite crystals, the karst cave diameter is 6 cm, and light crude oil flows out of the core. (D) W1–N2, 1,587 m, algal limestone, with a tectonic fracture with a width of 160 μm and several tectonic and weathering fractures with widths of less than 10 μm are all filled with sparry calcite. (E) W1–N3, 1,612 m, bioclastic limestone, the weathering fractures and tectonic fractures cut each other, and the fractures are filled with sparry calcite. (F) W1–N3, 1,615 m, bioclastic limestone with obvious recrystallization and dissolved network fractures filled with medium–coarse grain calcite with only a few residual pores. (G) W1–N1, 1,555.65, residual pores in the semifilled fractures with good connectivity. (H) W1–N3, biological algal limestone, local red algae dissolved into pores and relatively developed pores. (I) Well W1–N1, 1,555.8 m, bioclastic limestone with residual pores in the fractures.
This term mainly refers to those karst caves that were formed by dissolution or col–lapse, which usually include unfilled, half–filled and fully filled caves. Karst caves are well developed in this area. There are 11 wells in total, nine of which exhibited cavitation phenomena and a total of 28 karst caves (18 of which are in the reservoir section), while the cave heights are 0.1–10 m. These caves are unfilled or half–filled karst caves, which are the most favorable reservoirs in this area. The core and logging data indicate that the karst caves are fully filled with chemical precipitation. The filling minerals are coarse–giant crystal calcite–coarse crystals and can be produced in the shape of horse teeth (Figure 3C). Light oil can be seen flowing from between the crystals, which indicates that small amounts of pore space can still be reserved in the chemically filled karst caves in this area.
(2) Fractures.
The fractures are generally developed and are mainly vertically oriented with high–angle fractures (Figure 3A), the fracture densities in a single well range from 10 to 20 fractures/m, and the fracture density at the core surface is 0.56 fractures/cm2. Fractures are also extremely developed in the microscopic rock thin sections, fractures are present in each of the 40 core thin sections, with an average of 11.4 fractures per thin section, and the effective fractures (e.g., semifilled and unfilled fractures) account for approximately 27% of the total number of fractures. The fractures in buried hill reservoirs are often formed by multiple geological factors. Observations of the rock thin sections and cores identify the presence of both weathering fractures and tectonic fractures in this area, which developed in roughly equal proportions. The tectonic fractures tend to extend over large scales, with dissolution occurring along the fracture faces, the fracture openings are generally large (Figure 3A), and the fracture faces are often partially filled or fully filled with medium–to coarse–crystalline calcite (Figures 3B–F). The relationship between the fracture filling rates and fracture cutting surfaces suggests that the tectonic fractures in the area can be divided into at least three periods of formation (Figure 3E), the early stage fractures are fully filled with calcite; the middle stage fractures are semifilled with calcite, while small crystal cavities are often developed in the fractures; and the late stage fractures are slightly filled or unfilled. The weathering fractures are curved, are mostly reticulate or dendritic, and are mostly filled with fine or powdered calcite (Figure 3B), with only a few residual intergranular pores, which are less effective than tectonic fractures.
(3) Pores.
The reservoir pores consist mainly of intercrystalline pores and microdissolved pores, which are mainly developed in algal limestone (Figure 3H), and residual pores in the fractures can also be seen (Figures 3G, I). According to the statistics of the 40 core thin sections, the face rate is generally in the range of 1.5–3%, and the maximum rate can be up to 8%.
In summary, the formation of karst caves, fractures and pores is closely related. The dissolution pores that develop in rocks can reduce the mechanical strength of these rocks, and it is easier to form fractures under the action of the same stress. Fracture formation is often accompanied by the additional occurrence of dissolution, and the formation of karst caves often results from the further dissolution of fractures and pores. The fractures cut each other, dissolution pores and fractures accompany each other, karst caves are formed in fractures, and the karst caves and fractures are connected to each other, which form complex storage spaces in this area.
