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Abstract

We investigate the crustal structure of the NE South China Sea (SCS) margin to constrain its crustal thickness and basement

nature with implications for the Mesozoic and Cenozoic evolution of the SCS. First-order interfaces interpreted from seismic

reflection data were integrated into a 3D gravity inversion scheme to determine Moho depth and crustal thickness variations.

A joint inversion of seismic and gravity data allowed us to determine crustal density variations along 2D profiles. The distal

margin is divided into two distinct crustal domains: the Southern Rift System (SRS), and Southern High (SH). The SRS

shows an extremely thinned continental crust on top of which thick Cenozoic sequences are observed. It is separated from the

oceanic crust (˜ 6 to 8 km thick) by the SH, a comparatively thicker crust (˜ 10 to 15 km thick) with numerous magmatic

additions. The distal NE SCS margin formed during the Cenozoic rifting of the SCS. The crust of the SH likely corresponds

to a polygenic crust, recording polyphase magmatic activity since the Mesozoic, with potentially significant activity during

Cenozoic post-rift time. The NE SCS margin is conjugate to Palawan, whose basement is interpreted to be part of the exotic

Luconia microcontinent that collided with Eurasia during the Late Cretaceous. Basement similarities between Palawan and

the SH are highlighted, suggesting that the latter might also be part of Luconia. Our results suggest that the suture between

Eurasia and Luconia might have acted as a preferred zone for the Cenozoic rift development.
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ABSTRACT 16 

We investigate the crustal structure of the NE South China Sea (SCS) margin to constrain its 17 

crustal thickness and basement nature with implications for the Mesozoic and Cenozoic 18 

evolution of the SCS. First-order interfaces interpreted from seismic reflection data were 19 

integrated into a 3D gravity inversion scheme to determine Moho depth and crustal thickness 20 

variations. A joint inversion of seismic and gravity data allowed us to determine crustal 21 

density variations along 2D profiles. The distal margin is divided into two distinct crustal 22 

domains: the Southern Rift System (SRS), and Southern High (SH). The SRS shows an 23 

extremely thinned continental crust on top of which thick Cenozoic sequences are observed. 24 

It is separated from the oceanic crust (~ 6 to 8 km thick) by the SH, a comparatively thicker 25 

crust (~ 10 to 15 km thick) with numerous magmatic additions. The distal NE SCS margin 26 

formed during the Cenozoic rifting of the SCS. The crust of the SH likely corresponds to a 27 

polygenic crust, recording polyphase magmatic activity since the Mesozoic, with potentially 28 

significant activity during Cenozoic post-rift time. The NE SCS margin is conjugate to 29 

Palawan, whose basement is interpreted to be part of the exotic Luconia microcontinent that 30 

collided with Eurasia during the Late Cretaceous. Basement similarities between Palawan 31 

and the SH are highlighted, suggesting that the latter might also be part of Luconia. Our 32 

results suggest that the suture between Eurasia and Luconia might have acted as a 33 

preferred zone for the Cenozoic rift development. 34 

 35 



KEY-POINTS  36 

 The Northeastern South China Sea rifted margin shows a contrasted crustal 37 

structure constrained by seismic and gravity data. 38 

 Part of the distal margin corresponds to a dense polygenic crust that 39 

underwent polyphase magmatic activity.  40 

 The former Mesozoic suture zone between Eurasia and Luconia acted as a 41 

weakness zone for the Cenozoic rifting. 42 

 43 



1. INTRODUCTION 44 

The South China Sea (SCS) has experienced a series of geodynamic events both 45 

before and after its Cenozoic opening, which have played a major role in shaping its present-46 

day structure (Sibuet et al., 2016; Taylor and Hayes, 1983; Wang et al., 2014). The SCS 47 

serves as a natural case study for investigating the rifting tectonics and the effects of pre- 48 

and post-rift events on the crustal structure of a continental rifted margin. In this study, we 49 

focus on the northeast segment of the SCS rifted margin (NE SCS) characterized by different 50 

structural domains, whose nature and pre-rift paleogeographic affinity are still poorly 51 

constrained (McIntosh et al., 2014; Pubellier et al., 2016; Sibuet et al., 2016; Taylor and 52 

Hayes, 1983).  53 

The crustal structure of the NE SCS distal margin is particularly contrasted, being 54 

characterized by a hyper-thinned crust separated from the unambiguous oceanic crust by a 55 

domain of thicker crust (Eakin et al., 2014; Lester et al., 2014; S. Liu et al., 2018; Liu et al., 56 

2021, 2023). The hyper-thinned crustal domain has been interpreted as continental crust 57 

possibly associated with or without local mantle serpentinization underneath (Eakin et al., 58 

2014; Lester et al., 2014; S. Liu et al., 2018; Liu et al., 2021, 2023) or as Cenozoic oceanic 59 

crust (Hsu et al., 2004; Sibuet et al., 2004, 2002; Yeh et al., 2010). The thicker piece of crust 60 

located further south (i.e., Southern High) is interpreted either as having a mafic nature (Hsu 61 

et al., 2004; Reed, 1995; Sibuet et al., 2016; Xu et al., 2022; Yeh et al., 2012, 2010) or a 62 

continental nature interspersed with magmatic additions (Bautista et al., 2001; Fan et al., 63 

2017; Lester et al., 2014; Liu et al., 2023, 2021; Sibuet et al., 2016).  64 

This study aims to constrain the nature, age, and formation processes of the distal 65 

NE SCS margin. To achieve this goal, we compiled data from vintage and recent seismic 66 

reflection, refraction, dredges, and drilling results. We applied a gravity-inversion scheme to 67 

calculate 3-D Moho depth and crustal thickness variations and used a joint inversion of 68 

gravity and seismic data to determine crustal density variations along a set of 2-D profiles. 69 

The resulting geophysical properties are analyzed together with geological and petrological 70 

data to test different scenarios for the nature of the crust of the NE SCS margin and evaluate 71 

potential paleogeographic implications. 72 

The continental crust of the proximal margin shows evidence of an Eurasian affinity 73 

(Chen et al., 1997; Lin et al., 2003). The distal NE SCS rifted margin has previously been 74 

interpreted as oceanic crust from the Proto-Pacific (e.g., the Mesozoic plateau of Xu et al., 75 

