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Abstract

:

The Paleogene system of the Zhuyi Depression exhibits a pronounced mechanical compaction background. Despite this compaction, remarkable secondary porosity is observed in deep clastic rocks due to dissolution processes, with well-developed hydrocarbon reservoirs persisting in deeper strata. We conducted a comprehensive study utilising various analytical techniques to gain insights into the dissolution and transformation mechanisms of deep clastic rock reservoirs in the steep slope zone of the Lufeng Sag. The study encompassed the collection and analysis of the rock thin sections, XRD whole-rock mineralogy, and petrophysical properties from seven wells drilled into the Eocene. Our findings reveal that the nature of the parent rock, tuffaceous content, dominant sedimentary facies, and the thickness of individual sand bodies are crucial factors that influence the development of high-quality reservoirs under intense compaction conditions. Moreover, the sustained modification and efficient expulsion of organic–inorganic acidic fluids play a main role in forming secondary dissolution porosity zones within the En-4 Member of the LF X transition zone. Notably, it has been established that the front edge of the fan delta, the front of the thin layer, and the near margin of the thick layer of the braided river delta represent favorable zones for developing deep sweet-spot reservoirs. Furthermore, we have identified the LF X and LF Y areas as favourable exploration zones and established an Eocene petroleum-accumulation model. These insights will significantly aid in predicting high-quality dissolution reservoirs and facilitate deep oil and gas exploration efforts in the steep slope zone of the Zhuyi Depression.
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1. Introduction


The deep-ultra-deep reservoirs represent one of the most important frontiers in global oil and gas exploration [1,2,3]. However, a clear understanding of the primary controlling factors for developing high-quality reservoirs remains elusive, limiting further exploration. Therefore, in deep and ultra-deep basins with low permeability and tight environments, the discovery of high-quality sandstone reservoirs resulting from secondary porosity related to dissolution with better petrophysical properties is the key to successful exploration [4,5,6,7,8]. Recent explorations in deep-ultra-deep strata of various oil-bearing basins have yielded significant findings. Notably, high-quality clastic rock reservoirs have been discovered at depths of 4800 m in the Beihai Graben [9], 6000 m in the Gulf of Mexico Basin [4], 4000 m in the Zhanhua Depression of the Bohai Bay Basin [10], and even 7000 m in the Tarim Basin [11]. These discoveries highlight the potential for high-quality reservoirs in deep-ultra-deep strata and underscore the need for a deeper understanding of the controlling factors that shape their development.



The Pearl River Mouth Basin has been identified as harbouring several hydrocarbon-rich depressions. Among them, the Zhuyi Depression, situated in the northern region of the Pearl River Mouth Basin, has garnered significant attention from researchers due to its rich oil-bearing potential [12,13]. Previous studies have offered valuable insights into the basin’s structure, fault system, fault activity, and tectonic evolution [14,15,16,17,18]. As the exploration process has deepened, the Lufeng Sag, the secondary structural unit of the Zhuyi Depression, has emerged as a prime focus, particularly in the deep Eocene strata. What is more, the organic–inorganic interaction of acidic fluid produced during the maturation of organic matter can promote dissolution development [19,20]. This area has confirmed several commercial and potentially commercial discoveries, making it the most actively explored Paleogene region within the Pearl River Mouth Basin [21]. Oil and gas discovery in the Lufeng Sag are primarily concentrated in the gentle slope zone, far away from the depression control fault. However, it is noteworthy that the steep slope zone, being proximal to the controlling faults of the depression, holds immense potential for untapped oil and gas resources. In addition, drilling has confirmed the presence of large fan deltas in the steep slope zone, indicating favourable geological conditions for hydrocarbon accumulation. Despite this, the complexity of reservoir development and oil–gas accumulation mechanisms has limited the exploration efforts in this region. Wang et al. conducted a comprehensive analysis of the primary controlling factors influencing reservoir formation, considering factors such as sedimentation, diagenesis, and early tectonic uplift [22]. Zhu et al. extended this understanding by examining the protective role of oil and gas charging on reservoir quality, building upon sedimentary and diagenetic studies [23]. The previous research on the Lufeng Sag, despite its extensive exploration of deep high-quality reservoirs, has notably overlooked an analysis of the sweet-spot reservoir scale in the steep slope zone. This study addresses this gap by employing various analytical techniques, including rock-thin section analysis, XRD whole-rock-mineral analysis, and rock petrophysical-property tests. The objective is to comprehensively understand the reservoir characteristics in the deep steep slope zone and clarify the effect of deep acid fluid transformation on the formation mechanism and distribution mode of high-quality reservoirs. Using logging and seismic analysis, fluid-inclusion analysis, and fault-activity analysis, a favourable reservoir-forming area in the steep slope belt of Lufeng Sag is predicted, and the reservoir-forming model is established. This is very important for deep oil and gas exploration in the steep slope zone of Lufeng Sag and can also provide the direction for the next steep slope belt oil and gas exploration in other hydrocarbon-rich depressions in the Zhuyi Depression.