Lithology Changes Rate Distribution
Since rocks are the basis for the formation of carbonate reservoir space, the formation of seam holes is closely related to the lithology, and frequent lithological changes cause the non–homogeneity of seam hole development (Zhao W et al., 2011; Li et al., 2012; Tian et al., 2012; Zuo et al., 2019). The lithology of this area is based on bioclastic limestone, which was later modified by strong diagenesis. In the shallow burial period of the Upper Carboniferous, the bioclastic limestone and crystalline limestone permeated and reflow dolomitization occurred under the action of evaporative brine produced by local tidal flat and lagoon environment, which resulted in extremely complex lithologies in this area. To better characterize such complex lithology change characteristics, the lithologies in this area are classified based on to changes in the relative dolomite contents in the rocks through thin section and well logging calibration. According to the differences in dolomite contents, the lithologies can be divided into limestone, dolomite–bearing limestone, dolomitic limestone, lime–bearing dolostone, lime dolostone and dolostone (Table 1). The pure limestones are subdivided into granular limestone and micritic limestone according to its structure.
TABLE 1 | Carbonate rock type classification standard (Zhou, 1998).
[image: Table 1]To characterize the lithology change characteristics between wells, the thickness of each single rock layer was calculated, and the degree of dispersion between the thickness of each single rock layer and the mean thickness of the single rock layers in the reservoir were calculated by using the mathematical representation method based on the lithology standard deviation; thus, the longitudinal lithology changes were described. The smaller the lithology standard deviation is, the more drastic are thickness changes between the different lithologies. Figure 4 shows the connected well comparison diagram of the Weizhou 1–N oilfield. From left to right are the N1, N2, N3, N4 and N5 wells of the Weizhou 1–N oilfield. The calculated lithology standard deviations for each well are 16.72, 22.01, 15.78, 13.04 and 11.21. The standard deviation of the lithology in well N5 is the smallest, and the lithology changes the fastest.
[image: Figure 4]FIGURE 4 | Lithology division and comparison diagram of Weizhou 1–N oilfield.
To describe the distribution of the lithology changes in plane and space, a variety of seismic attributes that are related to lithology changes were extracted by using the Schlumberger Petrel seismic interpretation platform, and the seismic attributes that can reflect lithology changes were chosen by analyzing the correlations among the seismic attributes and the lithology standard deviations. The seismic attributes that were chosen, which include the maximum amplitude, average instantaneous frequency and half energy, have obvious correlations with the lithology standard deviation, and the correlation coefficients are 0.9810, 0.7102, and 0.8679, respectively (Figure 5). The BP neural network deep learning algorithm is used to fit the lithology standard deviation values of the wells with the seismic attributes that can reflect lithology changes, and the calculation model for the lithology standard deviation is then established. Finally, the plane distribution characteristics of the lithology standard deviation are simulated. Figure 6 shows that the lithology standard deviations in the fault clamping area of the Weizhou 1–N oilfield are small, which reflect the rapid changes in lithology.
[image: Figure 5]FIGURE 5 | Correlation analysis between seismic attributes and lithology standard deviation.
[image: Figure 6]FIGURE 6 | Lithology standard deviation (LSD) plane distribution of the Weizhou 1–N oilfield.
DISCUSSION
The Main Controlling Factors of Fracture–cavity Formation
Due to the influences of multiple geological effects, such as leaching, dissolution, tectonics and filling, the buried hill reservoir in the study area developed numerous empty caves, mechanically filled these caves with clastic rocks, mineral precipitation–filled caves, fractures and dissolution pores on the basis of limestone being the main rock skeleton, and have formed an extremely complex system of fracture–cavity systems. The seismic imaging data in this area are poor, and it is difficult to characterize and identify the small and medium–sized fractures and caves. Analysis of the main geological factors that controlled the formation of fractures and caves is of great significance for predicting fracture–cavity reservoirs (Makeen et al., 2021; Radwan et al., 2020; Yin et al., 2019c). Combined with drilling in the exploration stage and production, it is considered that the formation of high–quality fracture–cavity reservoirs in this area was mainly affected by four factors: lithology changes, karst landforms, tectonic deformations and faulting.
(1) Lithology changes.