2022), Proto-South China (e.g., Sibuet et al., 2016), Philippine Sea Plate (Hsu et al., 2004). 76 

Alternative interpretations suggest a continental nature of Eurasian affinity (e.g., Lin et al., 77 

2003) or linked to the cryptic Luconia block (e.g., Holloway, 1981; Taylor and Hayes, 1983). 78 



Our results suggest that the crust of the NE SCS distal margin likely corresponds to 79 

polygenic continental crust that recorded multi-episodic magmatic activity at least since the 80 

Mesozoic, with significant activity during Cenozoic post-rift time.  81 

2. GEOLOGICAL BACKGROUND 82 

The South China Sea (SCS) is a marginal sea located in the Western Pacific with a 83 

long-lasting history ranging from the accretion of Paleo-Mesozoic terranes, Paleogene to 84 

Neogene rift and oceanic propagation, and Neogene to Present subduction (Figure 1A) 85 

(Wang et al., 2014). 86 

The SCS continental basement limiting the oceanic domain is currently divided into 87 

three main terranes: Indochina, South China, and Luconia (Pubellier and Sautter, 2022; 88 

Sautter and Pubellier, 2022). Indochina is located to the West of the SCS and is bounded to 89 

the South China terrane by the Red River Fault System (Figure 1A). These two terranes are 90 

part of Eurasia and include, among others, Mesozoic arc-related granitoids found throughout 91 

the Pearl River Mouth Basin, Macclesfield Bank, and Spratly Islands generated by processes 92 

analogous to the Andean and Western-Pacific settings (Chen et al., 2010; Fan et al., 2022; 93 

Shao et al., 2007; Webb et al., 2023; Ye et al., 2018; Zhou et al., 2008). To the South, 94 

several studies reported the occurrence of an “exotic” microcontinent referred to as Luconia 95 

(e.g., Holloway, 1981), which has been accreted to Eurasia during the Mesozoic although its 96 

exact provenance and evolution remain poorly constrained (Figure 1A) (Fan et al., 2022; Hall 97 

and Breitfeld, 2017; Knittel, 2011; Webb et al., 2023). 98 

From the Late Cretaceous onwards, the SCS heterogeneous continental crust was 99 

subject to extension that caused a wide-rifting architecture with a general N-S to NE-SW 100 

trend. The timing of this rifting varies from the NE to the SW. In the NE SCS, the syn-rift 101 

stage spans from Paleocene to Eocene (e.g., Penghu, Pearl River Mouth, and Tainan 102 

basins), while in the SW SCS, this syn-rift stage mostly occurs from Eocene to early Miocene 103 

(e.g., Phu Khan Basin) (Figure 1B) (Fan et al., 2022; Hu et al., 2013; Morley, 2016; Rizzi et 104 

al., 2021; Sibuet et al., 2016; Wang et al., 2014, 2015; Weilin et al., 2019). 105 

The onset of seafloor spreading started during the early Oligocene in the East 106 

Subbasin (ca. 33 to 32 Ma), propagated to the SW Subbasin in the early Miocene (ca. 26-23 107 

Ma) (Briais et al., 1993; Li et al., 2014; Taylor and Hayes, 1983), and ceased in the late 108 

Miocene (ca. 15 Ma) (Figure 1A and B) (Briais et al., 1993; Li et al., 2014; Taylor and Hayes, 109 

1983). From Paleogene to present, during the syn to post-rift stages, diffuse magmatic 110 

pulses occurred (Chen et al., 2010; Fan et al., 2017; Juang and Chen, 1992; Lei et al., 2018; 111 

Sun et al., 2010; Tian et al., 2019; Wang et al., 2012a; Zhang et al., 2016; Zhong et al., 112 



2018) (Figure 1B). This diffuse magmatism occurred both in the continental and oceanic 113 

domains and oftentimes is related to the evolution of various seamounts (Fan et al., 2017). 114 

From the middle Miocene to the present, the oblique convergence between Eurasia 115 

(W) and the Philippines plates (E) (i.e., the South China Sea and the Luzon Arc, respectively) 116 

generated a subduction system that is delimited by the Manilla Trench (Figure 1A and B) 117 

(Taylor and Hayes, 1983). East of this trench, several compressive structures form an 118 

elongated N-S accretionary prism. In its northernmost part, this compression led to the uplift 119 

of Taiwan Island during the last ca. 6 Ma (Figure 1B) (Lin et al., 2003). 120 

Northwest of the Manila trench, the Northeast South China Sea (NE SCS) rifted 121 

margin occurs (Figure 1C). This margin is herein defined as a geological entity that 122 

encompasses a proximal margin (Nanjihtao, Taihsi, and Penghu basins – i.e., Northern Rift 123 

System), the Tainan Basin sensu strictu (i.e., Northern Low and Central High; Lee et al., 124 

1993) and distal margin (SW Taiwan Basin; Wu, 1985 - i.e., Southern Rift System and 125 

Southern High). 126 



 127 

Figure 1. (A) Simplified geological map of the South China Sea, its main structures, and sedimentary 128 
basins. Plate boundaries (upper-left, black-dashed line) according to Bird (2003). IP – India Plate, EP 129 
– Eurasia Plate, SP – Sunda Plate, YP - Yangtze Plate, PP – Philippines Plate, AP – Australian Plate; 130 
AFZ – A fault zone. The big white arrow represents the present-day mean annual velocity vector of the 131 
Philippine Plate, according to Seno(1977) and Yu et al.(1997). The red rectangle is the area presented 132 
in 1C. (B) Simplified geodynamic chart with the main events in the NE SCS. Triangles represent the 133 



location of Mesozoic-aged seamounts dated by Xu et al. (2022) and Tian et al.(2019). (C) The NE 134 
South China Sea Margin, adjacent units, and main structural highs. Structural units in A and C (i.e., 135 
structures, magnetic isochrons, accretionary prism, sedimentary basins, and oceanic domain) are 136 
according to Briais et al. (1993), Pubellier et al. (2016); Xie et al. (2019); Yan et al. (2020), and this 137 
work. 138 

2.1 The structure of the NE SCS Margin 139 

The NE SCS Margin is characterized by a system of Paleocene to early Oligocene 140 

NE-trending structures such as grabens, half-grabens, and structural highs with wedge-141 

shaped architecture (Figure 1C) (Lester et al., 2014; Yeh et al., 2012). These wedge-shaped 142 

basins are associated with rifting that later on generated the South China Sea oceanic crust 143 

