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This study presented recently reprocessed multi-channel seismic data and multi-beam bathymetric map to reveal the geomorphology and stratigraphic architecture of the Yongle isolated carbonate platform in the Xisha Archipelago, northwestern South China Sea. Our results show that the upper slope angles of Yongle carbonate platform exceed 10° and even reach to ∼32.5° whereas the lower slope angles vary from .5° to 5.3°. The variations of slope angles show that margins of Yongle Atoll belong to escarpment (bypass) margins to erosional (escarpment) margins. The interior of carbonate platform is characterized by sub-parallel to parallel, semi-continuous to continuous reflectors with medium-to high-amplitude and low-to medium-frequency. The platform shows a sub-flat to flat-topped shape in its geometry with aggradation and backstepping occurring on the platform margins. According to our seismic-well correlation, the isolated carbonate platform started forming in Early Miocene, grew during Early to Middle Miocene, and subsequently underwent drowning in Late Miocene, Pliocene and Quaternary. Large-scale submarine mass transport deposits are observed in the southeastern and southern slopes of Yongle Atoll to reshape the slopes since Late Miocene. The magmatism and hydrothermal fluid flow pipes around the Yongle Atoll have been active during 10.5–2.6 Ma. Their activity might intensify dolomitization of the Xisha isolated carbonate platforms during Late Miocene to Pliocene. Our results further suggest that the Yongle carbonate platform is situated upon a pre-existing fault-bounded block with a flat pre-Cenozoic basement rather than a large scale volcano as previously known and the depth of the basement likely reached to 1400 m, which is deeper than the well CK-2 suggested.
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1 INTRODUCTION
Many carbonate platforms are formed in tropical and subtropical areas (Betzler and Eberli, 2019; Huang et al., 2020). The significant compositional and architectural changes in major Cenozoic carbonate banks, such as the Great Bahamas Bank, Queensland Plateau, and Maldives, recorded synchronous sea-level fluctuations and oceanographic/atmospheric circulation events (Betzler and Eberli, 2019). Tropical shallow-water carbonate platforms have been well-developed in the conjugated continental margins of the South China Sea (SCS) and adjacent regions (Epting, 1987; Erlich et al., 1990; Wilson, 2002; Wu et al., 2009; Ma et al., 2011; Fyhn et al., 2013; Huang et al., 2020; Wu et al., 2021; 2022; Liu et al., 2022). Their architecture and evolution have been extensively studied via seismic and outcrop data (e.g., Fulthorpe and Schlanger, 1989; Moldovanyi et al., 1995; Mayall et al., 1997; Wilson, 2002; Zampetti et al., 2004; Fyhn et al., 2013; Wu et al., 2014; Shao et al., 2017a; 2017b; Fan et al., 2020; Huang et al., 2020; Wu et al., 2021; 2022; Liu et al., 2022). These carbonate platforms initiated from Late Oligocene on the positive reliefs formed by faults or volcanoes, flourished during Early to Middle Miocene, and gradually drowned from Middle to Late Miocene to present due to tectonic subsidence and relative sea-level changes (Zampetti et al., 2004; Fyhn et al., 2009; 2013; Wu et al., 2014; Fan et al., 2020; Huang et al., 2020; Wu et al., 2021; 2022; Liu et al., 2022).
The carbonate platforms located in the northwestern SCS have been studied using modern reef examples, drilled cores on islands, and multi-channel seismic data across the Xisha uplift (e.g., Liu et al., 1997; Ma et al., 2011; Wu et al., 2014; 2020; Yang et al., 2015; Shao et al., 2017a; Shao et al., 2017b; Shen et al., 2018; Wang R. et al., 2018; Jiang et al., 2019; Fan et al., 2020; Wu et al., 2021; 2022; Figure 1A). The isolated carbonate platforms of Xisha Archipelago serve as an ideal archive to unravel depositional processes of carbonate platforms in the SCS and predict ancient carbonate provinces in tropical area (Wu et al., 2020; 2022). Yongle Atoll is located at the middle of the Xisha Archipelago and is surrounded by other atolls (Figure 1A). Geologic understanding of this atoll has benefitted from the drilling of several wells and geophysical exploration (Zhao, 2010; Wang R. et al., 2018; Jiang et al., 2019; Fan et al., 2020; Zhang et al., 2020; Wu et al., 2022). Previous studies did not present clear basement reflection characteristics about the atoll or other atolls like Xuande Atoll in the Xisha Islands (Ma et al., 2011; Wu et al., 2020; 2022) or assumed that it is situated upon a large scale volcano (Wang R. et al., 2018; Zhang et al., 2020). However, the seismic architectures especially the margins and basement of the isolated carbonate platform have not distinctly been described due to the poor seismic images from standard processing techniques.
[image: Figure 1]FIGURE 1 | (A) Bathymetric map showing Xisha Archipelago with atolls and reefs. Red filled circles represent well locations. The yellow rectangle shows location of study area. Lower left inset indicates the South China Sea (SCS) and black rectangle shows location of Xisha Archipelago region. (B) Multi-beam bathymetric map of Yongle Atoll and surrounding regions. Shallow-water area, not covered by multi-beam data, was filled by global bathymetric data of GEBCO_2020 Grid. Black lines show locations of seismic profiles used in this study. (C) Geomorphologies of northwestern slope and (D) southeastern and northeastern slopes of Yongle Atoll. D: Depth; E: East; S: South; W: West.
