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Volcanic mounds and carbonate buildups share similar geometries, making their differentiation in seismic data a significant challenge. This challenge is further compounded in complex buildups composed of both multi-stage developed igneous rocks and biogenic carbonates. To address this gap, this study investigates a mixed carbonate-igneous buildup at the central of the Baiyun Sag in the northern South China Sea. By analyzing the lithofacies of the carbonates and igneous rocks, the morphological features and spatial distribution patterns corresponding to these sedimentary and volcanic facies were identified. Well-to-seismic calibration was used to delineate the stratigraphic units, and typical seismic profiles of the buildup were analyzed. Eight distinct seismic facies were identified for carbonates and igneous rocks. The evolution of the buildup is divided into three stages: (1) volcanic eruptions and carbonates development, (2) overflowing magma and reef shoal deposits, and (3) reef-bank deposition accompanied by igneous intrusion. We propose that volcanic rocks can be distinguished from carbonates by the temporal and spatial coupling of typical features: (a) surface volcanic rocks and subsurface intrusive bodies are inseparable, with igneous rocks identifiable through faults and volcanic conduits; (b) carbonates typically display symmetrical structures on both sides of the highland and exhibit better stratification away from igneous activity; (c) carbonates generally show a convex clinoform and steep slope at the platform margin, while volcanic mounds exhibit concave gentle slopes. Furthermore, the analysis of high-quality reservoir development within the complex buildups is instrumental for advancing oil and gas exploration in volcanic seamounts and carbonate buildups.
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1 Introduction

Carbonate platforms have long been a focal point in sedimentology and a key target for hydrocarbon exploration. Numerous case studies have documented the development of carbonates formations within petroleum basins (Isern et al., 2004; Bachtel et al., 2010; Tian et al., 2015; Reolid et al., 2020; Ting et al., 2021; Qiao et al., 2024). Their evolution is influenced by a variety of factors, including tectonic activity, changes in relative sea level, and variations in temperature, light, and nutrient variations (Tomás et al., 2008; Betzler et al., 2013; Shao et al., 2017; Courgeon et al., 2017; Coletti et al., 2019; Luo et al., 2023). These factors impact not only the rate of carbonate stratigraphy development but also the structural patterns and lithological facies (Atasoy et al., 2018; Dimou et al., 2024; Su et al., 2024).

As the other kind of submarine highs in marine environments, volcanic mounds that often resemble isolated seamounts are also commonly found in oil- and gas-prone basins (Svensen et al., 2004; Silva et al., 2024). Carbonates developed on volcanic pedestal platforms also have been widely documented (Bosence, 2005; Courgeon et al., 2016; Courgeon et al., 2017; Counts et al., 2018; Tucker et al., 2020). In practical research, seismic facies characteristics of volcanic mounds and isolated carbonate buildups often appear similar, making differentiation based solely on seismic data challenging (Burgess et al., 2013; Ma et al., 2018a). However, distinguishing between the two is critical, as volcanic mounds typically have different porosity and permeability compared to carbonate platforms, which significantly influences hydrocarbon reservoir evaluation (Greenlee and Lehmann, 1993).

This study focuses on a complex buildup composed of both carbonates and igneous rocks in the Baiyun Sag of the Pearl River Mouth Basin, dating from the late Oligocene to early Miocene. While Well A has provided some insights into the local lithology of this buildup, the lack of a comprehensive analysis of its internal structure has limited the oil and gas exploration potential and reduced confidence in the exploration of similar seamounts or mound-type targets. Therefore, this study employs recently reprocessed three-dimensional (3D) geophysical data to offer a detailed seismic analysis and an evolutionary model of the complex buildup, with aims of: (1) discriminating volcanic rocks from carbonates in seismic profiles; (2) providing a valuable analogue for understanding the structure and composition of volcanic rocks associated with carbonate platforms, and (3) predicting the distribution of oil and gas reservoirs in comparable mixed carbonate-igneous buildup.




2 Geological background

The Baiyun Sag located in the northern South China Sea occupies an area of 2.1×104 km² (Figures 1A, B), with sedimentary thickness exceeding 11 km. Its boundary is defined by the Panyu Low Salient in the north, the Dongsha Rise in the east, and the Yunkai Low Salient in the west. The investigated buildup, between 115°-116°E, and 19°-20°N at the central region of the Baiyun Sag (Figure 1C) is the necking zone of the Pearl River Mouth Basin, where the crust has experienced significant stretching and thinning (Mohn et al., 2012; Ren et al., 2015).




Figure 1 | Regional geological map: (A) Location of the Pearl River Mouth Basin; (B) Sediment thickness map of Baiyun Depression. The map displays varying sedimentary thicknesses from the Wenchang Formation to the Enping Formation, with the thickest deposits occurring in the central part of the Baiyun Sag. The location of the shelf break of the Zhuhai (23 Ma) and Zhujiang (21 Ma) Formation is indicated by the dotted line in the image. (C) Morphological features of the top of the complex buildup. The picture shows the thickness map obtained by subtracting the top layer of the complex buildup from the 23.8 Ma strata.