(Taylor and Hayes, 1983). This extensional system is widely overlaid by Oligocene to 144 

Miocene passive margin sedimentation interfingered with Paleocene-Eocene and Miocene 145 

post-rift volcanism events (Figure 1B) (Lin et al., 2003). Volcanism is geographically wide, 146 

occurring in clusters such as in the Penghu Islands (events of 65 to 58 Ma, 42 to 36 Ma, and 147 

17 to 8 Ma) (Chung et al., 1994; Juang and Chen, 1992; Wang et al., 2012a), Taiwan Strait 148 

(56 to 48 Ma) (Wang et al., 2012a), NW and SW Taiwan (23 to 9 Ma and 15 Ma, 149 

respectively) (Chung et al., 1994; Smith and Lewis, 2007), and in Puyuan-Formosa 150 

Seamount (22 to 21 Ma) (Figure 1C) (Wang et al., 2012b). Younger basin-forming processes 151 

related to the Taiwan fold and thrust belt, as observed in the Nanjihtao Basin (Lin et al., 152 

2003), are also considered part of the NE SCS Margin (Figure 1B). 153 

The continental crust of the NE SCS Margin is characterized by contrasting crustal 154 

architectures. North of the A fault zone (AFZ) (Figure 1C), the crust is thick (> 25 km) 155 

(Gozzard et al., 2019; Lester et al., 2014; Lin et al., 2021) and likely composed of Paleo- to 156 

Mesozoic metamorphic and igneous rock assemblage overlaid by Mesozoic (meta)sediments 157 

(Chen et al., 2010; Lin et al., 2003; Lin and Chen, 2016; Taylor and Hayes, 1983). In this 158 

area, several isolated Paleocene to Eocene rift basins (i.e., Penghu, Taihsi, and Nanjihtao) 159 

(Lin et al., 2003) occur, characterizing the Northern Rift System (NRS) of the Proximal 160 

Margin (Figure 1C). Between AFZ and the Central High, occurs the Tainan Basin (Figure 161 

1C) (Lin et al., 2003). South of this region, the crust progressively thins, reaching values that 162 

range from ca. 15 km to 6 km up to the oceanic crust (Lester et al., 2014), thereby 163 

characterizing the Distal Margin, where the Southern Rift System (SRS) and the Southern 164 

High (SH) occur (Figure 1C).  165 

The SRS, which corresponds to the SW Taiwan Basin (Wu, 1985), is hypothesized to 166 

consist of either a hyper-thinned continental crust under which mantle serpentinization might 167 

occur (Liu et al., 2023, 2021), or an Eocene oceanic crust (Hsu et al., 2004) (Figure 1C). The 168 

onset of rifting for this region is unclear, but at least older than early Oligocene (Lester et al., 169 

2014; McIntosh et al., 2014; Yeh et al., 2010, 2012), or late Eocene (Hsu et al., 2004). 170 



Further to the south, the SRS is bounded by the SH (Figure 1C). This area is 171 

characterized by small sedimentary thicknesses (< 2 km) over a thin crust (ca. 15 km) where 172 

a distinct patch of high-velocity lower crust occurs (Eakin et al., 2014; Lester et al., 2014; Liu 173 

et al., 2023, 2021; Yeh et al., 2010). This high-velocity layer, identified in refraction profiles 174 

throughout the area, ranges between 2-4 km thick and is interpreted as related to the 175 

underplating beneath the passive margin after the cessation of seafloor spreading (Pin et al., 176 

2001; Wei et al., 2011; Zhao et al., 2010). Two seamounts were dredged and dated in the 177 

SH, recording basalts with three discrete ages: late Jurassic (154.1 ±1.8 Ma; whole-rock Ar-178 

Ar), late Cretaceous (93.2 ±5 Ma; whole-rock Ar-Ar) and early Miocene (21 ±0.2 Ma; whole-179 

rock Ar-Ar) (Wang et al., 2012a; Xu et al., 2022) (Figure 1). Despite these basalts samples 180 

leading toward a magmatic nature of the SH crust, there is still no consensus about the crust 181 

composition of the region. The SH has been already interpreted as composed of a thin 182 

continental crust interspersed with magmatic additions (Bautista et al., 2001; Fan et al., 183 

2017; Lester et al., 2014; Liu et al., 2023, 2021; Sibuet et al., 2016), part of the Philippines 184 

Plate oceanic crust (Hsu et al., 2004), relicts of a thick Mesozoic oceanic crust (Reed, 1995; 185 

Sibuet et al., 2016; Yeh et al., 2012, 2010), and even a Mesozoic oceanic plateau (Xu et al., 186 

2022). 187 

 188 



3. DATA AND METHODS 189 

3.1. Seismic reflection data 190 

87 open-access seismic reflection profiles from 8 surveys (covering over 15000 km) 191 

were used in this study. Of those lines, 3 are from survey RC2006 (Hayes, 2011), 23 from 192 

RC2612 (Hayes, 2015), 5 from V3608 (Talwani, 2015), 8 from V3613 (Hayes, 2011b), 9 from 193 

V3614 (Leyden, 2015), 7 from EW9509 (Reed, 1995), 22 from MGL0905 (C.-S. Liu et al., 194 

2018), and 10 from MGL0908 (McIntosh et al., 2017) (Figure 2a). For a complete list of the 195 

open-access reflection seismic lines used in this study, the reader is referred to 196 

Supplementary Table S1. The parameters of each survey are given in Supplementary Table 197 

S2. Seismic polarity follows the American system.  198 

For this work, we mapped the seabed, top acoustic basement (Tg), top of the high-199 

velocity lower crust (HVLC), and seismic Moho. Seismic horizons were subsequently 200 

interpolated using the convergent interpolation method with a gridding spacing of 1957 x 201 

1957 m. The identification of the igneous intrusions in seismic reflection data follows the 202 

criteria described in Jamtveit et al. (2004), Planke et al. (2005), Schofield et al. (2012), and 203 