The development of the Xisha carbonate platforms have been controlled by a combination of multiple factors, including tectonic events, sea-level fluctuations, climatic conditions, terrigenous sediment supply, and volcanism (Ma et al., 2011; Fyhn et al., 2013; Wu et al., 2014; Wang R. et al., 2018; Wang H. et al., 2018; Fan et al., 2020; Wu et al., 2021; 2022). Except for these global and regional events, some local factors also can influence the formation of carbonate platforms. For example, gravity flows were considered as one of the key factors in shaping platform and slope architecture (Playton et al., 2010; Betzler and Eberli, 2019). Increased shelf-to-basin relief and potential slope instability during aggradation of carbonate platform would cause severe large-scale collapse events around the platform margins (Playton et al., 2010). Furthermore, dolomitization of the carbonates influenced by magmatism and related hydrothermal fluid flows has been proposed in many different regions, such as Latemar platform of northern Italy, Trabzon of northeastern Turkey, and Sichuan Basin of southwestern China (Jacquemyn et al., 2014; Kırmacı et al., 2018; Dong Y et al., 2020).
Therefore, this study focused on the geomorphology and internal architecture of the Yongle isolated carbonate platform combined with multi-beam bathymetric data and 2D multi-channel seismic data collected in 2017 and reprocessed recently. The underlying motivation of this study is threefold: 1) to illustrate the evolution of the Yongle isolated carbonate platform, 2) to discuss the influences of local events such as mass transport deposits (Hereafter MTDs) and hydrothermal fluid flows on the Yongle isolated carbonate platform, and 3) to explore the actual basement depth in this isolated carbonate platform.
2 GEOLOGICAL SETTING
The Xisha uplift is located at the intersection of the northern passive continental margin and western strike-slipping continental margin of the SCS (Gao et al., 2019a). It is bounded by the Qiongdongnan Basin on the north, the Ailao Shan Red River Shear zone–East Vietnam Boundary Fault and Guangle uplift on the west, the Zhongjiannan Basin and Southwest sub-sea basin on the south, and the Zhongsha Atoll and Northwest sub-sea basin on the east. It has experienced intense block faulting events during the rifting of the SCS region (from latest Cretaceous to Oligocene) (Holloway, 1982; Taylor and Hayes, 1983; Ru and Pigott, 1986), and subsequent seafloor spreading (ca. 33 Ma to 15 Ma; Taylor and Hayes, 1983; Briais et al., 1993; Shi et al., 2000; Li et al., 2014; Li et al., 2015; Lester et al., 2014; Gao et al., 2015; Gao et al., 2016; Fan et al., 2017). It also underwent strike-slip movement caused by the Ailao Shan Red River Shear zone–East Vietnam Boundary Fault after Late Oligocene and was gradually separated into many horsts and grabens bounded by small offset faults (Fyhn et al., 2009; Lei et al., 2011; Savva et al., 2013; Wu et al., 2014; Gao et al., 2019a). Seismic refraction data have shown that the crustal thickness of the Xisha uplift varied from 26 to 28 km in the center to 8–12 km at the uplift edges (Pichot et al., 2014; Guo et al., 2016; Huang et al., 2019; Gao et al., 2022).
The Xisha Archipelago is situated on the Xisha uplift and consists of several atolls and reefs, such as the Yongle Atoll, Xuande Atoll, Xuande East Atoll, Beijiao Reef, Huaguang Reef, Yuzhuo Reef, Langhua Reef, and Panshi Islet (Figure 1A). Scientific wells, such as XK-1, XY-1, and CK-2, were drilled on the reef islands of Xisha Archipelago, namely Yongxing, Shi, and Chenhang Islands, respectively (Figures 1A, B). These wells have revealed that thick Cenozoic carbonate succession (∼878–1250 m) developed in the Xisha Archipelago, where the basement was composed of Precambrian metamorphic, Paleozoic igneous, or basaltic pyroclastic rocks (Zhao, 2010; Shao et al., 2017b; Wang R. et al., 2018; Zhang et al., 2020). Benefit of the multi-channel seismic reflection lines deployed by commercial hydrocarbon exploration in the Xisha uplift, previous studies had divided the evolution of Xisha carbonate platforms into four stages, namely Early Miocene initial establishment, Early to Middle Miocene development and exposure, Late Miocene to Pliocene drowning, and Quaternary large atoll/isolated carbonate platforms development (Ma et al., 2011; Wu et al., 2014; Wu et al., 2022).
Magmatic activity, such as volcanoes and intrusions, occurred in the Xisha uplift during the Cenozoic (Sun et al., 2011; Gao et al., 2016; Zhang et al., 2016; Gao et al., 2019a; Zhao et al., 2021; Gao et al., 2022). Cenozoic magmatism in the northwestern SCS could be divided into three stages with the evolution of the SCS: Paleocene to Early Oligocene (rifting), Late Oligocene to Early Miocene (seafloor spreading), and Middle Miocene to Quaternary (post-seafloor spreading) (Yan et al., 2006; Gao et al., 2016; 2019a; Zhang et al., 2016). Post-seafloor spreading magmatism was considered the most notable feature along the continental margins and sub-basins of the SCS (Lüdmann and Wong, 1999; Yan et al., 2006; Zhu et al., 2012; Lester et al., 2014; Li et al., 2014; Zhang et al., 2016; Fan et al., 2017; Song et al., 2017; Gao et al., 2019b; Zhao et al., 2021; Gao et al., 2022).
3 DATA AND METHODS
Multi-beam bathymetric data used in this study were acquired in 2008 (Figure 1B). These data covered a region of 20000 km2 and water depths of 300–1500 m. The cell size of the raster grids had a ∼100 m resolution, and the vertical resolution of the water depth (1–3.3 m) was 3‰ (Sun et al., 2011; Sun et al., 2013; Gao et al., 2019a). Data for the interior of the Yongle Atoll were missing (Figure 1B). A global bathymetric map with a spatial resolution of 15 arc seconds was downloaded from The General Bathymetric Chart of the Oceans (GEBCO, https://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_2020/) to supplement the multi-beam data (Figure 1B).