2. Geological Setting


The Pearl River Mouth Basin is a Cenozoic oil-bearing basin located on the northern shelf of the South China Sea. The basin was formed based on the extensional fault depression beginning at the end of the Mesozoic era, with an NE–SW distribution. The basin can be divided into five first-order tectonic units, including the northern uplift belt, the northern depression belt (Zhuyi and Zhusan depressions), the central uplift belt, the southern depression belt (Zhuer depression), and the southern uplift belt (Figure 1) from north to south [12,23,24,25]. Lufeng Sag is located northeast of the Zhuyi Depression, with an area of 7760 km2. It is bordered by the North Uplift Zone to the north, the Hanjiang Sag to the east, the Dongsha Uplift to the south, and the Huizhou Sag to the west [19,26,27,28].



The Lufeng Sag experienced six major tectonic movements during the Cenozoic: the first episode of the Zhuqiong movement, the Huizhou movement, the second episode of the Zhuqiong movement, the South China Sea movement, the Baiyun movement, and the Dongsha movement. The first episode of the Zhuqiong movement triggered the commencement of faulting activities, during which the Lower Wenchang Formation was deposited in the research area. It was primarily composed of semi-deep lacustrine-to-deep lacustrine mudstones, which is conducive to the formation of high-quality source rock. Following the Huizhou movement, the faulting activities subsided, leading to the deposition of the Upper Wenchang Formation, which was primarily characterized by shallow lacustrine facies. After the second episode of the Zhuqiong movement, the faulting activities intensified, resulting in the deposition of the Enping Formation. The Lower Enping Formation is mainly composed of deep lacustrine deposits, while the Upper Enping Formation is dominated by braided river deposits. In addition, the steep slope zone continued to develop a fan delta close to the depression control fault during this period, which made the fault become an important channel between the source rock of the Lower Wenchang Formation and the fan delta (Figure 2). From the depositional period of the Wenchang Formation to the Enping Formation, the extensional direction of the basin experienced a shift from NW–SE to N–S [29,30,31,32,33,34]. The South China Sea movement responds to seafloor spreading in the continental margin. The evolution of the northern continental margin basin has since entered the intercontinental rift-passive continental margin stage, and the subsidence mechanism of the basin is affected by thermal subsidence (Figure 2). On the basis of the Mesozoic fold basement, the Lufeng Sag deposited stratum from Paleogene to Quaternary and includes Wenchang and Enping formations in the faulting period, Zhuhai, Zhujiang and Hanjiang formations in the thermal subsidence period, and Yuehai and Wanshan formations in the Neotectonic period [14,15]. This study focuses on the Wenchang and Enping Formation of Eocene. The Wenchang Formation can be divided into six members, of which the Wen-6, Wen-5, and Wen-4 members deposited after the first episode of the Zhuqiong movement formed the Xiawenchang Formation, and the Wen-3, Wen-2, and Wen-1 members deposited after the Huizhou movement formed the Upper Wenchang Formation. The Enping Formation is mainly deposited after the second episode of the Zhuqiong movement and can be divided into the Lower Enping Formation composed of En-4 and En-3 members and the Upper Enping formation composed of En-2 and En-1 members.




3. Data and Methods


3.1. Data and Samples


In this study, the sample of core or cuttings was collected from 23 wells in the steep slope zone of Lufeng Sag at 57 depth points in the Eocene, and 1140 thin sections were obtained using polarizing microscope with plane polarized light and perpendicular polarized light for petrological and petrographic analysis of cast thin sections, and we mainly introduce the thin section analysis of six typical wells in this paper. In addition, we also collected critical reservoir test data such as XRD whole-rock-mineral analysis, XRF analysis, and rock petrophysical-property-test analysis of six wells, as well as crucial reservoir formation data such as fluid inclusion data of two wells from the cooperating oil companies.




3.2. Methods


The combined logging-seismic-thin section analysis is an essential method in reservoir research. The purpose is to characterize the reservoir structure and analyze its internal distribution characteristics with the help of drilling data with high vertical resolution, seismic data with high lateral resolution, and delicate microscopic thin section data to form a complete and accurate reservoir-analysis method. The 3D seismic analysis in the study area is mainly based on Petrel software (Version 2018), which mainly includes the identification and characterization of Eocene’s fan delta and braided river delta and the fault activity analysis during reservoir formation. The logging data are mainly processed by Resform software (Version 3.5), which researches the essential petrophysical characteristics of different intervals and high-quality reservoir analysis. In addition, all of the critical reservoir test data and fluid inclusion data were collected from the cooperating oil companies. Rock petrophysical properties are measured by helium-porosity-measuring instrument and Core Measurement System (CMS)—300 equipment. XRD whole-rock-mineral analysis is conducted to obtain the mineral composition of the sample and obtain the lithology of the test sample according to the mineral combination. The research method of fluid inclusions is mainly to determine the reservoir formation information of oil and gas from generation to migration to accumulation by obtaining its uniform temperature data and combining it with the evolution of tectonic movement.