Magee et al. (2013, 2015, 2018). 204 



 205 

Figure 2. Data used in this study. (a) 2D data used in this study, such as reflection and refraction 206 
seismic. (b) 1D data used in this study, such as well logs, location of drilled basement rocks, and OBS 207 
stations. (c) Free-air satellite-derived gravity anomaly data (Sandwell et al., 2014). (d) Sediment 208 
thickness (m). Data outside the area of exploration is from public domain data (Divins, 2003). Contour 209 
lines are between 1 km each. (e) Ocean isochrons (Barckhausen and Roeser, 2004; Barckhausen et 210 
al., 2014). Contour lines are between 2 Ma each. AOE – area of exploration. 211 

3.2. Seismic refraction data and depth conversion 212 



We compiled the velocity information from 12 seismic refraction profiles to build the 213 

velocity volume we used to depth convert the seismic horizons picked in the time domain 214 

(Figure 2a). These profiles are the OBS1993 (Yeh et al., 1998), line 29-33 (McIntosh et al., 215 

2005), OBS2001 (Wang et al., 2006), OBS2006-3 (Wei et al., 2011), MGL0905-27 (Lester et 216 

al., 2013), OBST1 and OBST2 (Eakin et al., 2014), OBST3 (Lester et al., 2014), OBS2012 217 

(Wan et al., 2017), OBS2015-2 (S. Liu et al., 2018), OBS2016-2 (Wan et al., 2019), 218 

OBS2019 (Liu et al., 2021) (Figure 2a). Velocities depth profiles from the SH region were 219 

extracted from MGL0905 (stations 2 and 3), OBST1 (stations 4, 5, 6, 10), OBST2 (stations 1 220 

to 7), OBST3 (stations 8, 9, 10, and 11), and OBS2015 (stations 7 and 8) to build a velocity 221 

envelope representative of the SH basement. (Figure 2a) 222 

The velocity volume was made using a gridding space of 958.3 x 958.3 km and two 223 

bounding surfaces: seabed and base Cenozoic (Tg). A seawater velocity of 1500 km/s was 224 

used. Below the seabed, the vertical resolution was set as 200 m, and layering followed the 225 

base surface (Tg). Sediment velocities (from the seabed to Tg) were interpolated using a 226 

moving average in an isotropic medium. The results were compared to a set of depth-227 

converted seismic profiles available from the TAIGER survey (C.-S. Liu et al., 2018). Depth-228 

converted seismic interpretation of the seabed was combined with open-source topographic 229 

and bathymetric data (Tozer et al., 2019). Depth converted Tg (m) as interpreted in this study 230 

was merged with a depth to the base syn-rift grid compiled by Lin et al. (2003) in the proximal 231 

margin (Figure 2d). 232 

3.3. Wells, dredges, and other data 233 

Different geological data sets are compiled in this work. Wells are from IODP/ODP 234 

surveys (Li et al., 2015; Wang et al., 2000), and from industry made available through 235 

publications. Wells that reached Mesozoic sediments are from Lu et al. (2014) and Fan et al. 236 

(2022) and references therein (Figure 2b). Information on granitoids sampled from wells is 237 

from Shi et al. (2011), Xu et al. (2016), Li et al. (2018), and references therein (Figure 2b). 238 

Wells that reached Tertiary volcanic intervals in Taiwan Strait and Taiwan are from Wang et 239 

al. (2012a) (Figure 2b). Dredges of volcanic seamounts were later discretized based on their 240 

age being either Cenozoic (Fan et al., 2017; Zhang et al., 2016; Zhong et al., 2018) or 241 

Mesozoic (Xu et al., 2022). We also integrated basement data available from onshore 242 

Taiwan (Tian et al., 2019) and Penghu Islands (Figure 2b) (Chen et al., 2010; Juang and 243 

Chen, 1992).  244 

Structures are compiled from different publications (Figure 1): (i) PRMB (Lei et al., 245 

2018; Xie et al., 2019), (ii) Nanjihtao, Taihsi, and Penghu basins (Lin et al., 2003), (iii) Tainan 246 

Basin (sensu strictu) (Lin et al., 2003; Huang et al., 2012). These local structures were 247 

integrated with regional maps from Pubellier et al. (2016) and Sibuet et al. (2016). Granitic 248 



bodies are according to Pubellier et al. (2016). Volcanic seamounts are based on Sun et al. 249 

(2010), Lei et al. (2018), and this work. Interpreted magnetochrons of the SCS are from 250 

Briais et al. (1993) (Figure 1A and C).  251 

3.4. Gravity inversion 252 

We use a gravity inversion scheme to determine Moho depth and crustal thickness 253 

(Alvey et al., 2008; Chappell and Kusznir, 2008; Gozzard et al., 2019; Greenhalgh and 254 

Kusznir, 2007). The technique uses satellite-derived free-air gravity anomaly data (Sandwell 255 

et al., 2014), bathymetry (Tozer et al., 2019), sediment thickness, and ocean age 256 

(Barckhausen and Roeser, 2004; Barckhausen et al., 2014) to calculate mantle residual 257 

gravity anomaly. Sediment thickness is compiled from different sources. In our area of 258 

interest, sediment thickness is defined between the seafloor and the depth-converted top 259 

basement (Tg) (Figure 2d) (Lin et al., 2003 and this work). Outside the area of exploration, 260 

we use the global compilation of sediment thickness (Divins 2003) as used by Gozzard et al. 261 

(2019). Despite the different resolutions, the two data sources merge well (Figure 2d). The 262 

gravity anomaly inversion is carried out in the 3D spectral domain following the scheme of 263 

Parker (1972) to give 3D Moho geometry. The inversion for Moho depth invokes Smith’s 264 

theorem (Smith, 1961) which provides a unique solution for the assumptions made. We use 265 

a constant density for the crust of 2850 kg.m−3 and for the mantle of 3300 kg.m−3.The 266 

determination of an absolute Moho depth requires a reference datum referred to as the 267 

reference Moho depth (Kusznir et al., 2018). This geophysical/geodetic parameter varies 268 

globally, controlled by the long wavelength components of the Earth’s gravity field (Cowie et 269 

al., 2015). A reference Moho depth of 40 km was previously calibrated at the scale of the 270 

whole SCS (Gozzard et al., 2019). Calibrations against refraction data (ESP-1 from Nissen et 271 

al., 1995) in our area of interest suggest that close to the subduction zone the reference 272 