Rocks with similar lithologies and certain thicknesses often have similar rock mechanics properties (Saein and Riahi., 2017; Yin et al., 2019a; Zen et al., 2010). Rocks with different lithologies vary greatly in their rock strengths, have different mechanical properties, and therefore vary in their ease of fracturing (Hower and Groppo., 2021). The changes in rock properties show the changes in rock thicknesses in the longitudinal direction. Under the same stress, thin rock layers are more prone to fracture under similar burial depths, structural positions and lithologies. The density of fracture development is significantly negatively correlated with the rock thickness; that is, the fracture density decreases with increasing rock thickness, which was also confirmed by a number of studies (Fan et al., 2008; Li and Fan., 2011; Liu et al., 2020; Mohammed et al., 2021). The buried limestone hill reservoir in the Weixinan Depression has been subjected to different degrees of dolomitization. Due to the large differences in crystallization intensity, the mechanical strengths of the rocks also changed. Affected by the uneven crystallization intensities, there are weak surfaces between the crystals and original rock, and the rock is more prone to fracturing. In summary, lithology changes should be an important factor for influencing the differences in fracture cavity development. The correlation between the fracture–cavity relative density which is the ratio of fracture–cavity thickness to thickness of target stratum in well profile and lithology standard deviation of a single well in the study area is statistically analyzed (Figure 7). The results show that the smaller the lithology standard deviation is, the higher the fracture–cavity relative density is, and the more intense the lithology changes are, the more likely a fracture cavity is to be formed.
(2) The ancient karst landform.
[image: Figure 7]FIGURE 7 | Relationship between lithology standard deviation (LSD) and fracture–cavity relative density.
The ancient karst landform in the study area formed under humid climate conditions. The scales of buried karst hills are small and are similar to the modern karst in Guilin. Due to the influence of a humid climate, atmospheric precipitation is frequent and surface runoff is high, which caused erosion and leaching in the upper and slope parts of the buried hill over a long period. The intensity of these factors is also high, which easily causes the development of dissolution holes (Fu et al., 2001; Kang and Wu., 2003; Xu et al., 2005; He et al., 2010; Zhang et al., 2021). The production wells in this area are located in karst highlands and karst slope areas (Figure 8). The drilling results have also revealed that these areas are those with the strongest leaching and most developed secondary pores (or fractures and karst caves). The time thicknesses of the described karst landform are normalized. The larger the relative elevation of the karst landform is, the higher the ancient landform position was, and the higher the fracture cavity relative density and cumulative oil production are (Figure 9), which indicate that the ancient karst landform had an important controlling effect on the development of fractures and karst caves and on the reservoir output capability.
(3) Tectonic deformation strength.
[image: Figure 8]FIGURE 8 | Distribution of the ancient karst landform in the Weizhou 1–N oilfield.
[image: Figure 9]FIGURE 9 | (A) Relationships between the relative elevations of the karst landform and the fracture–cavity relative densities. (B) Relationships between the relative elevations of the karst landform and the cumulative yields.
The tectonic principal curvature distribution usually determines the development law of tectonic fractures, and the formation of tectonic fractures is an important channel for the expansion and dissolution of secondary fractures and cavities (Atkinson and Meredith., 1987; Ma, 2005). The tectonic principal curvature distribution of the top surface of the Carboniferous in the Weizhou 1–N oilfield is simulated (Figure 10). Based on the results of single–well fracture and fracture–cavity identifications, the control of tectonic deformation on fracture–cavity formation is comprehensively analyzed (Figure 11). The study shows that there is a significant positive correlation between the tectonic principal curvature and relative density of fractures, and the larger the tectonic deformation intensity is, the more developed the fracturing is. However, the relationship between the tectonic principal curvature and relative development density of karst caves is obviously poor, which indicates that the formation of fracture–cavity reservoirs is a complex process, but most formed by further dissolution and expansion along the early fracture network system. Therefore, the relative development density of karst caves has no obvious corre–lation with the tectonic principal curvature distribution, but fracture cavities are often developed in areas with relatively high intensities of tectonic deformation.
(4) Faulting.
[image: Figure 10]FIGURE 10 | Distribution of the tectonic principal curvature at the top surface of the Carboniferous in the Weizhou 1–N oilfield.
[image: Figure 11]FIGURE 11 | Relationship between the tectonic principal curvature and relative density of fractures or karst caves.