4. Results


4.1. Characteristics of Eocene Reservoir in Steep Slope Zone of Lufeng Sag


In this study, the thin-section analysis shows that the clastic components of the reservoir in the steep slope zone of Lufeng Sag are mainly quartz, followed by rock debris, and the content of feldspar is low. In addition, the sandstones are mainly medium sand, followed by coarse sand, fine sand, and conglomerate. The sorting is medium-poor, the roundness is mainly sub-angular and sub-roundness, some particles have good roundness, and the contact between particles is mainly linear. The high mud content may result in poor petrophysical properties in the Enping Formation (Figure 3).



The sandstone reservoir in the study area is dominated by interparticle pores, accounting for 34% of all pores, followed by intercrystal pores and intra-granular dissolved pores (Figure 4). In addition, the secondary intergranular dissolution pores, intra-granular dissolution pores, and mold holes also occupy a relatively large scale. The three are related to dissolution, accounting for 38.3% of the total, indicating that the sandstone reservoir in the steep slope zone of Lufeng Sag still has a strong dissolution effect to increase the scale of pores. Therefore, it is very important to identify the main zones and controlling conditions of dissolution development for searching the high-quality deep sandstone reservoir under the background of strong compaction.



In addition, by analyzing the pore type development and distribution characteristics between the different menbers, it can be clear that there may be secondary dissolution pore development zones in the En-4, Wen-5 and Wen-4 Members of the deep sandstone reservoir. In the non-dissolution pore types, the proportion of residual interparticle pores of the Wenchang–Enping Formation significantly increased upward in two cycles, indicating that both cycles were affected by mechanical solid compaction (Table 1). Among the pore types caused by dissolution,, Wen-5 and 6 members have the highest proportion of intragranular dissolved pores, and Wen-5 and 6 and En-4 members have the highest proportion of dissolved pores (except for Wen-1 and 2 members), which gradually decreases upward, indicating that dissolution is the most influential factor for increasing pores in the Lower Wenchang Formation under the strong compaction (Table 1).




4.2. The Influence of Diagenesis on Reservoir Petrophysical Properties


Through the analysis of 1140 thin sections from 57 depth points, five types of diagenesis, namely mechanical compaction, calcareous cementation, argillous cementation, carbonate cementation, and dissolution, are identified in Lufeng Sag.



The Wenchang–Enping Formation sandstone reservoir in the steep slope zone of Lufeng Sag has generally experienced strong compaction. Under the influence of strong compression, the overall porosity of the reservoir decreases with the increase of buried depth (Table 1). With the increase of buried depth, the porosity of the Wenchang Formation reservoir decreases significantly, the permeability decreases, and the petrophysical property deteriorates. The effect of compaction on the sandstone reservoir of the Enping Formation is significantly reduced compared with the Wenchang Formation. Compaction is a crucial factor, leading to poor reservoir petrophysical properties in the study area. This process causes tight contacts and compression fractures between mineral particles, deformation of plastic minerals, and pseudo-matrix of feldspar and rock debris, which restrict pore space and fluid flow, decreasing reservoir porosity and permeability (Figure 5). Overall, compaction adversely affects reservoir quality, challenging the region’s effective oil and gas exploration.



Thin-section identification and whole-rock XRD analysis show that the cementation of sandstone reservoirs in the study area is mainly siliceous, argillaceous, and carbonatic, and cement content is generally not high (Figure 6). However, it has a significant influence on the petrophysical characteristics of the reservoir. The siliceous cement in the study area is mainly characterized by secondary enlargement of quartz, and the enlarged quartz particles are in concave and convex contact and closely arranged. What is more, idiomorphic quartz crystals can also be observed, and the degree of idiomorphism is high. In addition, clay-mineral cementation is generally developed in the study area, and the argillaceous cement is heterogeneous and unevenly distributed, and sericitization occurs. The clay cement developed in the pores will block the throat and reduce the porosity and permeability of the reservoir. Common clay minerals in the Wenchang–Enping Formation sandstone reservoir include illite, montmorillonite, kaolinite, and chlorite. Finally, carbonate cement was mainly developed in the late period, with calcite and iron calcite as the main components and a small amount of iron dolomite. The calcite cements were stained dark red, and dolomite cements were stained dark blue with high iron content, with abundant cements indicating the diagenetic fluid had a strong transformation effect. All of the carbonate cement is amorphous, filling the original feldspar and debris dissolution pores while being partly associated with clay minerals such as kaolinite. In addition, a small amount of siderite developed here (Figure 7).



The deep reservoirs can be significantly improved by dissolution, which is called additive diagenesis. The atmospheric fresh water and the acidic fluid produced during the maturation of organic matter can promote dissolution development [19,20]. Through the image analysis of the thin sections, the dissolution phenomenon is generally developed in the study area, which mainly occurs in the inner, cleavage, and interparticle of the particles (Figure 8). The most commonly dissolved mineral is feldspar, and the dissolution of quartz and calcite cement is rare, with crystal shapes remaining intact and edges remaining relatively regular, indicating minimal signs of dissolution. However, occasional dissolution of clay matrix can be observed, leading to a limited number of dissolution micro-cracks and intergranular pores. These features provide insights into the reservoir’s petrophysical properties and the potential for fluid flow and storage within the formation.