Moho depth slightly increases to 41 km.  273 

The gravity inversion method includes both a lithosphere thermal gravity anomaly 274 

correction and a prediction of magmatic addition (Alvey et al., 2008; Chappell and Kusznir, 275 

2008; Greenhalgh and Kusznir, 2007; Kusznir et al., 2018). The lithosphere thermal gravity 276 

anomaly correction is dependent on the assumed rifting/break-up age. Rifting in the SCS has 277 

previously been attributed to several ages that range between two endmembers: (i) the 278 

opening of the Proto SCS (Dycoco et al., 2021 and references therein), (ii) the opening of the 279 

SCS (Li et al., 2014 and references therein). Ophiolite remnants from southern Palawan 280 

suggest that the Proto SCS opened in the Late Cretaceous (parametrized with a rifting age of 281 

100 Ma) (Dycoco et al., 2021). Conversely, the end of rifting and onset of seafloor spreading 282 

in the SCS is based on the age interpretation of the C11 magnetic anomaly (Briais et al., 283 

1993), parametrized as ca. 33 Ma (Li et al., 2014). As the magnitude of the gravity anomaly 284 



decreases with time, these end-member rifting/breakup ages provide different Moho depth 285 

and crustal thickness results that can be compared to seismic data. The prediction of 286 

magmatic addition uses a parametrization of the decompression melt model of White and 287 

McKenzie (1989). We assume a maximum decompression melt volume of 7 km consistent 288 

with the observation of normal thickness oceanic crust (Li et al. 2014).  289 

3.5. Joint inversion of seismic and gravity data 290 

The gravity inversion technique described above assumes a fixed crustal density. In 291 

order to investigate lateral crustal density variations along the profiles, we use a joint 292 

inversion to compare the Moho determined from gravity inversion with that interpreted from 293 

time-migrated seismic reflection sections (Cowie et al., 2017; Harkin et al., 2019; 294 

Nirrengarten et al., 2020). The joint inversion method determines the lateral variation of 295 

crustal seismic velocities and densities needed for the gravity-inverted Moho to match the 296 

interpreted seismic Moho in the time domain. The Moho from gravity inversion is taken into 297 

the time domain using the empirical relationship of Birch (1964) linking seismic velocity (Vp in 298 

km.s−1) with density (ρ in kg.m−3). The constant 2850 kg.m-3 crustal density considered in the 299 

gravity inversion scheme corresponds to a seismic velocity of 6.72 km.s-1. Iterative 300 

adjustments of both crustal densities and seismic velocities are made to provide a fit of the 301 

gravity Moho (in time) with the interpreted seismic Moho in TWT. The comparison of gravity 302 

and seismic Moho is made in the time domain to avoid uncertainties in the depth conversion 303 

of seismic reflection data. This joint inversion technique requires seismic reflection profiles 304 

that image seismic Moho. Seismic lines that meet this criterion were chosen for this study 305 

(Figure 2c, d, and e). We have applied the joint inversion technique to gravity inversion 306 

results using end member break-up ages of 33 Ma and 100 Ma. 307 

4. SEISMIC OBSERVATIONS 308 

4.1. Interpretation approach and definition of first-order seismic horizons 309 

We identified, interpreted, and mapped first-order seismic horizons of the NE SCS 310 

margin, which are from shallowest to deepest: the seafloor, Top acoustic basement (Tg), top 311 

high-velocity lower crust (HVLC), and Seismic Moho (Figure 3a to c). 312 

The seafloor is the first high-impedance contrast in our reflection seismic lines (Figure 313 

3). The seafloor is generally flat over the continental shelf. The slope area is characterized by 314 

a high topographical gradient where submarine canyons, channels, and gullies occur (Figure 315 

3). In the abyssal plain, the seafloor is relatively flat, despite the local occurrence of 316 

submarine channels and seamounts (Figure 3). These seamounts are regions where the top 317 

basement locally crops out, probably representing volcanoes. Some of these seamounts 318 



were already dredged, sampling Mesozoic and Miocene basalts (i.e., Beipo and Puyuan-319 

Formosa seamounts ) (Wang et al., 2012a; Xu et al., 2022) (Figure 1 and Figure 3a). 320 

The top basement (Tg) is mapped at the base of the Cenozoic infill, corresponding to 321 

syn-rift (SRS and SH) or post-rift sequences (SH). Therefore, the top basement corresponds 322 

to a diachronous surface, on top of which significant sediment thickness variations are 323 

observed (Figure 2d).  324 

The Tg interface in the Tainan Basin does not always correspond to a clear reflector. 325 

Instead, it is mapped where a change from parallel and well-stratified reflectors (interpreted 326 

as representing Cenozoic sediments) to undulated and discontinuous seismic facies occurs 327 

(Figure 3). This interface is usually observed close to the 4 s (TWT) (Figure 3a) and 5 km 328 

(depth) (Figure 3b and c). Tg is often offset by counter-regional normal faults delimiting rift 329 

basins (Figure 3a), which offsets that can surpass 1 s (TWT) (Figure 4a) and 2 km (depth) 330 

take place (Figure 4b and c). The undulated and discontinuous seismic facies underneath Tg 331 

consist of Mesozoic pre-rift strata, an observation supported by drilling results (Figure 2b) 332 

(Gong et al., 1997; Lu et al., 2014; Taylor and Hayes, 1983; Wang et al., 2012a; Xi et al., 333 

2005; Zhou, 2002) and refraction seismic (Lester and McIntosh, 2012; Liu et al., 2021).  334 

From the Tainan Basin to the SRS axis, a gradual deepening of Tg is observed over 335 

ca. 70 km (Figure 4). Tg passes from values as low as 2.5 s (TWT) (4 km deep) in the 336 

Central High to ca. 8 s (TWT) (more than 9 km deep) in the SRS (Figure 4). In this rift 337 

system, the Tg horizon is mapped along a high amplitude reflector, below which the acoustic 338 

basement shows chaotic, hummocky, and semi-parallel seismic facies. There, Tg is reached 339 

after 5 s (TWT) and 6 km (depth), being frequently offset by many regional and counter-340 

regional normal faults that can surpass 1 s (TWT) and 1 km (depth) (Figure 4b and c). 341 