The multi-channel reflection seismic data used in this study were acquired from the Marine Geological Survey Institute of Hainan Province in 2017 with 128 channels (69.7–466.6 m offset). The seismic source was a GI gun with a total volume of 520 in3 towed at a depth of 3 m (Wu et al., 2022). The channel interval was 3.125 m, and the shot interval was 12.5 m. The data were sampled at 1 ms and recorded up to 3.0 s (two-way travel time, hereafter TWTT). The dominant frequencies were around 70–110 Hz from deep to shallow. According to the seismic interval velocity, the shallow and deep p-wave velocities were ∼2268 and ∼3025 m/s, respectively (Figure 2). Hence, the theoretically vertical resolution had an approximate range of 5–10 m. The seismic lines crossed the complex topography of the Yongle Atoll, where the water depth ranged from tens of meters to more than 1000 m (Figure 1B), resulting in strong ocean-bottom and diffracted multiples. In addition to standard processing techniques, such as trace editing, band-pass filtering, anomalous amplitude attenuation, trace equalization, random noise attenuation, gain control, and pre-stack time migration, we used various other techniques, namely deterministic water-layer de-multiples, surface-related multiple elimination, high-precision Radon transform, and the post-Radon isolated multiples algorithm, to remove or suppress these multiples. A set of seismic profiles with higher resolution than those of Wu et al. (2022) are acquired in this study. All the seismic data were interpreted with GeoEast 3.0.
[image: Figure 2]FIGURE 2 | Stratigraphic column of well CK-2 (modified from Zhang et al., 2020; Fan et al., 2020), seismic profile Line 1, and seismic interval velocity. Interpreted reflectors of sequences boundaries (T) are shown on seismic image.
Due to lack of exploration drilling boreholes in the Xisha uplift, the age of the seismic stratigraphic sequences was constrained using oil/gas wells from the Qiongdongnan Basin (Ma et al., 2011; Wu et al., 2014). The seismic-well correlation suggest that the Cenozoic strata of the Qiongdongnan Basin could be divided into two major sequences, namely syn- and post-rift sequences, which were separated by the regional unconformity reflector T60 (Wu et al., 2009; Yuan et al., 2009; Sun et al., 2011; Wu et al., 2014; Gao et al., 2016; Gao et al., 2019a; Gao et al., 2022). The syn-rift sequence was locally deposited in the Xisha uplift, whereas the post-rift sequence was well-developed, and four primary regional seismic reflectors (T20, T30, T40, and T50) were identified (Ma et al., 2011; Wu et al., 2014; Gao et al., 2019a). The post-rift sedimentary section of Xisha uplift are divided into five seismic sequences, which are assigned with ages of the Lower Miocene, Middle Miocene, Upper Miocene, Pliocene, and Quaternary according to the wells XY-1, XK-1, and CK-2 in the Xuande and Yongle atolls (Zhao, 2010; Ma et al., 2011; Wu et al., 2014; Shao et al., 2017b; Wang R. et al., 2018; Zhang et al., 2020).
Well CK-2 was drilled in 878.21 m thick carbonate rock before reaching the volcanic basement on Chenhang Island in the Yongle Atoll (Fan et al., 2020; Zhang et al., 2020; Figure 2). Six scientific wells have been drilled in the reef islands of the Xisha Archipelago, but none of their acoustic logging data have been published (Ma et al., 2011; Wu et al., 2014; Wang R. et al., 2018; Fan et al., 2020). International Ocean Discovery Program Expedition 359 revealed that the velocity measured in half of the cores and discrete samples of the Maldives carbonate platform correlated well with the seismic interval velocity (Betzler et al., 2017). Therefore, we use the seismic interval velocity of the seismic profile line 1 (extending in a northwest–southeast direction across the entire Yongle Atoll; Figure 1B) close to well CK-2 and the stratigraphic column of well CK-2 to establish the seismic sequence boundaries in the carbonate platform interior of the Yongle Atoll and six key horizons (Seafloor, T20, T30, T40, T50, and Tg) are interpreted (Figure 2). The seismic horizons on slopes of the Yongle Atoll are interpreted from previous studies (Zhao, 2010; Ma et al., 2011; Wu et al., 2014; Gao et al., 2019a).
4 RESULTS
4.1 Morphology
Yongle Atoll shows an elliptical shape lying in the middle of Xisha Archipelago (Figure 1A). Its major axis trends NE-SW with a tail oriented to E-W direction (Figure 1B). Multi-beam bathymetric data present complex slope morphologies of the Yongle Atoll. The northwestern slope is dominated by channels or gullies whereas the southeastern and northeastern slopes are characterized by potential submarine volcanoes or drowned reefs (Figures 1B–D).
Seismic profiles show a sub-flat to flat seafloor in the lagoon with a water depth of ∼42.3–54.9 m and shallower platform margins with water depth from ∼31 to 42.4 m (assuming an average seawater velocity of 1500 m/s; Figures 3–5). Seismic profile line 1 (“Line 1” hereafter) displays that the northwestern slope of Yongle Atoll changes from low angles with an extent of ∼2.2°–4.2° at lower slope to high angles with a dominant value of ∼29.6° at upper slope (Figure 3). In its southeastern slope, the upper slope has an average angle with a value of ∼27.8° whereas the lower slope was eroded by a channel and becomes very flat with an angle of ∼1.0° (Figure 3). Similarly, seismic profile line 2 (“Line 2” hereafter) shows that the northwestern platform slope varies from ∼.4° to 5.7° with a dominant angle of 3.1° at lower slope to ∼16.4° at upper slope (Figure 4). The angle of southeastern slope changes from 27.6° to 32.5° at upper slope to ∼3.7° at lower slope and keeps a flat terrain to the southwest (Figure 4). Seismic profile line 3 (“Line 3” hereafter) presents a much relief topography in the southern slope of Yongle Atoll. The lower slope angle is less than .5° extending 7.3 km and reaches to 5.3° to the northeast. Towards the lagoon, the upper slope angle varies from 28° to 3.6° and re-increases to 14.1° (Figure 5). The observation of Line 3 showed a platform margin with varied slope angles rather than a ridged-like high imaged by multi-beam bathymetric data (Figures 1B, 5). Generally, the upper slopes of the Yongle Atoll exceed 10° and even reach to ∼32.5° whereas the angles of lower slopes are less than 5.3°.