During the late Oligocene and early Miocene, multiple episodes of volcanic activities (Zhao et al., 2016; Deng et al., 2019; Sun Q. et al., 2014) caused numerous shallow magmatic intrusions. The intense volcanic activity associated with the activities of the deep original mantle beneath the Baiyun Sag (Zhou et al., 2009; Li et al., 2015; Zeng et al., 2019; Zhou et al., 2020) led to the formation of the investigated buildup above the central diapir zone. The development of the complex buildup occurred within a shallow marine shelf environment while the shelf break was located near the Panyu Low Salient (Tian et al., 2019; Zhang et al., 2019). Regional stratigraphic studies and paleontological dating indicate that the complex buildup ceased growing after 23.8 Ma. After that, the study area transitioned to a semi-deep-sea environment, marked by the development of thick mudstones above the buildup.

During the Cenozoic, the Pearl River Mouth Basin underwent six major tectonic movements that significantly influenced the evolution of structural sedimentation (Feng and Zheng, 1982; Pinglu and Chuntao, 1994; Ma et al., 2015; Ma et al., 2018b; Zhou et al., 2009; Sun Z et al., 2014), with varying degrees of impact on the Baiyun Sag (Figure 2A). The Shenhu Movement, occurring approximately 66 Ma, is characterized by a regional unconformity (Tg), marking the basement of the Cenozoic basin. The Zhuqiong Movement took place around 47.8 Ma, appearing as a regional unconformity (T90). A second phase of the Zhuqiong Movement occurred around 38 Ma, forming another regional unconformity (T80). The South China Sea Movement occurred around 33.9 Ma, identified by a regional unconformity (T70). The Baiyun Movement, occurring around 23.03 Ma, is represented by a structural unconformity (T60). The Dongsha Movement, dated to about 11.62 Ma, is marked by a regional unconformity (T30) in the seismic data.




Figure 2 | Regional comprehensive column histogram and seismic profile of stratigraphic framework: (A) Schematic stratigraphic histogram of Pearl River Mouth Basin mainly modified from Sun Z et al.(2014), Zhao et al. (2016), and Ma et al. (2018a). (B) The central diapir zone and complex buildup of Baiyun Sag. The complex buildup developed during the Zhuhai Formation and ceased before 23.8 Ma.






3 Materials and methods



3.1 Borehole data

The drilling data for this study were obtained from Well A. Lithological descriptions of the late Oligocene Zhuhai Formation were calibrated with well-log responses, including gamma-ray (GR), bulk density (RHOB), and sonic velocity (DTCO). The complex buildup (Figure 2B), located at depths between 4069.2 m and 4846.75 m, belongs to the Zhuhai Formation and is divided into three sedimentary units. Unit 4 of the Zhuhai Formation, situated beneath the complex buildup, is composed of a mixed sedimentary sequence of tuffaceous sandstone and calcareous sandstone.

A total of twenty-seven core samples (Table 1) were described and identified, with corresponding porosity and permeability data provided. Carbonates samples were obtained via sidewall coring, which generally exhibited good porosity and permeability. In contrast, the igneous rock samples collected showed almost no porosity or permeability. Rock samples from depths below 4846.75 m were collected using gunpowder coring, and their porosity and permeability are not considered relevant for this study.


Table 1 | Depth, porosity, permeability, rock type and lithofacies of rock samples.






3.2 Seismic data

The original 3D seismic survey was acquired in 2006 by Danwen Energy China, Ltd. In 2022, China National Offshore Oil Corporation (CNOOC) re-acquired PSTM/PSDM data from the central diapir zone (Figure 1C) in the Baiyun Sag. This re-acquisition utilized long cables (8100 m), deep source placement (12 m), increased source capacity (4365 cuin), and an optimized acquisition direction. In 2023, CNOOC processed the seismic data to generate secondary 3D PSTM/PSDM datasets. The signal-to-noise ratio of the seismic data was significantly improved, with better attenuation of multiple wave types, resulting in clearer geological boundaries. In this study, the 2023 secondary 3D PSTM data were used for well-to-seismic calibration, while seismic interpretation and stratigraphic division were based on the PSDM data.




3.3 Facies description

Lithofacies descriptions follow the classification schemes of Dunham (1962) and Klovan and Embry (1972). The original sedimentary environment of carbonates is analyzed based on the structural components and growth patterns of carbonate fabrics (Insalaco, 1998; Riding, 2002). Mixed sediments are classified as carbonate-siliciclastic deposits if they contain more than 10% of each of the two antithetic components (Chiarella and Longhitano, 2012). Seismic sequence stratigraphy is interpreted according to the methodology proposed by Van Wagoner et al. (1988). The spatial distribution of carbonates and volcanic facies is described by comparing and identifying the internal configurations and external geometries of seismic profiles. The integration of lithofacies identification and seismic facies characterization allows for the development of an evolutionary model, illustrating the depositional stages of the buildup.