Adjacent to the rift axis and below Tg, parallel reflectors with synform (Figure 3a) and 342 

antiform (Figure 3b) geometries are observed. These pre-rift reflectors fit with the seismic 343 

region that has been interpreted, based on Vp from refraction seismic, as Mesozoic 344 

sedimentary sequences (Liu et al., 2023, 2021). 345 

Tg rises towards the SH (Figure 3) to elevations as low as 6 s (TWT) and 7 km 346 

(depth) (Figure 4). This sudden offset of Tg is interpreted to be controlled by a system of 347 

major normal faults, here referred to as the Boundary Fault Zone (BFZ) (Figure 3a to c). In 348 

the SH, Tg is mapped along a rather continuous and high-amplitude reflector. Top basement 349 

topography is either flat or irregular, where seamounts and buried mounts occur (Figure 3b, 350 

and c). Pre-rift sedimentary reflectors seem absent; however, they might sparsely occur in 351 

zones where stratiform seismofacies are observed (Figure 3). Faulting is sparse and, when 352 

present, characterized by low offsets (Figure 3b and c; Southern High). 353 



The top of the high-velocity lower crust (i.e., HVLC, velocities between 6.9-7.5 km/s), 354 

recognized in refraction seismic data in the Tainan Basin (Zhao et al., 2010) and the SH 355 

(Eakin et al., 2014; Lester et al., 2014; Liu et al., 2023, 2021). This HVLC horizon is mapped 356 

in seismic reflection data on top of a set of laterally continuous, high-amplitude reflectors 357 

(Figure 3a and c) (see also Lester et al., 2014). The top of the HVLC surface pinches out on 358 

the interpreted seismic Moho towards the axis of the SRS (Figure 3a and c), where no HVLC 359 

appears on refraction seismic data (Liu et al., 2023, 2021).  360 

The seismic Moho is picked at the base of a band of high-amplitude, discontinuous 361 

flat reflectors lying around 10s (TWT) in the Tainan Basin. Seismic Moho interpretation is 362 

less constrained in the slope area due to the absence of clear high-amplitude reflectors deep 363 

in the crust (Figure 3b-c). Towards the SRS, seismic Moho reflection corresponds to a clear 364 

high-amplitude reflector on some profiles (Figure 3a). Seismic Moho rises to 7.5-8 s (TWT) at 365 

the rift axis, where the crust is as thin as 0.3 to 0.8 s (TWT) (Figure 3). Seismic Moho 366 

progressively deepens down to 9.5-10 s (TWT) at the location of the Boundary Fault Zone 367 

(Figure 3a-c). In the SH, it rises to values from 9 to 8 s (TWT) from ca. 30 km (Figure 3c) to 368 

70 km of distance (Figure 3c). In the SH, seismic Moho is mapped along discontinuous high-369 

amplitude reflectors locally located underneath transparent seismic facies within the HVLC 370 

(Figure 3b-c). 371 



 372 



Figure 3. Selection of reflection composite seismic lines illustrating the key structural elements of the 373 
NE SCS, such as the line drawing, and horizons used in this study. To check the location of the lines, 374 
the reader is referred to Figure 2E (a) Composite section made with MGL0905-05 (N-S dip-oriented) 375 
and MGL0905-04 (W-E; strike-oriented). (b) Composite section made with MGL0905-22 (N-S dip-376 
oriented), MGL0905-23(E-W; strike-oriented), and MGL0908-03 (N-S; dip-oriented). (c) Seismic line 377 
MGL0905-20 (N-S; dip-oriented). BFZ – Boundary fault zone. HVLC – Top of High-velocity lower 378 
crust.379 



 380 

Figure 4. Elevation maps to reach the top basement (Tg) in (a) time (s TWT), and (b) depth (km). (c) 381 
Tg elevation (km) integrated with seamounts (Sun et al., 2010; Lei et al., 2018, and this work) and 382 
mapped igneous intrusions (e.g., sills; this work). AOE- area of exploration. 383 

4.2. Identification and distribution of magmatic additions  384 

Several volcanic features and igneous intrusions have possibly been identified in the 385 

basement, based on the geometry of reflectors and seismic facies (Jamtveit et al., 2004; 386 



Magee et al., 2018, 2015, 2013; Planke et al., 2017, 2005; Schofield et al., 2012; Xu and 387 

Haq, 2022), and available dredges (Wang et al., 2012a; Xu et al., 2022). 388 

In the SH, layer-parallel high amplitudes and saucer-shaped reflectors are common 389 

intruding older sequences of the Cenozoic and/or shallowest portions of the basement 390 

(Figure 5A, C, D, E, G). Those two seismofacies are usually attributed to the acoustic 391 

response to sheet intrusions such as sills and magma fingers (Magee et al., 2015; Planke et 392 

al., 2005). The sills intruding the Cenozoic sequences are commonly interpreted not only in 393 

the SH (around 4 to 5 km deep) but also in the southern part of the SRS (around 4 to 7 km 394 

deep) (Figure 3c and Figure 4c).  395 

These magmatic additions are laterally related to several features. Eye- (Figure 5E), 396 

dome-, and crater-shaped morphologies are observed (Figure 5F). Such features are 397 

commonly related to cones and sills sometimes associated with hydrothermal vent 398 

complexes (Jamtveit et al., 2004; Planke et al., 2005). Seamounts characterized by abrupt 399 

changes of top basement topography (e.g. Figure 5A, C) show granular to chaotic 400 

seismofacies and velocity pull-ups as well as the absence of deep reflectors (i.e., HVLC and 401 

seismic Moho) (Figure 5A, and D). The pull-ups indicate velocity contrasts between the 402 

seamount medium (denser) and its surroundings (lighter) (Magee et al., 2013). This 403 

assemblage observed in the outcropping or buried seamounts is interpreted as volcanoes, 404 

an assumption validated by dredging in the area (i.e., Beipo and Puyuan-Formosa 405 

seamounts) (Wang et al., 2012a; Xu et al., 2022). A majority of the mapped magmatic 406 

seamounts have no geometry that suggests erosional processes (Figure 5D). Nonetheless, 407 

some of them (e.g., Puyuan-Formosa) (Figure 4a) (Wang et al., 2012a; Xu et al., 2022), have 408 

a finger-like morphology, which may indicate a long-lasting exposition to erosion (Figure 5A). 409 

In general, these volcanoes are mostly present throughout the SH. They have no clear 410 

directional trend and vary from patches as small as 5 km to more than 30 km wide (Figure 411 