[image: Figure 3]FIGURE 3 | Line 1 multi-channel seismic reflection profile (A) and its interpretation (B). See Figure 1 for location. Red lines represent normal faults. Green lines represent pinnacle reefs. Carmine areas mark the fluid flows pipes and arrows show their migrated directions. Black arrows mark the location of reflector Tg'. T20, T30, T40, T50, Tg, Tg': seismic reflectors. TWTT: two-way travel time.
[image: Figure 4]FIGURE 4 | Line 2 multi-channel seismic reflection profile (A) and its interpretation (B). See Figure 1 for location. Red lines represent normal faults. Carmine areas mark the fluid flows pipes and arrows show their migrated directions. Translucent grass green area marks the MTDs. Black arrows mark the location of reflector Tg'. T20, T30, T40, T50, Tg, Tg': seismic reflectors. TWTT: two-way travel time.
[image: Figure 5]FIGURE 5 | Line 3 multi-channel seismic reflection profile (A) and its interpretation (B). See Figure 1 for location. Red line represents normal fault. Carmine area represents the configuration of a magmatic intrusion. Translucent grass green area marks the MTDs. Black arrows mark the location of reflector Tg'. T20, T30, T40, T50, Tg, Tg': seismic reflectors. TWTT: two-way travel time.
4.2 Seismic stratigraphy
The seismic stratigraphic analysis was based on the seismic reflection patterns, referred to as seismic facies (SF, Table 1), including reflector termination, geometrical relationship, reflection shape, continuity, and amplitude (Huang et al., 2020). Ten seismic facies are recognized from the Yongle Atoll (Figures 3–5; Table 1).
TABLE 1 | Description and interpretation of seismic facies (SF) in multi-channel seismic profiles.
[image: Table 1]4.2.1 Carbonate platform interior (SF1)
Quaternary sequence is bounded by reflector T20 and the seafloor. It is characterized by sub-parallel to parallel, continuous to very continuous, medium-to high-amplitude, and low-to medium-frequency seismic reflections in the interior of carbonate platform. Its thickness is up to .22–.28 s (TWTT; Figures 2–5). Similarly, Pliocene sequence is characterized by sub-parallel to parallel, continuous to very continuous, medium-amplitude, and low-to medium-frequency seismic reflections between reflectors T30 and T20 in the interior of carbonate platform on the seismic profiles (Figures 2–5). The thickness of this sequence is .09–.1 s (TWTT). Upper Miocene sequence bounded by reflectors T30 and T40 was characterized by sub-parallel to parallel, continuous, medium-amplitude, and low-to medium-frequency seismic reflections (Figures 2–5). Its thickness is .11–.14 s (TWTT) in the interior of carbonate platform.
Middle Miocene sequence is bounded by reflectors T50 and T40 and characterized by sub-parallel to parallel, semi-continuous to continuous, low-to medium-amplitude, and low-to medium-frequency seismic reflections (Figures 2–5). The thickness is .05–.07 s (TWTT) in the interior of the carbonate platform. Lower Miocene sequence bounded by reflectors Tg and T50 shares similar characteristics with Middle Miocene sequence (Figures 2–5). Its thickness is about .15–.18 s (TWTT) and much thicker than that of Middle Miocene sequence.
Reflector Tg was observed at ∼.7 s (TWTT) on Line 1 marked by well CK-2 and other two seismic profiles (Figure 2; Figure 3; Figure 5). However, below it, a set of seismic reflections (Here, the reflector at their bottom was named reflector Tg’) characterized by sub-parallel to parallel, semi-continuous to continuous, medium-to high-amplitude, and low-to medium-frequency were observed at ∼1.0 s (TWTT) in the carbonate platform on seismic profiles (Figures 2–5). Between reflectors Tg and Tg’, the strata are characterized by sub-parallel to parallel, semi-continuous to continuous, low-to medium-amplitude, and low-to medium-frequency seismic reflections, which are similar to those of Lower to Middle Miocene sequences on the carbonate platform. The thickness between these two reflectors is averagely .25 s (TWTT) with a maximum value of ∼.36 s (TWTT). A normal fault cut off reflector Tg' and deformed the strata between reflectors Tg' and T20 on Line 2 (Figure 4). The pre-Cenozoic basement is characterized by dominantly chaotic reflections with some discontinuous sub-parallel to parallel seismic reflections beneath reflector Tg' and is bounded by normal faults (Figures 3–5).
In addition, spiked or conical seismic reflections with strong amplitude were observed on the seafloor, interpretable as pinnacle reefs (SF2; Table 1; Figure 3). Internally, the pinnacle reefs are characterized by relatively low-amplitude and discontinuous to chaotic seismic reflections that were partly attenuated (Figure 3). Two pinnacle reefs are observed in the lagoon of the carbonate platform on Line 1 (Figure 3). The larger one is .16 s (TWTT; about 178 m) high and its bottom width is 361 m whereas the smaller one is .13 s (TWTT; about 129 m) high and 344 m wide. They are situated above reflector T20, suggesting that these two pinnacle reefs in the lagoon developed in the Quaternary.