According to the pore evolution and dissolution zonation and petrophysical properties of sandstone reservoirs in the steep slope zone of Lufeng Sag (Figure 9), there are mainly two stages of secondary pore-development zones, and the distribution is as follows. The first-order secondary dissolution pore development zone located at a buried depth of 3300–3500 m, only develops in the Wen-4 member of the northwest steep slope zone of Lufeng 13 subsag, which is dominated by the mixed dissolution of formation water and acidic organic water discharged by decarboxylate [19] and has good characteristics of pore and seepage development [20]. The second-order secondary dissolution pore-development zone located at the buried depth of 3600–3800 m only developed in the En-4 member of the LF X transition zone in Lufeng Sag was dominated by the dissolution of acidic organic water discharged by decarboxylate [19]. Although the primary pores and remaining intergranular pores in the dissolution zone have been significantly reduced compared to those in the first-order dissolution zone due to further compaction and filling and cementation in the process of burial enhancement, many secondary pores can be generated mainly because the dissolution zone is closer to the source rock and more susceptible to acidic fluid transformation. Therefore, the reservoir still has higher porosity, a more comprehensive distribution range, and stronger dissolution strength than the first-order dissolution zone.




4.3. Development Mechanism and Distribution Characteristics of Sweet Spot Reservoir


4.3.1. Controlling Factors of Reservoir’s Petrophysical Property


Taking well LF X-A as an example, comparing the influences of sedimentary facies types and single-sand body thickness on reservoir petrophysical properties between the Wenchang Formation and Enping Formation, it can be seen that the control effect of sedimentary facies on reservoir petrophysical properties is mainly reflected in sedimentary subfacies and single-sand body thickness (Figure 10). As can be seen from the figure, the petrophysical properties of sandstone reservoirs of the Enping Formation and Wenchang Formation are considerably different. The petrophysical properties of the Enping Formation sandstone reservoirs are significantly superior to those of the Wenchang Formation. The distributary channel in the inner fan delta plain of the Enping Formation has the best reservoir petrophysical property. Meanwhile, the thicker the sand body of the single-layer distributary channel, the higher the permeability of the sandstone reservoir and the better the reservoir’s petrophysical property. The Wenchang Formation also has the same rule, and the porosity of the Wenchang Formation sandstone reservoir is also greatly affected by the thickness of a single-sand body, while the Enping Formation is only related to permeability.



Taking well LF X-D as an example, a consistent rule can be obtained by comparing the influence of different sedimentary microfacies types and single-sand body thickness on reservoir petrophysical properties in the fan delta and braided river delta in the Wechang Formation and Enping Formation. Table 2 shows that the reservoir petrophysical properties of the braided river delta are significantly higher than those of the fan delta, and the petrophysical properties of the fan delta front are significantly higher than those of the fan delta plain. Therefore, the influence of sedimentary facies on the petrophysical properties of the sandstone reservoir is mainly in sedimentary subfacies and single-sand body thickness.



The influence of parent rock lithology and transport distance on reservoir petrophysical properties in the steep slope zone of Lufeng Sag is complex. It is necessary to distinguish between different types of parent rock areas and background mechanical compaction. Under weak compaction, the high content of feldspar promotes secondary dissolution pores, and quartz is usually not easily dissolved, which limits the development scale of reservoir dissolution and is not conducive to improving the reservoir’s petrophysical properties. Under strong compaction, the opposite situation is observed. The high quartz content improves the compaction resistance of the reservoir, thus retaining many primary and secondary pores. In contrast, the higher the feldspar content will be converted into a large number of matrixes, thus significantly destroying the pores. In addition, the tuff parent rock content has a strong destructive effect on the sandstone reservoir, as shown in the fact that the residual pores between tuffaceous filling grains and compaction further affect the secondary dissolution pores, thus significantly reducing the porosity and permeability of the sandstone reservoir (Figure 11).




4.3.2. Prediction of High-Quality Dissolved Reservoir in Steep Slope Zone


Based on the analysis of the controlling effect of sedimentary facies and parent lithology on the petrophysical properties of sandstone reservoir, the genetic types of high-porosity and low-permeability sandstone reservoir in study area are further defined. Based on the classification criteria of offshore sandstone reservoirs and the effective petrophysical properties of the steep slope zone in Lufeng Sag, it is proposed that sandstone reservoirs with porosity higher than 10% and permeability lower than 1 mD are high-porosity and low-permeability reservoirs. Based on the analysis of the main controlling factors of the sandstone reservoir in the steep slope zone of Lufeng Sag, it is concluded that sedimentary and diagenesis jointly determine the development characteristics of high-porosity and low-permeability reservoirs. However, the main controlling factors of each interval are different due to the evolution of the sedimentary system and mechanical compaction strength. According to the petrophysical properties and thin-section analysis of the Lower Enping Formation of well LF X-C, the reason of low-permeability and high-porosity reservoir is diagenetic fluid retention and precipitation of a large number of clay minerals. In addition, the total amount of clay minerals in Lower Enping Formation of the LF X transition zone also has an excellent negative correlation with porosity, indicating that the content of authigenic clay minerals is the main controlling factor for reservoir porosity reduction (Figure 12).