4c). In the Tainan Basin and SRS, some smaller volcanic patches also occur with a general 412 

ENE-WSW orientation (Figure 4c). Sometimes, granular with high frequencies internal 413 

reflectors occur in the Tg interface, which is common in inner flow seismofacies as the 414 

acoustic response to lava flows (Planke et al., 2017) (Figure 5H). 415 



 416 



Figure 5. Crustal seismic expression of some transects from the NE SCS Southern High. A – Puyuan-417 
Formosa Eroded Seamount, composed of Jurassic and Miocene basalts (Wang et al., 2012a; Xu et 418 
al., 2022) laterally related to sills. B – Concave buried volcanic seamount laterally related to sills. C – 419 
Buried volcanic seamount complex made of several small-scale concave-shaped reflectors. Laterally, 420 
hydrothermal vent complexes and sills can occur. D – Volcanic seamount with concave-shaped 421 
morphology. E – Hydrothermal vent complex composed of eye-shaped and layer-parallel high 422 
amplitude morphologies. F – Volcanic crater complex in a buried plateau. G – Plateau morphology 423 
intruded by sills. H – Inner flow close to the sediment-crust boundary. vpu – velocity pull-up. 424 

4.3. Characteristics of structural domains: synthesis 425 

The interpretation of the seafloor, top basement, top of the HVLC, and seismic Moho 426 

enables the mapping of the sediment and crustal thickness evolution in the NE SCS margin 427 

segment. Variations of sediment and crustal thicknesses and the mapping of magmatic 428 

seamounts are used to define different structural domains: 429 

The proximal margin occurs north of AFZ (Figure 1A). This domain is characterized 430 

by a <3.5 s (TWT) (<6 km; Figure 2d) thick Cenozoic succession, where isolated Cenozoic 431 

rift basins from the Northern Rift System occur (i.e., Penghu, Nanjihtao, Taihsi), overlying a 432 

relatively weakly thinned crust (~7.5-8 s TWT thick, Figure 4d) (Lin et al., 2003). Cenozoic 433 

magmatism is common and well-known in areas such as Penghu Island, Penghu High, 434 

Taiwan Strait (Chung et al., 1994; Juang and Chen, 1992; Wang et al., 2012a), and onshore 435 

Taiwan (Chung et al., 1994; Smith and Lewis, 2007). Mesozoic and Paleozoic pre-rift strata 436 

are present below Tg, inference validated by subsurface data (Figure 3).  437 

The Tainan Basin occurs between the AFZ and the Central High. It is characterized 438 

by a 3 to 4 s (TWT) (3 to 5 km; Figure 2d) thick Cenozoic succession. The seismic Moho 439 

signal tends to be clear and around 10 s (TWT). The top of the HVLC signal is observed and 440 

pinches out toward the south. Mesozoic pre-rift strata are likely locally present below Tg, as 441 

sampled in several boreholes (Figure 3). 442 

The Southern Rift System (SRS) occurs from the south of the Central High to the BFZ 443 

(Figure 1A). This domain is characterized by thick Cenozoic sedimentary succession (<7.5 s 444 

TWT) (<6 km; Figure 2d). Thin syn-rift strata are widely present (around 0.5 s TWT), 445 

overlying a hyper-thinned crust locally less than 0.3 s (TWT) thick close to the rift axis. The 446 

HVLC is absent under the SRS. Mesozoic pre-rift strata are possibly present below Tg, 447 

showing folded geometries, but have never been drilled at this location (Figure 3). Magmatic 448 

intrusions such as sills, dykes, and magma fingers are possibly present in great numbers 449 

throughout the southern part of the rift axis (Figure 5). 450 

The Southern High (SH) occurs from the south of the boundary fault zone to the 451 

oceanic domain This domain is characterized by a thicker crust (3 to 5 s TWT), compared to 452 

the SRS, where thin Cenozoic sedimentary succession (<2 s TWT; 2 to 3 km) tend to occur. 453 



Magmatic additions are frequently observed forming seamounts, intrusions, and flows 454 

(Figure 3c). Some of them are clearly of post-rift age (Figure 5A). Seismic facies do not 455 

support the interpretation of Mesozoic strata to the south of the Boundary Fault Zone. 456 

However, their presence below magmatic addition cannot be excluded (Lester et al., 2014). 457 

The presence of a 3-5 km thick HVLC (6.7 to 7.3 km/s; Lester et al., 2014) has been 458 

interpreted as magmatic underplating or lower crustal intrusions possibly of post-rift age 459 

(Lester et al., 2014; Liu et al., 2021). 460 

4.4. Velocity envelopes of the Southern High 461 

The velocity structure below the top basement is commonly represented as a velocity 462 

envelope that is used to test oceanic or continental crustal type (Figure 6). Velocities of the 463 

upper part of the SH basement range from ca. 4.3 to 5.5 km/s and slowly increase with depth 464 

up to ca. 6–7 km/s at 5 km depth. A net shift towards higher velocities (ca. 6.7–7.8 km/s) is 465 

observed below 10 km depth and down to 15 km depth (Figure 6). This shift corresponds to 466 

the ca. 3 to 5 km high-velocity lower crust (ca. 6.9–7.5 km/s) (Lester et al., 2014; Liu et al., 467 

2021). 468 

We compared the velocity envelope of the SH with the compilation of Pacific oceanic 469 

crust thicknesses shown in White et al. (1992). We also included in our comparison, the 470 

velocity profile for the thick (i.e., 12.5 km thick) oceanic crust compiled by Mutter & Mutter 471 

(1993) (Figure 6a). The crust of the SH is locally up to 15 km thick (Figure 6) and is hence 472 

thicker than the global oceanic crust average (i.e., 7.1 ±0.8 km) (White et al., 1992) and does 473 

not correspond to a typical oceanic crust. The comparison with the thick oceanic crust 474 

velocity profile of Mutter & Mutter (1993) shows a better fit, although velocities tend to be 475 

slightly slower (<0.5 km/s) between 3 to 10 km depth (Figure 6a). 476 

The velocity structure of the SH was also compared to that compiled for the thin 477 

continental crust (Prada et al., 2015) (Figure 6b). It is noteworthy that the SH crust is thicker 478 

than the data collected by Prada et al. (2015). The velocity structure of the SH shows a trend 479 

similar to that of thinned continental crust down to 10 km thick, although lower velocities are 480 

also commonly compiled for the area. However, no HVLC is observed in the thin continental 481 

crust compilation of Prada et al., (2015) (Figure 6b). 482 

Because of the similar velocity range between continental and oceanic crustal rocks, 483 

velocity envelopes determined from wide-angle seismic data cannot easily be used to 484 

discriminate unambiguously the crustal type (Karner et al., 2022). Although we cannot 485 

conclude on the crustal type of the SH at this point, we note that its velocity structure is 486 

similar to that of the distal SCS margin located to the west (Figure 6c) (Nissen et al., 1995; 487 