4 Results and interpretation



4.1 lithological facies analysis



4.1.1 Carbonates

The lithological column for Well A provides a detailed overview of the typical carbonate facies present (Figure 3). Thin-section analysis is used to describe and interpret these lithofacies, aiding in the reconstruction of the sedimentary evolution of this complex buildup. The carbonate deposits exhibit three distinct stages, each characterized by different sedimentary features.




Figure 3 | Description and Interpretation of Carbonates: (A) Rudstone: Biogenic limestone composed of benthic foraminifera (Foram) and red algae (Alg), indicating deposition in shallow water with strong hydrodynamic conditions; (B) Grainstone: Red algae particles-rich reef limestone with sparry cement; (C) Grainstone: Bioclastic limestone with abundant red algae and echinoderm (Ech) debris, featuring moldic (MP) pores; (D) Grainstone: Composed of red algae, foraminifera, and mollusks (Mo); (E) Packstone: Skeletal grains consist of foraminifera, red algae, and echinoderm; (F) Packstone: Skeletal grains composed of foraminifera, red algae, and echinoderms; (G) Floatstone: Contains suspected coral debris and planktonic foraminifera; (H) Wackestone: Small red algae grains remain intact; (I) Micritic Limestone: micrite limestone with notable recrystallization.



Carbonate depositional unit 3, located between drilling depths of 4479.25 and 4724.00 m, corresponds to a relatively deep-water environment. Sample 3 I (Figure 3I), taken from 4674.5 m, consists of micrite limestone with notable recrystallization, suggesting deposition on a carbonate platform in deeper waters. Sample 3 H (Figure 3H), at 4573 m, is a wackestone containing red algae particles, interpreted as having formed in an open platform environment with low hydrodynamic conditions. Sample 3 G (Figure 3G), from 4468.5 m, is a floatstone with larger bioclastic particles, including suspected coral fragments and some signs of dolomitization, indicating allochthonous transport. The matrix is composed of a high proportion of lime-mudstone, abundant planktonic foraminifera and small bioclasts, pointing to lagoonal deposition in a low-energy environment.

Unit 2 of the carbonates, extending from 4321.60 to 4479.25 m, represents a bioclastic shoal developed in a wave-dominated zone. Sample 3 F (Figure 3F) at 4356.5 m is a packstone with bioclastic particles, including benthic foraminifera, red algae, echinoderms, and mollusks. The matrix is rich in lime mudstone. Sample 3 E (Figure 3E) from at 4337 m, is also a packstone with abundant bioclasts, indicating deposition in a shallow, high-energy environment with strong wave action. Sample 3 D (Figure 3D) at 4329 m, consists of grainstone with highly fragmented bioclasts and numberous visible pores. Unit 2 is predominantly composed of bioclastic limestone, reflecting a high-energy depositional environment.

Unit 1 of the carbonates, between 4069.2 and 4321.60 m, is characterized by interbedded sheet-like effusive rocks and biogenic limestone. Sample 3 C (Figure 3C), located at 4104.5 m, is a grainstone with bioclasts including red algae, mollusks, and echinoderms. The thin sections reveal abundant moldic and intraparticle pores, though these are poorly interconnected. Sample 3 B (Figure 3B) at 4099.6 m, is a packstone with a high content of sparry cement, with bioclasts primarily consisting of red algae. Sample 3 A (Figure 3A) at 4088.5 m, is a rudstone with high sparry cement content, containing large benthic foraminifera, red algae, along with echinoderms and mollusks. Unit 1 is primarily composed of biogenic limestone, with coral fragments observed in drilling cuttings, interpreted as part of a reef-bank system deposit.




4.1.2 Volcanic rock

Igneous rocks observed in thin sections can be classified into three types of volcanic facies (Figure 4): effusive, intrusive, and extrusive rock. Effusive facies represents magma that has erupted from a volcano, forming volcanic flows. Intrusive facies are associated with shallow intrusions, such as dikes or stocks, which are formed by the cooling and solidification of magma within ascending channels. Extrusive facies indicates volcanic eruptions, where magma is expelled explosively to form pyroclastics and tuff layers. These tuff deposits generated by volcanic eruptions are interbedded with sandstones, reflecting a mixed sedimentary environment around the volcanic edifice.




Figure 4 | Description and interpretation of igneous rocks. (A) Basalt: associated with shallow volcanic pipes or extrusive facies; (B) Pillow basalt: formed at volcanic side vents, typically exhibiting a short overflow range and being distributed near the volcanic crater.; (C) Hyaloclastite: Formed by underwater volcanic eruptions, accumulate near the volcanic crater; (D) Diabase: shallow intrusive dyke or sill, condensed in the shallow stratum; (E) Basalt, effusive facies, exhibits a short overflow range and is located around the crater.; (F) Diabase:volcanic vent, shallow intrusive dyke or sill condenses in an ascending magma channel; (G, H) Tuff: mixed deposit consisting of pyroclastic tuff and sandstone debris. (I) Hyaloclastite: basaltic magma erupts underwater, forming pyroclastic mounds near the volcanic eruption.