Faults are the macroscopic manifestations of formation fractures. Faults and fractures coexist and promote each other. Fracture formation promotes the formation of dissolved pores and holes in soluble rocks (Ren et al., 2018; Zhao et al., 2018; Ding et al., 2021). Based on the analysis of the fault system in the study area, the faults in this area can be divided into two types: major faults and secondary faults. The fault directions are mainly NNE, which represent normal faults. The faults in the study area have obvious controlling effects on the distributions of fractures and karst caves. It is evident from the thickness proportion distribution of the karst cave reservoir that faults control the formation of karst cave reservoirs (Figure 12). The controlling effect for large faults is strong and that for small faults is relatively weak. The fracture densities and relative densities of karst cave development in each well were calculated, and the faults were classified according to the fault sizes. The curves showing the relationships of the fracture density and karst cave density of each well with the distance of the major fault and F4 secondary fault were fitted. Figure 13A shows that there is no obvious relationship between the karst cave density and distance from the fault, which indicates that secondary faults such as F4 have a weak level of control on the formation of karst caves, but the fracture density has a good relationship with the distance from the fault. The closer the distance from the fault, the more developed a fracture is. Figure 13B shows that the major fault has a significant controlling effect on the formation of karst caves. The closer to the major fault, the greater the density of karst caves. However, the fracture density has no obvious relationship with the distance from the major fault. It is speculated that this is because the fractures that formed near the major fault are more likely to dissolve to form larger–scale karst caves, which result in the fracture information being obscured. Figures 13A, B also show that the range of control of the secondary fault on fracture formation is within 150 m from the fault. The range of control of the major fault on karst cave formation is within 200 m from the fault.
(5) Evolution pattern of fracture–cave reservoirs
[image: Figure 12]FIGURE 12 | Faults distribution in the Weizhou 1–N oilfield.
[image: Figure 13]FIGURE 13 | (A) Relationship between fracture–cavity density and distance from the F4 secondary fault. (B) Relationship between fracture–cavity density and distance from the major fault.
The dolomites in this area formed mainly by metasomatism in the late quasi–contemporaneous period. Mud crystal calcareous sediments were exposed at the surface, and freshwater and seawater mixed to dolomitize the sediments. Sea level changed many times, which resulted in the formation of rocks with different dolomitization intensities and complex lithology combinations (Figure 14A). In the Middle Triassic, regional uplift occurred in the early Indosinian movement, missing the Middle Triassic. Folding and faulting resulted in large numbers of structural fractures in the Huanglong Formation. The Late Jurassic and Yanshan movements uplifted the area again, which resulted in folds, faults and weathering erosion. Until the Early Tertiary, the area was subjected to weathering erosion and corrosion leaching, and large numbers of karst caves and dissolved pores developed. Due to the uplift of the region, folds and faults occurred in the strata. The folds caused bending deformation of the strata, and the derived local tensile stresses ruptured the strata and resulted in vertical structural fractures. The greater the deformation intensity of the strata is, the more developed the fractures are (Figure 14B). Faulting can form shear stress fields near fault zones and result in new fractures. A strong deformation zone is located near the fault, the fractures are highly developed, and the development level of the fractures far from the fault is lower (Figure 14C). The buried hill has been exposed to the surface for a long time. Before the deposition of the Early Tertiary Changliu Formation, many large, medium and small pores and dissolution joints developed due to weathering leaching and dissolution over a long geological period. The weathering zone exhibited undulations along the paleotopographic surface (Figure 14D). The strata with different dolomitization intensities in the Weizhou 1–N buried hill were affected by paleokarst weathering, fold deformation and faulting, which formed a complex fracture–cavity reservoir development pattern (Figure 14E). The zones with smaller rock thicknesses, stronger tectonic folding, faults and higher paleotopography are the most developed zones.
[image: Figure 14]FIGURE 14 | (A) The controlling patern of lithology on fracture formation. (B) The controlling patern of structural deformation on fracture formation. (C) The controlling patern of faulting on fracture–cave reservoirs formation. (D) The controlling patern of the ancient karst landform on fracture–cave reservoirs formation. (E) The fracture– cave development patern of Weizhou 1-N oilfield.
The Prediction of Fracture–cavity Reservoirs
Evaluations of favorable fracture–cavity carbonate reservoirs often focus on fracture–cavity evaluations, and the key is to dig deeper into the fracture–cavity information and determine the main factors that control the formation of fracture–cavity reservoirs. In this study, the fracture–cavity distribution is predicted and evaluated from the perspective of quantitative fracture–cavity genesis. First, it is clear that the formation of fractures and karst caves is mainly controlled by four geological factors: lithology changes, tectonic deformations, karst landforms and faulting. We used the mathematical characterization method to establish a new parameter to evaluate the lithology changes and combined it with seismic attributes to predict the distribution of the lithology standard deviations to obtain a quantitative characterization of the lithology changes. To characterize the con–trolling mechanism of tectonic deformation, the principal curvature inversion method of tectonic deformation was used to simulate the principal curvature distribution of tectonic deformation for the target layer in the study area, and a quantitative characterization of the tectonic deformation factors was achieved. The relative elevations of the karst land–forms were normalized to achieve a quantitative characterization of the karst landforms as a geological factor. According to Figures 13A, B, the density distribution function of the karst caves or fractures near the fault can be fitted, and the plane distribution of the densities of the fractures and karst caves that are affected by the fault can be determined by calculating the function equation. In this way, a spatial quantitative characterization of four geological genetic factors that control the formation and distribution of fractures and karst caves in the study area was carried out. The concepts used in fracture–cavity distribution prediction technology consist of to gridding the four geological factors in the same gridding step and normalize the data, which is followed by integrating the geological factors that can quantitatively reflect the karst landforms, lithology changes, faulting and tectonic deformations. The BP neural network deep learning algorithm is used to fit and calculate the four genetic factors with the fracture–cavity relative density that was identified by the results of single–well logging data. When the required prediction accuracy is satisfied, the numerical simulation calculation is carried out over the whole plane to evaluate the plane fracture–cavity distribution.