4.2.2 Platform margins
As an important element of the carbonate platforms, platform margins were frequently characterized by strong top-bounding reflections. The current steep margins are imaged on Line 1 and Line 2. Some of them are characterized by oblique-tangential, moderately continuous, and medium-to low-amplitude seismic reflections (SF3; Table 1; Figures 3, 4). The others show sigmoid seismic reflections with a down-lap surface and medium-to low-amplitude (SF4; Table 1; Figure 3). A stepwise margin characterized by continuous backstepping reflections and medium-to low-amplitude is observed on Line 3 (SF5; Table 1; Figure 5).
Internally, the reflectors on the platform margins are slightly higher than those of platform interior (Figures 3, 4). Lower to Middle Miocene sequences show semi-continuous, low-to medium-amplitude, and sigmoid seismic reflections on the platform margins (Figures 3, 4). Upper Miocene sequence downlapps onto reflector T40 on the platform margins and also shows semi-continuous to continuous, low-to medium-amplitude seismic reflections (Figures 3–5). It continues to show sigmoid seismic reflections on the southeastern margin along Line 1 and northwestern margin along Line 2, however, it presents oblique-tangential clinoforms on the northwestern margin along Line 1, southeastern margin along Line 2, and southwestern margin along Line 3 (Figures 3–5). Pliocene sequence on the platform margins shows moderately continuous, medium-amplitude seismic reflections downlapping onto reflector T30 (Figures 3–5). Quaternary sequence on the platform margins shows continuous to very continuous, medium-amplitude seismic reflections and downlapps onto reflector T20 (Figures 3–5). Both of them share similar reflection characteristics with Upper Miocene sequence.
In the lower slopes of platform, the Cenozoic sedimentary successions are generally characterized by continuous, medium-amplitude, and low-to medium-frequency seismic reflections. They could be distinguished from the pre-Cenozoic basement on account of the chaotic or discontinuous, low-amplitude, and medium-to high-frequency seismic reflections in the sea-bottom plain and lower slopes of the Yongle carbonate platform (Figures 3–5). These sequences gradually thinned from the sea-bottom plain toward the platform slopes.
Two distinct seismic facies of SF6 to SF8 are observed at the toe of the southeastern to southern platform slope (Table 1; Figures 3–5). Modern channel with a concave shape and strong external reflection is situated at the southeastern slope on Line 1 (SF6; Figure 3), corresponding to that imaged on the multi-beam bathymetry map (Figures 1B, D). Toward the southwest, intensely deformed strata characterized by chaotic, discontinuous, and translucence seismic reflections are imaged between reflector T30 and the seafloor (Figures 4, 5). They are bounded above, below and laterally by normal strata with continuous seismic reflections, interpretable as mass transport deposits (hereafter MTDs; Figures 4–6). Line 2 shows that a MTD is located at southwestern lower slope (Figure 4). Its internal strata were strongly deformed by small thrust faults that slid along a basal shear surface (SF7; Figures 6A, B). The basal shear surface extended along reflector T30, went upward nearby reflector T20, and stepped downward close to reflector T30 (Figures 6A, B). Line 3 shows that four MTDs with chaotic and translucence seismic reflections are identified above reflector T30 and are bounded above and below by normal strata (SF8; Figures 5, 6C, D). MTD1 and MTD2 are located between reflector T20 and the seafloor (Figures 6C, D). They were separated by a set of continuous, low-to medium-amplitude, and medium-to high-frequency seismic reflections in the slope direction and mixed together above reflector T20 toward the sea-bottom plain (Figures 6C, D). MTD3 and MTD4 are located between reflectors T30 and T20 and were separated by a set of continuous, low-amplitude, and medium-to high-frequency seismic reflections from slope to sea-bottom plain (Figures 6C, D). Correspondingly, four basal shear surfaces are identified to extend along the bottom of MTDs from slope to sea-bottom plain.
[image: Figure 6]FIGURE 6 | Detailed images of mass transport deposits (MTDs) along the seismic profiles Line 2 and Line 3 with not interpreted (A, C) and interpreted (B, D) versions. See Figures 4, 5 for locations. Red lines mark the basal shear surfaces and thrust faults (TF). Translucent grass green areas mark the configuration of MTDs. T20 and T30: seismic reflectors. The depth was two-way travel time.
4.3 Magmatic structures and fluid flow pipes around carbonate platform
Around the carbonate platform, a discontinuous seismic reflection zone with mounded external reflection is imaged between reflectors T40 and T30 at distances of 5–7.6 km on Line 3 (SF9, Table 1; Figure 5 and Figure 7A). Its chaotic internal reflection could easily be differentiated from their surrounding layered sedimentary sequences. It was linked to the pre-Cenozoic basement through an inclined channel or fracture and folded the strata above reflector T40 as an anticline but did not influence reflector T30 (Figure 7A). The SF9 has similar seismic features of magmatic intrusions and extrusions in previous studies about the Xisha uplift (e.g., Zhang et al., 2016; Wang H. et al., 2018; Gao et al., 2019a; Gao et al., 2022).
[image: Figure 7]FIGURE 7 | Detailed images of magmatic intrusion (A) and fluid flow pipes (B-D). See Figures 3–5 for locations. Carmine line represents the configuration of a magmatic intrusion and the arrows represent the migrated directions of fluid flows. T20, T30, T40, T50, Tg: seismic reflectors. The depth was two-way travel time.