In the early stage of Unit 4, core samples indicate that igneous rocks formed from underwater explosive eruptions. Sample 4 I (Figure 4I), located at 5166 m, consists of hyaloclastic rocks (Wright, 2001) that were formed during volcanic eruptions, and likely underwent significant alteration. These rocks accumulated near the volcanic crater and contributed to the development of a volcanic edifice. Tuffaceous sandstone and claystone (Figures 4G, H) exhibit mixed sedimentation from volcanic tuff and delta-front sands, indicating activ e volcanic activity during that period.

During the early stage of Unit 3, continued volcanic activity led to the formation of shallow intrusive and effusive rocks. Sample 4 F (Figure 4F) at 4753 m is primarily composed of plagioclase and pyroxene, with local Fe-calcite filling fractures, suggesting a shallow intrusive origin. These rocks are formed by the condensation of magma as it ascends through the strata. Sample 4 D (Figure 4D), located at 4594.5 m, exhibits a diabase texture, with plagioclase as the dominant mineral, followed by pyroxene. This sample, which lacks visible porosity, represents a shallow intrusive side vent or sill. The formation of volcanic edifices created topographic highs, providing a hardground structure that promoted the substantial development of carbonate deposits.

Effusive facies are extensively developed in Unit 1. Sample 4 C (Figure 4C), located at 4272.5 m, consists of hyaloclastic rocks, typical of products from underwater volcanic eruptions. These rocks likely accumulated near the volcanic crater. Sample 4 B (Figure 4B), located at 4228.5 m, shows a porphyritic structure with plagioclase phenocrysts, likely representing pillow basalt formed at volcanic side vents. Sample 4 A (Figure 4A), located at 4166.5 m, is interpreted as heavily altered basalt, with plagioclase as the dominant mineral, partially replaced by chert and microcrystalline quartz. Notably, Fe-dolomite (stained dark blue) fills fractures and pores.





4.2 Well-to-seismic calibration

Core samples from carbonates and volcanic rock facies were calibrated with well-log responses to analyze the vertical variations in lithological compositions (Figure 5). Notable changes in the gamma-ray (GR) response indicate sudden significant lithological transitions. By performing a comprehensive analysis of the GR, DTCO, and RHOB curves, as well as detailed drilling data and synthetic records, a well-to-seismic calibration was conducted. This process identified five key horizons (H1-H5) and three lithological boundaries (B1-B3) within the Zhujiang Formation.




Figure 5 | Well-to-Seismic Calibration: Five key horizons (H1-H5) and three lithological boundaries (B1-B3) were identified during the calibration. Four stratum units were identified and named Zhujiang units 1-4. From bottom to top, Unit 4 predominantly consists of calcareous and tuffaceous sandstones, showing a disordered GR curve; Unit 3 is composed of both igneous rocks and carbonates, with low GR values for both lithologies, and the corresponding GR curves exhibit a box-like shape; Unit 2 is characterized by bioclastic limestone interbedded with thin layers of claystone, displaying a series of single-peak shapes on the GR curve with high values; Unit 1 features alternating layers of igneous rocks and carbonates. The igneous rocks show a jagged profile with low GR values, while the carbonates present a box-like shape with the lowest GR values.



H1, calibrated at the trough, represents the interface between high-porosity limestone and the overlying dense lime-mudstone. B1 corresponds to the zero phase, marking the interface between biogenic limestone and igneous rock. H2 is calibrated at the zero crossing of the seismic wavelet, delineating the boundary between high- and medium-amplitude strata. H3 represents the interface between the carbonate platform and the bioclastic shoal, marking the boundary of the carbonates cycle. B2 signifies the interface between limestone and igneous rock, representing the top of the volcanic edifice. H4 marks the base of the volcanic edifice, which also represents the initiation of the complex buildup. B3 is the interface between calcareous sandstone and sandstone, while H5 corresponds to the boundary between sandstone and igneous rock. The seismic interpretation was calibrated using Well A, where synthetic traces closely matched the characteristics of the PSTM seismic profile, ensuring a reliable calibration with a reasonable time-depth relationship.




4.3 Seismic units

The depositional architecture of the Baiyun Sag central complex buildup is highly heterogeneous due to the multi-period volcanic activity that occurred during the development of the carbonate platform. To define the seismic unit framework of this buildup, this study utilized secondary three-dimensional PSDM data covering approximately 300 km². Based on well-to-seismic calibration, the seismic units of the complex buildup exhibit a three-segment reflection pattern (Figure 6A). Unit 3 displays weak amplitude and overall poor continuity seismic reflection pattern. Unit 2 presents medium amplitude and poor continuity, with a set of medium-strong trough and strong amplitude reflectors developed at the top. Unit 1 is characterized by strong amplitude and relatively high continuity. Carbonates are symmetrically developed around the platform, showing a lateral accretion pattern.