Secondary dissolution is the most crucial factor in improving the petrophysical properties of the sandstone reservoir and increasing porosity and permeability in the steep slope zone of Lufeng Sag. Based on the analysis of the main controlling factors of sandstone reservoirs and the genetic analysis of high-porosity and low-permeability reservoirs in the Lower Enping Formation and the Wenchang Formation, the leading causes of secondary dissolution pore development zone of 3600 to 3800 m in the En-4 member of the LF X transition zone are further identified, which lays a good foundation for the prediction of the high-quality sweet-spot reservoir. At the microscopic level, thin-section analysis shows that low clay mineral content is the main reason for the effective preservation of dissolution pores (Figure 13), and the content of clay minerals (such as kaolinite) mainly depends on whether diagenetic fluid can be retained. Therefore, burial depth is not a decisive factor, but the most critical control factor for the development and preservation of secondary dissolution pores is the continuous transformation of feldspar by acidic fluid and the effective discharge of diagenetic fluid






5. Discussion


5.1. Effect of Organic-Inorganic Acid Fluid on Sweet Spot Reservoir


The 60 homogenization temperature data of saline fluid inclusions of two wells in the transition zone of Lufeng Sag was analyzed using the homogenization temperature-burial-point method (Figure 14). Based on the data of stratification, interface age, log lithology and Ro, the sedimentary and burial history and thermal history map were made. The uniform temperature distribution interval of saline inclusions associated with hydrocarbon inclusions was projected onto the sedimentary and burial history and thermal history map to obtain the corresponding charging time of hydrocarbon inclusions. As shown in Figure 14, the oil and gas-charging stages of the Wenchang–Enping Formation in the steep slope zone of Lufeng Sag is relatively late, and the accumulation time corresponding to the homogenization temperature of associated brine inclusions is 5-0 Ma. However, the CO2 charging time was earlier, mainly from 35 to 40 Ma. Therefore, the reservoir was reformed by acidic fluid before oil and gas charging. In addition, most scholars believe that releasing organic–inorganic acids from the thermal evolution of organic matter is an essential reason for forming secondary pores in the diagenesis of clastic rock reservoirs [35,36,37,38,39,40,41]. Due to the development of primary pores in the southern part of Lufeng Sag, the Eocene reservoir has a good pore structure, which is conducive to the entry of acidic fluids into the reservoir and the removal of dissolved products, forming more clean and unfilled dissolution pores and improving the porosity and permeability of the reservoir.



Developing a secondary dissolution zone in the fan delta sand body is significantly related to its development location. The fan delta front preferentially receives the transformation of organic–inorganic acidic fluids, and more dissolution zones are developed. In contrast, the near margin of the fan delta is more prone to fluid retention, and the diagenetic facies of the developed fan delta are dominated by authigenic minerals (Figure 13). In addition, by comparing the diagenetic facies distribution characteristics of the braided river delta sandstone reservoirs in well HZ Z-A and well LF X-A, it can be seen that the braided river delta sand body is relatively more complex. Due to its better petrophysical characteristics, the fluid has relatively better mobility, so its near-end thick sandstone usually accepts fluid transformation. Therefore, the development of a secondary dissolution zone in the braided river delta sand body is related to the location of reservoir development and the thickness of sand body development (Figure 15). There are the following favourable positions for dissolution facies in braided river delta: first, the end part of the thin layer is preferentially reformed by diagenetic fluid, more dissolution zones are developed, and diagenetic fluid is easy to migrate to other locations, which can effectively avoid the risk of fluid retention and precipitation; secondly, because the sand layer is thicker, the diagenetic mineral precipitation is less, which can promote the development of the dissolution zone.