Figure 15 shows the process for predicting the fracture–cavity distribution. Figure 16 is the fracture–cavity reservoir distribution map of the Carboniferous buried hill reservoir in the Weizhou 1–N oilfield, as predicted by the above evaluation method. To verify whether the evaluation results are reasonable, we compared these from two perspectives. First, we compared the relative densities of the fracture–cavities in the three wells that were not involved in the simulation calculations with the predicted result (Figure 17), and the error in the predicted fracture–cavity relative density was less than 5%. The second aspect was verified from a drilling and production perspective. The production performance of five industrial wells in the Weizhou 1–N oilfield reflects the characteristics of dual–pore medium flow. These five wells can be roughly divided into two types. One type is when the reservoir spaces are dominated by rock blocks, small fractures, karst caves and pores, and the wells that encountered only emptying in the drilling process are called pore and cave oil wells, such as wells N4 and N5. The reservoir spaces of the other well type are dominated by fractures. Wells with serious leakage during drilling are called fracture wells, such as wells N1, N3 and N6. The above five wells confirmed the development of fractures or karst caves from their production performances, and these five production wells were also located in the high–value area of the fracture–cavity density prediction in this evaluation. The drilling results of wells N2, N8B and N9 suggested that the fractures and karst caves were clearly not developed, and the evaluation results were also located in the low–density area of predicted fractures and karst caves. This shows that the quantitative prediction method of fractured–cavity reservoir development zones that is based on genesis is reliable and can guide the adjustment and exploitation of oilfields.
[image: Figure 15]FIGURE 15 | Flowchart of fracture–cavity reservoir prediction.
[image: Figure 16]FIGURE 16 | Distribution prediction diagram of the fracture–cavity relative density in the Weizhou 1–N oilfield.
[image: Figure 17]FIGURE 17 | (A) Relationships between the relative fracture-cavity density identified from well profile and the predicted relative fracture–cavity density. (B) The error comparison of the relative fracture-cavity density identified from well profile and the predicted relative fracture-cavity density.
CONCLUSION

(1) Owing to the intense epigenetic transformations, the buried Carboniferous carbonate hill formed complex reservoir spaces in which the karst caves, fractures and pores were associated with and communicated with each other. The main controlling factors include lithology changes, karst landforms, tectonic deformation and faulting.
(2) The buried limestone hill has been seriously reformed and dolomitized to varying degrees. To characterize the distribution characteristics of the lithology changes, a new parameter, the lithology standard deviation, which can reflect the longitudinal lithology changes of the reservoir, is proposed. The smaller the lithology standard deviation is, the more dramatic are the longitudinal thickness changes. Lithological changes form the basis for the formation of fractures and karst caves. The relative density of a single well fracture cavity has a significant negative correlation with the lithology standard deviation. The smaller the lithology standard deviation is, the higher the relative density of the fracture cavity is, and the more intense the lithology change is, and the more likely a fracture cavity is to be formed.
(3) The degrees of fracture development in the buried hill are closely related to the local tectonic deformations. The larger the tectonic principal curvature is, the more developed the fractures are. Faulting is also a key geological factor for the formation of fractures and karst caves. The closer the area is to the secondary fault, the more developed the fractures, but there is no obvious relationship between the density of karst caves and the distance to the secondary fault. The major fault obviously controls the formation of karst caves. The closer the drilling is to the major fault, the higher the density of karst caves. The range of control of the secondary faults on fracture formation is within 150 m from the fault. The range of control of major faults on karst cave formation is within 200 m from the fault.
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