Figure 6 | Interpretation of Seismic Profile b-b’: (A) shows the original seismic section, and (B) shows the corresponding lithological interpretation. The calibration results indicate that the seismic reflection structure of the complex buildup exhibits a distinct three-segment pattern, characterized by “strong-moderate-weak” amplitude variations. Unit 3 shows weak amplitude and poor continuity in its seismic reflections. Unit 2 displays medium amplitude and weak continuity, with a set of relatively continuous trough reflections at the top. Unit 1 is characterized by strong amplitude reflections, with a relatively steep slope observed along the southwestern edge of the platform. Laterally, sheet-like sandstone deposits are observed around the buildup.



The central part of the platform features a flat-topped morphology in the seismic profile b-b’ (Figure 6A), while the flanks exhibit a lateral accretion pattern on both sides of the paleo-high, characteristics of a carbonate platform (Pomar et al., 2012). The southwestern margin of the platform displays a relatively steep slope, interpreted as a carbonate slope. Drilling results from the periphery indicate the development of sheet-like sand bodies around the buildup, as shown by the yellow dotted line on the southwestern side of the seismic profile in Figure 6B. Additionally, late-stage intrusive rocks on the northeastern side of the platform have pierced the buildup, altering the morphological configuration of the overlying strata.

In the seismic profile c-c’ shown in Figure 7A, a chaotic, dome-shaped seismic facies at the base of the buildup is interpreted as the magma chamber sourced from the deep mantle. This magma chamber serves as the material source for igneous rock activity above the buildup, with the magma being transported through volcanic conduits (Figure 7B). Lithological analysis from Well A indicates that a volcanic edifice developed in the lower part of Unit 3, creating a local paleogeographic high. Above this, the upper part of Unit 3 consists of thick limestone, characteristic of a carbonate platform. In Unit 2, bioclastic shoal deposits are found at the crests of the platform, while the lower part of the platform exhibits a gradual transition from biogenetic limestone to micrite limestone. During the deposition of reef-bank sediments in Unit 1, significant fault development occurred, which facilitated the transport of magma into the shallow (Magee et al., 2013). Magma from fissure eruptions formed isolated, sheet-like bodies that became intercalated with the biogenetic limestone. Unit 1 displays varying degrees of slope around the platform, interpreted as the carbonate platform margin. A large set of weak to absent reflections above the buildup suggests the deposition of mudstone in a semi-bathyal environment.




Figure 7 | Interpretation of seismic profiles c-c’. (A) shows the original seismic section, and (B) shows the corresponding lithological interpretation. The complex buildup is primarily divided into three units. In the lower part of Unit 3, the igneous edifice is located at the center, while the purple strata represent a complex lithology of tuffaceous sandstone formed during the same period. In the upper part of Unit 3, carbonates developed in relatively deeper water conditions. In Unit 2, bioclastic shoals are present at the crest of the buildup, while limestone is distributed in the lower part. The biogenic limestone in Unit 1 is depicted in light green. Faults serve as vents for the intrusion and eruption of igneous rocks into the shallow strata, with sheet-like igneous sills observable in the deep areas surrounding the faults.



In the seismic profile d-d’ shown in Figure 8A, the entire buildup exhibits a hypotenuse-triangle shape, with stratigraphic units displaying well-defined layering. The southeast side of the buildup features a steeper slope, while the northwest side presents a gentler slope. The main volcanic vent (Figure 8B) is situated in the central diapir zone of the Baiyun Sag, which is characterized by dense faulting that has penetrated the complex on the southeast side of the profile. The projection of Well A in Unit 1 is located in the middle-high geomorphic region of the buildup. It is observed that sheet-like magma has overflowed from the central diapir zone. Overlying these solidified magma units, a set of biogenic limestones has developed. In the context of continuous marine transgression, it can be reasonably inferred that the biogenic limestone migrated upwards, eventually covering the entire platform’s high points. The seismic fuzzy zone, characterized by a series of fault-related microcracks, suggests ongoing volcanic conduit activity in the later stages. This activity facilitated the transport of hydrothermal fluids and gases into the shallow strata.




Figure 8 | Interpretation of seismic profiles d-d’. (A) shows the original seismic section, and (B) shows the corresponding lithological interpretation. On the right side of the drilling well, the central dispair zone is influenced by shallow gas, resulting in relatively poor seismic imaging. The buildup shows a gentler slope on the northwest side (d) and a steeper slope on the southeast side (d’). The projection point of Well A is located in the middle-high geomorphic region of the platform. The seismic events intersecting Well A exhibit strong continuity and extend into the seismic fuzzy zone with reduced clarity.