5.2. Prediction of Eocene Favorable Area of Steep Slope Zone in Lufeng Sag


Previous studies have confirmed that the geochemical characteristics of oil and gas in the steep slope zone of the Lufeng Depression have a strong consistency with the mudstone of the Wenchang Formation, indicating that the oil and gas have near-source-charging characteristics [42]. Most of the oil and gas found in the steep slope zone of Lufeng Sag are closely related to faults, and the late active faults control the migration and accumulation of oil and gas, a relatively crucial vertical transport path. Based on the combination of reservoir-cap assemblages, hydrocarbon generation and expulsion times, fault activity, and hydrocarbon accumulation periods in the steep slope zone of Lufeng Sag, the event map of the Wenchang–Enping Formation hydrocarbon system in the steep slope zone of Lufeng Sag is drawn. The critical moments of the two periods are summarized as follows: 1. The first phase corresponds to the T60–T40 sedimentary period (23.03–15.97 Ma), which is the trap of the steep slope zone, and the primary generation and hydrocarbon expulsion period began. 2. The second phase corresponds to the sedimentary period from T32 to the Quaternary system, about 5 Ma till now, and it is mainly characterized by continuous accumulation characteristics and average accumulation temperature reflected by fluid inclusions. The event map of the Wenchang–Enping Formation hydrocarbon system in Lufeng Sag shows that the Wenchang–Enping Formation reservoir–cap combination is well matched, and the fault activity controlling vertical hydrocarbon migration from mudstone from the Lower Wenchang Formation to the braided river delta sandstone reservoir of the Enping Formation in the steep slope zone is enhanced, which is well matched with hydrocarbon generation and expulsion time. (Figure 16).



Considering the influence of high-quality sweet-spot reservoirs and fault activity on oil and gas migration and accumulation, the favourable zones in different regions of Lufeng Sag are selected, and different accumulation models are established.



The deep layer of the LF Y area has the following advantages for accumulation. First, the favourable area is located near the fault, and the deep section ridge is developed. Second, the sandstone reservoirs of the fan delta in the Wen-4 member has a large contact area with the lacustrine mudstone of the Wen-5 and 6 member. Finally, the favourable area is located in the acidic fluid priority transformation area, which can effectively avoid fluid retention and precipitation (Figure 17).



The fan-delta front of the Wen-3 member in the LF X area has the following advantages. Firstly, it has multi-layer and multi-type reservoir distribution (buried-hill, Mesozoic, Paleogene, Neogene). Second, the Paleogene faults are well matched, and the large-scale sand bodies are developed. Thirdly, a relatively longer transport distance can reduce tuff and argillaceous content. Fourth, diagenetic fluid first dissolves the reservoir material in the front of the fan delta and carries it to the plain. Fifthly, the up-dip direction of the mudstone near the middle and deep lake points to the fan delta front of Wen-3 member. Sixth, the thick mudstone overlying the sandstone in front of the fan delta is a good cover layer (Figure 18).





6. Conclusions


	(1)

	
Parent rock type and transport distance, parent rock properties, tuffaceous content, sand body connectivity, diagenetic fluid retention, and single-sand body thickness jointly control reservoir-development characteristics in the steep slope zone of the Lufeng Sag in the Pearl River Mouth Basin. Although the compaction background is generally developed in the Paleogene of Lufeng Sag, continuous transformation and effective discharge of acidic fluid is an important controlling factor for developing secondary dissolution pore zones in high-quality reservoir segments.




	(2)

	
Through the analysis of 1140 thin sections from 57 depth points, five types of diagenesis are identified in the Lufeng Sag. Combined with the control factors of the secondary dissolution pore-development zone and the vertical and plane distribution characteristics of diagenetic facies in the steep slope zone of Lufeng Sag, it is finally determined that the front edge of the fan delta, the front of the thin layer, and the near margin of the thick layer of the braided river delta are favourable zones for the development of the high-quality sweet-spot reservoir.




	(3)