Vertical to sub-vertical columnar zones with highly discontinuous or disturbed reflections recognized on the seismic profiles are defined as pipes, which one of the typical fluid flow structures (Cartwright et al., 2007; Moss and Cartwright, 2010; Sun et al., 2013; Gao et al., 2019a; SF10; Table 1). Our seismic profiles have shown that six pipes can be recognized around the flank sediments of the isolated carbonate platform, rooted in the pre-Cenozoic basement, and emanated from inclined deposits (Figure 3; Figure 4 and Figures 7B–D). Many of them penetrated the Miocene and Pliocene sediments from the basement. Two sub-vertical pipes are observed at the lower northwestern slope on Line 1 (Figure 3 and Figure 7B). They downturned their surrounding strata between reflectors T50 and T30, and slightly affect the Quaternary strata (from reflector T20 to the seafloor; Figure 7B). Four pipes are identified at the lower slopes on Line 2 (Figure 4 and Figures 7C, D). Two of them at distances of 6–7 and 25–27.5 km upturned reflector T50, folded reflector T40 as anticlines, and slightly affect reflector T30 (Figure 4 and Figures 7C, D). The other two upturned reflectors T50 and T40 and continued to extend upward to reflector T30 even close to the seafloor (Figures 4, 7D).
5 DISCUSSION
5.1 Stratigraphic evolution of an isolated carbonate platform
Following the deposit description and recognition, the morphological aspects and large-scale stratal relationships, and the variations in slope angle and slope height of the Bahamas and Caribbean carbonate platforms (Schlager and Ginsburg, 1981; Playton et al., 2010), the platform margins can be divided into accretionary, escarpment, and erosional depositional margins (Figure 8A). The platform margins of Yongle Atoll are characterized by steep upper slopes (14.1°–32.5°), non-to slightly-deposition on the upper slopes, and onlapping strata upon the lower slopes (Figures 3–5), indicating that they are escarpment (bypass) margins to erosional (escarpment) margins (Figure 8B). In detail, the northwestern Yongle Atoll belongs to the escarpment (bypass) margins whereas the southeastern atoll is more likely to erosional (escarpment) margins (Figure 8B). Gravity-flow, bottom current (contour current), and prevailing wind have been proposed to interpret the morphological differences of the carbonate platform slopes (Schlager and Ginsburg, 1981; Mullins, 1983; Lüdmann et al., 2005; Playton et al., 2010; Vandorpe et al., 2016; Ma et al., 2021; Qin et al., 2022). Gravity-flows are commonly developed in the Xisha Islands (Ma et al., 2021). In the Yongle Atoll, small scale modern gullies and channels are observed in the northwestern slope while large scale paleo- and modern MTDs are imaged on the southeastern slope (Figures 1C, D; Figures 3–6), indicating that the intensity of gravity-flow in the southeastern slope is larger than that in the northwestern slope. Similarly, the differences of bottom current are proposed to induce the asymmetrical topography of atolls in the Xisha Archipelago as well as winds strength created by winter and summer monsoons (Wu et al., 2020; Ma et al., 2021; Qin et al., 2022).
[image: Figure 8]FIGURE 8 | (A) Models of accretionary, escarpment, and erosional margins of carbonate platforms, highlighting variations in stratal architecture (modified from Schlager and Ginsburg, 1981; Playton et al., 2010). (B) Accretionary, escarpment, and erosional depositional profiles showing variations in slope angle and slope height. The colorful lines represent the slopes of Yongle Atoll based on the seismic profiles in this study. The black lines were Bahamas and Caribbean carbonate margins modified from Playton et al. (2010). They mainly fall into the domains of escarpment (bypass) margins and erosional (escarpment) margins.
The stratal geometries of carbonate platforms have been proposed to depend on the relationship between the rate of change in accommodation space and the rate of carbonate growth in the platform (Schlager, 1992; 2005; Belopolsky and Droxler, 2003). According to this relationship, six basic geometric patterns of the carbonate platforms were summarized, namely progradation with aggradation, aggradation, back-stepping, “empty bucket,” drowning, and exposure with down-stepping (Schlager, 1992; Belopolsky and Droxler, 2003; Schlager, 2005). The stratal geometries of carbonate platforms have been used to reconstruct or constrain the carbonate platform evolutionary history (Belopolsky and Droxler, 2003; Ma et al., 2011).
Similarly, the stratal geometries and platform margin migrations reflect the evolutionary history of the Yongle carbonate platform. Combining with well CK-2 and the tectonic evolution of the SCS, our seismic profiles have imaged some major aggradation, backstepping, and drowning events (Figures 3–5). A sketch diagram is summarized to depict the development process of platform margins and Yongle Atoll based on our interpretation (Figure 9).
[image: Figure 9]FIGURE 9 | Sketch diagram illustrating stratal geometric patterns and evolution of Yongle carbonate platform. (A) The faulted block has been formed by the rifting of the SCS during Paleocene to Early Oligocene. (B) The carbonate platform started to develop with seafloor spreading of the SCS from Late Oligocene to Early Miocene. (C) The carbonate platform continued growing with an aggradation pattern in Middle Miocene after the cessation of seafloor spreading of the SCS and inception of Manila Trench. (D) The carbonate platform started to backstep in left side whereas right side continued to aggrade during Late Miocene when magmatism is very active in the SCS. (E) The carbonate platform fully backstepped and platform margins migrated toward the center during Pliocene corresponding to reversal movement of ASRRSZ and vocanism in the SCS. (F) The carbonate platform continued backstepping to form the present shape. The evolutionary history of the SCS is modified from Li et al. (2015). SCS-South China Sea; MT-Manila Trench; ASRRSZ-Ailao Shan Red River Shear zone; ZF-Zhongnan Fault; DS-Dongsha Islands; XT-Xisha Trough; XI-Xisha Islands; ZI-Zhongsha Islands; DG-Dangerous (Nansha) Bank; RB-Reed (Liyue) Bank; PI-Palawan Island; MI-Mindoro Island.