4.4 Seismic facies

Carbonate and igneous buildups share similar seismic characteristics, making their differentiation a persistent challenge. This study leverages comprehensive lithological data and well-seismic calibration to provide valuable insights into distinguishing carbonates from igneous rocks based on seismic facies. Eight types of seismic facies (SF) are identified and classified according to reflection properties such as amplitude, continuity, internal configuration, and external geometry (Table 2). SF1 to SF4 correspond to igneous-related facies, which include volcanic edifices, solidified lava, volcanic conduits, and intrusive stocks. In contrast, SF5 to SF8 represent carbonate-related facies, such as reef-bank systems, reef-flat deposits, carbonate slopes, and carbonate platforms. Igneous seismic facies display greater vertical variability (Planke et al., 2005), reflecting the influence of magma supply from deeper sources. In comparison, carbonate seismic facies are characterized by more horizontal accumulation and migration, driven primarily by fluctuations in relative sea level.


Table 2 | Seismic facies with associated features identified from the complex buildup.



The volcanic edifice exhibits a convex geometry in seismic profiles (SF1 in Table 2). The crater at the top forms a circular seismic feature, with the main vent characterized by strong amplitude reflections at the center. The flanks display medium to weak amplitude reflections with subparallel structures, typically composed of lava or pyroclastic materials.

The solidified lava is characterized by isolated, elongated sheet-like geometries (SF2 in Table 2), typically extending 1-2 km. Lava units display high amplitude and continuous reflections (Hansen and Cartwright, 2006). SF2 is interpreted as lava flow units interbedded with biogenetic limestone. The development of overflow magma is closely related to fault activity, which provides pathways for magma transport from the deep magma chamber.

The volcanic conduit has a cylindrical external shape, with internal seismic facies exhibiting low amplitude, discontinuous, and chaotic reflections (SF3 in Table 2). The largest volcanic conduit is located in the southwestern part of the buildup and serves as the primary source of the volcanic edifice. This conduit is characterized by dense faults and microcracks, which act as the main pathways for magma transport from deep to shallow areas.

The intrusive stock is associated with low amplitude, semi-continuous, and chaotic reflections (SF4 in Table 2). These stocks typically show weak amplitude and chaotic reflections due to poor stratification. Localized stocks have penetrated the buildup, significantly altering the morphology of the overlying strata. These intrusions are often associated with faults (Hansen and Cartwright, 2006), linking to deeper strata, where sills develop along the fault zones.

The reef-bank deposits exhibit a typical mound-like geometry (SF5 in Table 2), with greater thickness at the center and tapering towards the sides, indicating sedimentation from reef-bank deposits. Internally, SF5 is characterized by low amplitude, semi-continuous, and partly discontinuous reflections. Thin samples from Well A confirm the presence of biogenetic limestone associated with reef-bank deposits, with coral fragments observed in the drill cuttings.

The reef-flat clinoform has a wedge-shaped geometry with lateral accretion patterns (SF6 in Table 2). These are characterized by high amplitude, moderately to highly continuous reflections, interpreted as reef-flat deposits. SF6 and SF7 developed symmetrically on the high landform, with SF6 exhibiting a relatively gentle slope.

The carbonate slope exhibits a typical platform margin geometry, with laterally aggradational reflection configurations (SF7 in Table 2). It is characterized by high amplitude and continuous reflections, resembling distally steepened ramps (Pomar et al., 2012). The profile of SF7 presents a relatively steep slope at the carbonate platform edge.

The carbonate platform shows parallel to subparallel seismic reflections, with low amplitude and semi-continuous characteristics (SF8 in Table 2). The seismic reflection patterns of the carbonate platform align with low-angle homoclinal ramp types (Pomar et al., 2012). Drill cuttings from Well A indicate that the carbonate platform is partly composed of mixed sediments, primarily tuffaceous limestone and micrite limestone.





5 Discussion



5.1 Evolution of the complex buildup

The Pearl River Mouth Basin is a large detachment basin, with the Baiyun Sag situated in the necking zone of crustal thinning (Ren et al., 2015; Pang et al., 2018). During the Oligocene to Miocene periods, significant igneous activity occurred in the region (Yan et al., 2006). The formation of the central diapir in the Baiyun Sag is linked to the intrusion of magma from the deep mantle into shallower strata, altering the regional topography and creating a gently domed surface morphology (Montanari et al., 2017). Volcanic eruptions initiated the formation of igneous edifices, marking the beginning of the buildup’s development.

The formation of the complex buildup can be divided into three primary stages: (I) Volcanic eruptions and carbonates development, (II) overflowing magma and reef shoal deposits, and (III) reef-bank deposition accompanied by igneous intrusion. These stages can further be broken down into six key periods: (a) volcanic mound formation; (b) carbonate platform development; (c) intermittent volcanic eruptions; (d) wave-dominated bioclastic shoal; (e) shallow igneous intrusions; (f) reef-bank development. Ultimately, as relative sea levels rose, platform development ceased, and the buildup was subsequently covered by thick hemipelagic sediments.