	
The oil and gas charging time of the Wenchang–Enping Formation in the steep slope zone of the Lufeng Depression is relatively late, and only the first phase of 5-0 ma oil and gas charging has been found. However, the CO2 charging time in the steep slope zone is earlier, mainly between 35–40 MA. As a result, the reservoir has been modified by an inorganic-organic acidic fluid before oil and gas charging. According to the analysis of the critical moments of hydrocarbon accumulation and the dominant sedimentary facies zones, it is concluded that the fan delta front of well LF X-D and the deep layer of LF Y may have better conditions for hydrocarbon accumulation and preservation, which is a favourable area for the development of the steep slope zone in the Lufeng Depression.
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Figure 1. Structural unit division of Lufeng Sag, Pearl River Mouth Basin, (a) Location of the Pearl River Mouth Basin in the South China Sea. (b) Cenozoic structural units of the Pearl River Mouth Basin, and the location of Lufeng Sag, SCS: South China Sea, ZHU I: Zhuyi Depression, ZHU II: Zhuer Depression, ZHU III: Zhusan Depression, NUZ: Northern Uplift Zone, CUZ: Central Uplift Zone, SUZ: Southern Uplift Zone, SDZ: Southern Depression Zone, NDZ: Northern Depression Zone, CSD: ChaoShan Depression. (c) Internal structural unit of Zhuyi depression; (d) Structural unit, key well, and survey line location in the study area (Modify from Wang et.al., 2022 [3]). 
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Figure 2. Structure-stratigraphic framework of Lufeng Sag, Pearl River Mouth Basin. 
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Figure 3. The typical thin-section photos of sandstone reservoir in steep slope zone of Lufeng Sag: (A) Well LF X-A, 3776.8 m, En-4 member, mainly sandstone with a small amount of dolomite and clay minerals, and the clastic particles are poorly sorted, mainly medium, coarse, and giant particles, and a small amount of gravel. The intergranular pores are well developed; (B) Well LF X-B, 3883 m, Prepaleogene, the clastic particles are mainly coarse and some gravel, with dissolution phenomena and a large amount of tuff, poor pore development, and poor connectivity; (C) Well LF X-C, En-3 Member, 3596 m, is mainly composed of sand and kaolinite, poor sorting, mainly coarse grain, followed by medium grain, a few gravel and fine grain; the pores are mainly secondary pores developed, the overall pores are poorly developed, and some organic matter remains; (D) Well LF X-D, 3569 m, En-3 member, mainly coarse grain, partly medium grain, and a small amount of tuffaceous matter, with noticeable authigenic kaolinite pores. 
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Figure 4. Pie chart of pore proportion of the Wenchang-Enping Formation in steep slope zone of Lufeng Sag, and various types of pores are shown in the following thin section photos. 
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Figure 5. Thin-section photos of mechanical compaction of sandstone reservoir in steep slope zone of Lufeng Sag: (A) Well LF X-D, En-3 member, 3642.0 m, has a directional biotite distribution and extrusion deformation; (B) Well LF X-A, 3877.0 m, Wen-1 and 2 member, showed a large amount of pseudo-matrix, and clay minerals among the particles, poor sorting of clastic particles, and a large number of particles broke; (C) Well LF X-C, 3614.5 m, En-3 member has directional arrangement of particles, poor overall pore development; (D) Well LF X-C, 3734.0 m, prepaleogene, granite developed a large number of micro-fractures under strong compaction. 
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Figure 6. Pie chart of the proportion of main cement in sandstone reservoir in steep slope zone of Lufeng Sag. 
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Figure 7. Thin-section photos of calcareous cementation, argillous cementation, and carbonate cementation of sandstone reservoir in steep slope zone of Lufeng Sag: (A) Well LF X-C, En-1 and 2 member, 3596 m, secondary enlargement of quartz is shown in the left, and the kaolinite is formed by tuff alteration and feldspar corrosion in the right; (B) Well LF X-B, 3879.2 m, Prepaleogene, feldspathic particles were replaced by calcite in the early stage, and the feldspathic part strongly dissolved, leaving only a large amount of calcite; (C) Well HZ Z-A, 3256.2 m, En-2 member, cemented iron-dolomite particles were produced, and authigenic clay minerals such as kaolinite were deposited in situ or filled between grains; (D) Well HZ Z-A, 3260.8 m, Wen-1 and 2 member, on the left, a small amount of ferridolomite cemented particles are produced, and feldspar dissolves to form intragranular dissolve pore; on the right, authigenic clay minerals such as kaolinite are formed and filled between grains. 
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Figure 8. Thin section photo of sandstone reservoir dissolution in steep slope zone of Lufeng Sag: (A) Well LF X-D, 3593.0 m, En-3 member, only little remains of feldspar dissolution, authigenic kaolinite filling the intergranular and intergranular pores can be observed; (B) Well LF X-A, 3872 m, Wen-1-2 member, some feldspar dissolved strongly to form secondary dissolution pores, and a large number of pseudo-matrix filling grains; (C) Well LF X-A, 3878.0 m, Wen-1-2 member, feldspar partially dissolved to form secondary dissolution pores, or completely dissolved to form moldic pore; (D) Well LF X-C, 3538.0 m, En-3 member, the intergrain is filled with clay-like tuffaceous matter, and kaolinite formed by particle dissolution such as feldspar is present, and a large number of particles such as feldspar are dissolved, forming a small number of intra-granular dissolution pores. 
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Figure 9. Distribution characteristics of dissolution pore development zone of seven wells in steep slope zone of Lufeng Sag. 
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Figure 10. Comprehensive column diagram of sedimentary microfacies and reservoir petrophysical properties of well LF X-A in steep slope zone of Lufeng Sag. 
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Figure 11. Thin section of LF X transition tuffaceous parent rock: (A) Well LF X-B, 3339.2 m, En-3 member, tuffaceous is heterobasic, and intergranular pores are filled with authigenic kaolinite and ferridolomite. (B) Well LF X-D, 4458.8 m, Wen-3 member, tuffaceous is heterobasic, almost filled with intergranular pores, and only a few dissolution pores exist, showing organic matter infiltration. 
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Figure 12. Scatter diagram of correlation between clay mineral content and porosity of sandstone reservoir in the Lower Enping Formation of the LF X transition zone. 
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Figure 13. Thin section of reservoir in the LF X transfer zone after being modified by acid fluid: (A) Well LF X-A, 3719.6 m, En-4 member, feldspar dissolved to form a secondary solution hole with less interstitials; (B) Well LF X-A, 3740.8 m, En-4 member, feldspar dissolved to form a secondary solution hole with less interstitials; (C) Well LF X-A, 3867.8 m, Wen-1 and 2 member, feldspar dissolution leads to the formation of kaolinite, which fills the spaces between grains.; (D) Well LF X-C, 3614.5 m, En-3 member, feldspar dissolved to form a secondary solution hole filled with in situ retained kaolinite; (E) Well LF X-C, 3651.0 m, En-4 member, feldspar dissolved, and iron calcite filled some pores; (F) Well LF X-C, 3693.8 m, En-4 member, feldspar dissolution, iron calcite, and kaolinite-filling grain. 
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Figure 14. Burial history and fluid-charging time of Wells LF X-E and LF X-B in transition zone of Lufeng Sag, the difference of the sedimentary and burial history and thermal history map between the two wells is due to their location in the LF-X transition zone, where the tectonic activity is very complex. 
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Figure 15. Diagenetic facies distribution characteristics of braided river delta in steep slope zone of Lufeng Sag: (A) Well HZ Z-A, 3350 m, Wen-3 member, is mainly medium-grained, and some feldspar and cuttings form intra-granular dissolution pores; (B) Well HZ Z-A, 3354.7 m, Wen-3 member, mainly medium grain, a small amount of mud, kaolinite is produced in scaly form; (C) Well HZ Z-A, 3361.7 m, Wen-4 member, the mud is generally developed and filled between grains in a heterobasic or striped shape; (D) Well HZ Z-A, 3370.62 m, Wen-4 member, the sorting of detrital particles was poor, and some quartz secondary increased; (E) Well HZ Z-A, 3393.26 m, Wen-4 member, the kaolinite is scaly and the pores are moderately developed; (F) 3454.7 m, medium-grained, coarse-grained followed, kaolinite is scaly, pyrite is coagulated block; (G) Well LF X-A, 3867.80 m, Wen-1 and 2 member, a large amount of pseudo-matrix debris, kaolinite filled with intergranular pores; (H) Well LF X-A, 3869.00 m, Wen-1 and 2 member, a large amount of pseudo-matrix debris was formed, and the intergranular pores were filled with kaolinite; (I) Well LF X-A, 3872 m, Wen-1 and 2 Member, a large amount of pseudo-matrix; (J) Well LF X-A, 3909.3 m, Wen-1 and 2 member, calcite filled pores; (K) Well LF X-A, 3923.3 m, Wen-4 member, the mud is generally developed, and it is filled between grains in a heterobasic shape; (L) Well LF X-A, 3938 m, Wen-4 member, some of the feldspar debris dissolved to form secondary solution pores, and some of the interstitial materials became pseudo-matrix; (M) Well LF X-A, 4011.7 m, Wen-4 member, iron calcite cement, kaolinite is scaly. 
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Figure 16. Hydrocarbon accumulation event diagram of Wenchang-Enping Formation in steep slope zone of Lufeng Sag. 
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Figure 17. Deep Eocene petroleum accumulation model of the near end of thick braided river deltas and fan deltas in LF Y area. 
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Figure 18. Deep Eocece petroleum accumulation model in the front of thin fan delta near Well LF X-D in LF X area. 
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Table 1. Distribution characteristics of pore types of sandstone reservoirs of Wenchang-Enping Formation in the steep slope zone of Lufeng Sag.
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Stratum