The faulted blocks in the Xisha uplift including the one which Yongle Atoll was situated on, were formed by rifting of the SCS and strike-slipping of the Ailao Shan Red River Shear zone–East Vietnam Boundary Fault (e.g., Taylor and Hayes, 1983; Briais et al., 1993; Fyhn et al., 2009; Sun et al., 2011; Savva et al., 2013; Li et al., 2014; Wu et al., 2014; Li et al., 2015; Gao et al., 2019a; Gao et al., 2022), accompanied a period of sub-aerial exposure before Miocene, and provided places for development of carbonate platforms (Huang et al., 2020; Figure 9A).
Studies from well CK-2 showed that the Yongle carbonate platform started developing from 19.6 Ma (Fan et al., 2020; Zhang et al., 2020). During Early Miocene, the carbonate platform begun to develop on the faulted block, showing an aggradation pattern (Figure 3; Figure 4, and Figure 9B). The carbonate platform continued growing with an aggradation pattern in Middle Miocene (Figure 9C). The aggradation of carbonate platform during Early to Middle Miocene indicated that the rate of change in accommodation space was probably equal to the carbonate growth rate in the Yongle Atoll and a relatively stable sedimentary environment probably lasted until Late Miocene. The platform margins started to shrink in some places of carbonate platform whereas other places continued to aggrade during Late Miocene (Figure 3; Figure 5, and Figure 9D). The shrinking process of Yongle Atoll indicated a transition pattern from aggradation to backstepping during Late Miocene when a drowning event occurred on the carbonate platform. Well CK-2 confirmed that the reefs were drowned during Late Miocene (Fan et al., 2020). This event was also recorded in the Guangle uplift (Triton Horst) and Xuande Atoll, and was interpreted as partial platforms drowning (Xu et al., 2002; Fyhn et al., 2013).
During Pliocene, the margins migrated toward the lagoon (Figures 3–5), indicating that the carbonate platform backstepped when a drowning event continually occurred on the Yongle Atoll (Figure 9E). This drowning event last to the end of Pliocene, at ∼3.8 Ma (Xu et al., 2002). Seismic profiles show that the margins continued to retreat toward the lagoon after Pliocene (Figures 3–5), suggesting a backstepping to drowning pattern during Quaternary (Figure 9F). The drowning events from Pliocene to present corresponded to an abruptly increased subsidence rate resulted from lower crustal flow in the northern SCS since 5.5 Ma (Dong M et al., 2020), and had been broadly recorded in the carbonate platforms of northwestern SCS (Ma et al., 2011; Fyhn et al., 2013; Wu et al., 2014; Fan et al., 2020; Huang et al., 2020).
In the final analysis, the evolutionary history of the Yongle carbonate platform can be divided into four phases: 1) initiation phase (Early Miocene), 2) development phase (Early to Middle Miocene), 3) partial drowning phase (Late Miocene), and 4) regional drowning phase (Pliocene to Quaternary). Particularly, based on our reprocessed seismic images which more clearly present the platform margins of Yongle Atoll, our division of evolutionary history about this carbonate platform is different from the former division of Wu et al. (2022) especially from Late Miocene to Quaternary.
5.2 Influences of MTDs and magmatism/hydrothermal fluid-flows on the platform
Large-scale submarine MTDs were located in the southeastern and southern slopes of Yongle Atoll on Line 2 and Line 3 (Figure 1B; Figures 4–6). These MTDs slid above the reflectors T30 and T20, suggesting that they have been formed after Late Miocene. Their scale (length along the seismic profiles) could exceed 8 km and probably continues to extend to the southwest according to the multi-channel seismic images and multi-beam bathymetric map (Figure 1B; Figures 4, 5). These palaeo-MTDs indicated the southeastern and southern platform margins of Yongle Atoll have been suffered margin and slope failure. Well CK-2 showed that the deposition rate of Yongle carbonate platform was gradually increasing since the end of Late Miocene and reached to the peak during Quaternary (Fan et al., 2020). The increased shelf-to-basin relief and margin instability of the isolated carbonate platform during the Pliocene to Quaternary probably caused severe large-scale MTDs as Playton et al. (2010) described.
Sediments with slope angles below 5° in carbonate depositional systems are treated as stable toe-of-slope to basin deposits (Reijmer et al., 2015). The dominant slope angles in the lower slopes of Yongle Atoll are 3° and the region that MTDs developed had much lower slope angles with values of 0°–.5°, suggesting that sediments in the lower slopes of Yongle Atoll have been up to the stable toe-of-slope to basin deposits and may not collapse at present. However, the upper slopes with values of 14.1°–32.5° around the flanks of the Yongle carbonate platform is far steeper than the stable slope angles, indicating that the upper slopes will be instable to form the large-scale MTDs at present and in the future.
The contact relationship, sedimentary thickness, and seismic reflection characteristics are the key criteria to estimate the formation time of volcanoes, intrusions, igneous sills, and related hydrothermal structures in previous studies (Svensen et al., 2004; Trude, 2004; Hansen et al., 2008; Sun et al., 2014; Magee et al., 2017; Medialdea et al., 2017; Gao et al., 2019a; Gao et al., 2022). Magmatic and fluid flow structures in/around the Yongle Atoll have been identified on the seismic profiles (Figure 3; Figure 4; Figure 5,; Figure 7). Our results show that seismic reflections between reflectors T40 and T30 were arched as an anticline by magmatic intrusion (Figure 5 and Figure 7A), suggesting that magmatism has been occurring around the Yongle carbonate platform during 10.5–5.5 Ma. Our data also suggest that all of the pipes are originated from the basement (Figures 3–5), and had been active from 5.5 Ma to 2.6 Ma. Gao et al. (2019a) found that the hydrothermal structures mainly occurred in the proximity of volcanoes or accompanied volcanic groups in the Xisha uplift. Our observations also show that a volcanic zone is situated to the northwest of the Yongle carbonate platform and the pipes at the northwestern lower slope are close to the volcanic group (Figure 1B; Figure 3, and Figure 4). We suggest that the pipes are probably magmatic hydrothermal structures.