5.1.1 Volcanic eruptions and carbonates development

The first period is marked by volcanic eruptions (Figure 9A), which occurred underwater, leading to the accumulation of pyroclastic deposits near the crater. These deposits formed a volcanic mound, with alternating layers of lava and ash on the mound’s flanks. Surrounding sediments consisted of a mix of tuffaceous and calcareous sandstones. The eruption created a local paleogeographic high, and lava overflow, along with shallow igneous intrusions, developed at the top of the buildup, providing a solid substrate conducive to carbonate growth. In the second stage, the carbonate platform began to develop (Figure 9B). This process is similar to the formation of carbonate platforms in the South China Sea, both evolving in volcanic settings (Wu et al., 2021; Liu et al., 2022; Zhang et al., 2024). During this period, thick layers of micrite limestone with low biological content accumulated on the platform. The higher portions of the buildup were no longer influenced by clastic sandstone, providing favorable conditions for carbonate. By the end of this stage, tuffaceous particles began appearing in the limestone, signaling continued volcanic activity in the region.




Figure 9 | The evolutionary model diagram of the complex buildup illustrates the platform’s evolution through six distinct periods. (A) Volcanic mound formation: This stage is characterized by underwater explosive eruptions, leading to the formation of the volcanic mound.; (B) The volcanic mound provided a paleogeographic high, facilitating the development of carbonates in a shallow marine environment; (C) Intermittent volcanic eruptions stage. Continuous volcanic activity during this stage led to the formation of sheet-like lava during the overflow phase, with large amounts of tuff mixed into the limestone; (D) Wave-dominated bioclastic shoal. Reef flat facies sediments developed, with the limestone containing abundant biological debris, indicating a shallow water environment on the platform; (E) Shallow igneous intrusion. Fissure vents formed multiple layers of overflow-facies lava sheets on the platform; (F) Development of reef-bank. As relative sea level rises, the reef bank system migrates to the paleo-high position and the platform development ceased. Late-stage intrusive rock development occurred during this phase.






5.1.2 Overflowing magma and reef shoal deposits

During the third period, both igneous rocks and carbonates developed on the platform (Figure 9C). In the early phase, volcanic activity was intense, leading to overflow magma formation around the crater. Away from the volcanic influence, extensive carbonate strata interspersed with tuffaceous layers were deposited. In the later phase, bioclastic micrite limestone, formed in the central part of the platform, reflecting a restricted environment with weak hydrodynamic conditions. Small reefs began to form along the platform edge. As igneous activity waned and relative sea levels rose, the platform transitioned to a carbonate-dominated stage. The fourth period occurred in a shallow-water environment with strong hydrodynamic conditions (Figure 9D). Bioclastic limestone was deposited, with thin layers of claystone and mudstone interspersed. The limestone had relatively low cement content, and the extensive fragmentation of foraminifera, red algae, and mollusk indicated significant wave action. The carbonate strata developed in this shallow environment were vulnerable to exposure and dissolution during sea-level fluctuations. Notably, during this period, igneous activity on the platform diminished, and the lithology was primarily limestone and claystone, leading to weak seismic reflection amplitudes.




5.1.3 Reef-bank deposition accompanied by igneous intrusion

The fifth period saw the platform evolve into an isolated carbonate platform, conducive to the formation of reefal limestone (Figure 9E). These shallow-water, tropical carbonate platforms were dominated by corals, benthic foraminifera, algae, and mollusks (Jorry et al., 2016; Prat et al., 2016). The biogenetic limestone in this phase had a high cement content. Simultaneously, shallow igneous intrusions occurred through secondary vents, while effusive lava flowed through fissures. Faults became the main pathways for shallow magma intrusion, resulting in numerous side vents within the buildup. Lava flows spread across the surface, solidifying into hardground surfaces, and providing stable substrates for reef development.

The sixth period marked the demise of the carbonate platform (Figure 9F). As relative sea levels rose, the reef-bank system gradually migrated towards the higher regions of the buildup, reducing the size of the carbonate platform. A relatively thin sequence of dense limestone developed at the platform’s top (Henglai et al., 2024). As the buildup subsided into deeper waters, platform development ceased, and the area was covered by semi-pelagic mudstone. Sand bodies associated with contour currents were observed around the buildup. As the buildup sank further into the deep sea, it became increasingly covered during or after this period, significantly altering the morphology of the overlying strata.





5.2 Discriminating volcanic rocks from carbonates

From a geological time scale, the development of carbonate platforms is gradual, whereas igneous activity is more instantaneous (Tang et al., 2015). Surface volcanic rock and underground intrusive bodies are interconnected (Burchardt, 2018), suggesting that identifying volcanic rocks requires examining the volcanic and igneous plumbing system. These structures often include magma vents that link deep magma chambers (typical of Figure 6B, 7B), with eruptions at the surface or intrusions into shallow strata. Identifying volcanic vents and fault systems helps to map the distribution of igneous rocks within complex buildups.