	
Areal Porosity (%)

	

	




	
Interparticle Pore

	
Intergranular Dissolved Pore

	
Intragranular Dissolved Pore

	
Intercrystal Pore

	
Moldic Pore

	
Fracture

	
Total Dissolved Pore

	
Total Pore






	
Wen-5 and 6 Member

	
2.21

	
0

	
1.14

	
2.14

	
1.36

	
0.07

	
4.64

	
6.92




	
Wen-4 Member

	
4.78

	
0

	
0.75

	
1.7

	
0.9

	
0

	
3.35

	
8.13




	
Wen-3 Member

	
7.5

	
0

	
0.25

	
0.5

	
1

	
0

	
1.75

	
9.25




	
Wen-1 and 2 Member

	
0

	
0

	
4

	
0

	
3

	
0

	
7

	
7




	
En-4 Member

	
1.96

	
0.27

	
1.19

	
2.42

	
1.27

	
0

	
5.15

	
7.11




	
En-3 Member

	
2.56

	
1.08

	
1.33

	
2.34

	
0.13

	
0

	
4.88

	
7.44




	
En-1 and 2 Member

	
3.82

	
0.31

	
0.93

	
2.06

	
0.25

	
0

	
3.55

	
7.37











 





Table 2. Correspondence between sedimentary subfacies and reservoir petrophysical properties of well LF X-D in steep slope zone of Lufeng Sag.
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	Enping Formation and Wenchang Formation
	Average Porosity/%
	Mean Permeability/mD





	Braided river delta (n = 5)
	16
	31.3



	Fan delta (n = 15)
	6.9
	0.33



	Braided river delta plain
	/
	/



	Braided river delta front (n = 5)
	16
	31.3



	Fan delta plain (n = 14)
	6.5
	0.2



	Fan delta front (n = 1)
	13.1
	2.23
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