The 87Sr/86Sr ratios from dolostones of wells CK-2 and XC-1 (very close to well CK-2) have shown that the dolomitization took place 9.4 and 2.3 Ma ago (Wang R. et al., 2018), which largely corresponded to the active period (10.5–2.6 Ma) of magmatism and hydrothermal fluid flows in the Yongle Atoll. Furthermore, Magmatic hydrothermal structures, such as pipes and pockmarks, were extensively discovered in the Xisha uplift (Gao et al., 2019a). We also noticed that the Upper Miocene and Pliocene sequences of the Xisha carbonate platforms underwent strong dolomitization according to the scientific drilled wells, such as XY-1, XK-1, and CK-2 (Zhao, 2010; Shao et al., 2017b; Wang R. et al., 2018). The coincidence between dolomitization and magmatic activities during the Late Miocene to Pliocene indicates that the magmatically hydrothermal fluid flows might be one of the factors to result in the dolomitization of the Yongle isolated carbonate platform even the Xisha isolated carbonate platforms since Late Miocene. However, we have no other evidences to support this speculation due to the absence of geochemical data about the carbonate rocks. Future studies focusing on understanding the fundamental processes of carbonate platforms in the SCS will need to utilize more scientific drillings.
5.3 Pre-cenozoic basement in the yongle carbonate platform
Previous studies suggest that the Yongle carbonate platform is situated on a large-scale moundy volcano that has experienced multi-stage magmatic events and finally formed during Late Eocene based on the lithology of well CK-2 (Wang R. et al., 2018; Zhang et al., 2020). Our newly acquired seismic profiles, however, show that the basement of Yongle carbonate platform marked by reflector Tg does not display a mound-shaped volcano or pluton (Figures 3–5). In contrast, the sub-parallel to parallel seismic reflections below reflector Tg show a sub-flat to flat platform basement (Figures 3–5), indicating that the volcano drilled by well CK-2 has a limited extent in the Yongle Atoll. This volcano was probably like the Gaojianshi volcanic island (Pyramid Rock) which is situated at the western Xuande East Atoll and has a small extent with a height of 5–6 m (Sun, 1991; Gao et al., 2019a; Figure 1A). In addition, layered seismic reflections beneath the carbonate sequences calibrated by well CK-2 are imaged between reflectors Tg and Tg’ on seismic profiles (Figures 3–5). Reflector Tg’ separated the upper layered seismic reflections from the lower chaotic reflections in the Yongle carbonate platform as a boundary which is probably the real basement (Figures 3–5). Furthermore, based on the seismic interval velocity of the carbonate platform on Line 1, the depth of reflector Tg' is estimated to be ∼1400 m. The estimated depth of reflector Tg' is much deeper than the basement drilled by well CK-2, which suggested 878.21 m, but close to those drilled by wells XY-1 (1251 m) and XK-1 (1257.52 m) in the Xuande Atoll. Considering that both the Xuande and Yongle Atolls are located in the Xisha uplift and have experienced similar regional tectonic movements, magmatic activities, and erosional history (Zhao, 2010; Sun et al., 2011; Ma et al., 2011; Fyhn et al., 2013; Wu et al., 2014; Gao et al., 2019a; Figure 1A), it is reasonable to obtain the estimated basement depth of the Yongle carbonate platform. Furthermore, a recent study estimated the thickness of carbonate platform on the Yongxing and Chenhang islands is about 1.35 and 1.55 km respectively through travel times of the P -to-S converted waves and their multiple phases (Huang et al., 2022). The results are also are consistent with our calculation.
Therefore, we propose that volcanism locally changed the topography of the basement at the southeastern Yongle Atoll, resulting in a volcanic high with limited extent below Chenhang Island. The depth of the pre-Cenozoic basement in the Yongle carbonate platform is under-estimated by the well CK-2. We suggest that future scientific drillings should focus on the lagoons and slopes to better understand the architecture, formation, and basement of the Xisha isolated carbonate platforms combining with wells at the islands.
6 CONCLUSION
The reprocessed multi-channel seismic data and multi-beam bathymetric map have allowed a detailed description of the geomorphology and internal architecture of the Yongle Atoll, at the Xisha Archipelago.
Post-rift carbonate sequences are well-developed in the Yongle Atoll, which has a sub-flat to flat interior and is bounded by the basement normal faults. The morphologies and stratal geometries of the Yongle isolated carbonate platform show that its margins belong to escarpment margins. The evolutionary history of the Yongle Atoll could be divided into initiation phase- Early Miocene, development phase- Early to Middle Miocene, partial drowning phase- Late Miocene, and regional drowning phase- Pliocene to Quaternary.
Large-scale submarine MTDs developed in the southeastern and southern slopes of Yongle Atoll since Late Miocene. Slope instability during aggradation of Yongle carbonate platform could be one of the dominating factors to cause severe large collapse events in the platform margins. The magmatic structures and hydrothermal fluid flow pipes around the Yongle Atoll have been active during 10.5˗2.6 Ma and possibly caused the dolomitization of the isolated carbonate platform.
The pre-Cenozoic basement of the Yongle Atoll is sub-flat to flat top rather than a large-scale Late Eocene volcano as interpreted previously. We suggest that the depth of the Yongle Atoll basement is estimated to be ∼1400 m, much deeper than that drilled by well CK-2 and similar to that of the Xuande Atoll. Future scientific drilling is proposed to be performed in the lagoons and slopes rather than on the reef islands, in order to fully acquire the information such as architecture, formation, and basement of the Xisha carbonate platforms.
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