In the study area, volcanic mounds show various seismic facies, such as volcanic vents, tuff cones, and forest units, with pyroclastic deposits, mound-top shoals, and basinal hemipelagics typically found near the volcanic edifice (Ma et al., 2018a). These characteristics are critical for identifying igneous facies in this study. Seismic facies associated with igneous rocks (SF1 - SF4), reflect their connection to volcanic conduits or fault systems, demonstrating a strong vertical communication with deep magma chambers.

In contrast, carbonate platforms are primarily influenced by tectonic activity and eustatic sea-level fluctuations, typically exhibiting subparallel sequence units (Fournier et al., 2005; Wu et al., 2014; Shahzad et al., 2018; Henglai et al., 2024). Seismic facies of carbonate platforms display a variety of geomorphic features, such as low-angle homo-clinal morphologies, distal steepening slopes, flat-topped platforms, and reef-edge shelves (Bosence, 2005). These features correspond to carbonate-related seismic facies SF5–SF8. Furthermore, the top of carbonate platforms often display a sub-flat or flat-topped morphology, with aggradation along the platform flanks and backstepping along the margins (Liu et al., 2023). These distinctive characteristics are clearly illustrated in Figure 6, providing a valuable guide for identifying carbonate formations.




5.3 Implications for oil and gas exploration

Igneous rocks as seen in samples from Well A, lack pore structures and do not exhibit the typical characteristics of oil and gas reservoirs within complex buildups (Table 1). The igneous rocks in shallow intrusive or effusive facies are dense and have negligible porosity (Figures 4B, D–F). While the eruptive rocks may contain original pores, these pores are fully cemented by Fe-dolomite (Figures 4A, C, I). Though igneous rocks themselves cannot serve as reservoirs, magma supply systems may function as pathways for oil and gas migration (Svensen et al., 2004). Additionally, volcanic conduit, characterized by dense fractures and ongoing activity over multiple geological periods, could potentially act as oil and gas reservoirs. However, the reservoir properties of volcanic conduits have not been confirmed by Well A, leaving uncertainty about their porosity and permeability conditions.

Carbonate lithofacies exhibit considerable variabilities in porosity and permeability (Li et al., 2018). Understanding the relationship between depositional architectures and lithofacies heterogeneities on carbonate platforms enhances the interpretation of paleoenvironmental evolution and aids in predicting reservoir properties (Leonide et al., 2012; Chen et al., 2018, 2024). Carbonate successions exhibit distinct depositional profiles and facies-belt distributions, which can be effectively predicted using comparative sedimentology and seismic facies analysis (Pomar and Kendall, 2008). Coral framestone generally demonstrates the highest reservoir quality, followed by bioclastic packstone/wackestone, while micrite limestone and interbedded shale-limestone have poor reservoir quality (Makhankova et al., 2020; Henglai et al., 2024). This pattern is consistent with the rock samples from Well A, where Unit 1 shows reservoir properties compared to Unit 2, which in turn is better than Unit 3.





6 Conclusion

1. The complex buildup in the Baiyun Sag comprises both igneous rocks and carbonates. Its evolution can be divided into three main stages: a) volcanic eruptions and carbonates development; b) overflowing magma and reef shoal deposits, and c) reef-bank deposition accompanied by igneous intrusion.This evolutionary process reflects the transition of carbonate platforms from deep-water to shallow-water environments, alongside the progression of igneous activity from extrusive to intrusive facies.

2. Seismic facies associated with igneous rocks can be categorized into eruptive, effusive, and intrusive facies. Eruptive and intrusive facies are characterized by low-amplitude, discontinuous, and chaotic reflections, while effusive facies are distinguished by high-amplitude, continuous reflections. Seismic facies of reefal carbonates typically exhibit high-amplitude, continuous reflections at the outer contours, with weak reflection and low continuity in the interior, while carbonate platforms feature as low-amplitude and low continuity.

3. To identify complex buildups, igneous rocks can be distinguished by fault and volcanic conduits, whereas carbonates display more pronounced stratification away from igneous activity. Carbonates typically present a symmetrical structure on both sides of the highland, with gentle slopes in the reef flat clinoform and steeper slopes along the platform margin. In contrast, volcanic mounds exhibit concave, gentle slopes.

4. Volcanic activity influences landform development, creating paleogeographic highs that provide favorable conditions for carbonate growth. As relative sea levels rise, reef-bank systems progressively migrate toward these elevated areas of the platform. Frequent fluctuations in relative sea level make the biogenic limestone in these paleogeographic highs susceptible to weathering and dissolution, processes that contribute to the formation of effective oil and gas reservoirs.
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