Pin et al., 2001; Wang et al., 2006) as previously pointed out by Lester et al, (2014). There, 488 

the distal SCS rifted margin is interpreted to be of continental origin, locally intruded by 489 



magmatic additions (Bautista et al., 2001; Fan et al., 2017; Lester et al., 2014; Liu et al., 490 

2023, 2021; Sibuet et al., 2016). 491 

 492 

Figure 6. Velocity envelopes compiled for the Southern High compared to (a) Pacific-type oceanic 493 
crust (White et al., 1992) and 12.5 km thick oceanic crust velocity profile (Mutter and Mutter, 1993); (b) 494 
thin continental crust (Prada et al., 2015); (c) Western SCS distal margin velocity envelope (Lester et 495 
al., 2014). 496 

5. GRAVITY INVERSION AND JOINT SEISMIC-GRAVITY INVERSION 497 

5.1 Gravity inversion 498 

Crustal thickness maps produced by gravity inversion are shown in Figure 7. As 499 

mentioned earlier, the reference Moho depth of the gravity inversion results was calibrated 500 

against refraction data over unambiguous oceanic crust (ESP 1 in Nissen et al., 1995) 501 

formed subsequently to early Oligocene breakup (Li et al., 2014). The formation age of the 502 

SRS and the SH is, however, less constrained. Cenozoic and Mesozoic ages have been 503 

suggested to correspond to either the opening of the South China Sea (Briais et al., 1993; Li 504 

et al., 2014) or the Proto-South China Sea (Dycoco et al., 2021 and references therein). The 505 

elapsed time for lithosphere thermal re-equilibration directly impacts the lithosphere thermal 506 

gravity anomaly correction and hence the gravity-derived Moho depth and crustal thickness. 507 

We have tested the sensitivity of the gravity-derived Moho depth and crustal thickness to 508 

end-member formation ages 33 Ma and 100 Ma for the SRS and the SH (Figure 7). Crustal 509 



thicknesses assuming an age of 33 Ma for lithosphere thermal re-equilibration are shown in 510 

Figure 7a. Inside our area of interest, gravity-derived crustal thickness is determined using 511 

our sediment thickness compilation (Figure 2b); outside of it, public-domain sediments are 512 

used (Divins et al. 2003). Different crustal domains can be distinguished in Figure 7. Over the 513 

continental shelf, west of Taiwan, crustal thickness is predicted to be 30 km thick or slightly 514 

thicker, except at the location of the Penghu (<30 km), Nanjihtao (<25 km), and Taihsi (<20 515 

km) depocenters (Figure 7a). Note that the crustal thickness over the continental shelf could 516 

be slightly overestimated if thick Mesozoic sedimentary sequences are present below the 517 

interpreted top basement (i.e., Top of Mesozoic of Lin et al., 2003). Over the present-day 518 

continental shelf southwest of Penghu High, a thinner crust (25 to 30 km thick) is predicted at 519 

the location of the Zhu-I depocenter (Figure 7a). South of Zhu-I, crustal thickness values 520 

slightly increase to 30-35 km thick under the Dongsha High (Figure 7a). Note that the 521 

Penghu and Dongsha highs; although they do not form a continuous structure, are aligned 522 

along a NE-SW trend that marks the southeastern boundary of the present-day continental 523 

shelf.  524 

South of the Penghu High, the crust progressively thins to less than 5 km thick. This 525 

hyper-thinned sector delineates a V-shape geometry of the SRS that terminates westward. 526 

The crustal architecture of this aborted rift system was previously captured on 2D reflection 527 

and refraction seismic profiles (e.g., Yeh et al., 2012; Lester et al., 2014; Liu et al., 2021; Mi 528 

et al., 2023) and regional gravity-derived crustal thickness maps (Gozzard et al., 2019); 529 

however, not at the high resolution herein presented (Figure 7a). Although floored by a thin 530 

crust, our gravity inversion does not predict an exhumed serpentinized mantle in the western 531 

SRS. On our map, areas of exhumed serpentinized mantle would potentially be predicted 532 

where the crust is ca. 3 km thick, equivalent to the mass deficiency of serpentinized mantle 533 

to the mantle (Cowie et al., 2015) (Figure 7a). Areas where the crust is 3 km or less are 534 

predicted near the Manilla trench; however, these predicted crustal thicknesses are expected 535 

to be too thin; close to the subduction zone, the reference Moho depth is expected to 536 

increase significantly, in which case the crust would be thicker.  537 

A patch of thicker crust occurs between the SRS and the oceanic domain and 538 

corresponds to the SH. There, the crustal thickness generally exceeds 10 km thick and can 539 

locally reach more than 15 km thick. This thick crust coincides with the location of large 540 

seamounts mapped from seismic reflection data (Figure 3a and Figure 4c). Oceanward of 541 

the SH, the crust is thinner, decreasing to 6 km thickness. Away from the Manila Trench, little 542 

crustal thickness variation is seen, corresponding to the area where unequivocal oceanic 543 

crust has previously been identified (Gozzard et al., 2019).  544 

Results assuming an age of 100 Ma for the lithosphere thermal re-equilibration are 545 

shown in Figure 7b. We only show the results in our area of interest, which includes SRS and 546 



SH; a 33 Ma breakup age is regionally more consistent for the opening of the South China 547 

Sea (Briais et al., 1993; Larsen et al., 2018). An older age for the lithosphere thermal re-548 

equilibration in the gravity inversion generates a deeper gravity-derived Moho and hence 549 

thicker predicted crust (Figure 7b). 550 



 551 



Figure 7. Crustal thickness maps determined from gravity inversion. (a) Crustal thickness assuming an 552 
age of 33 Ma for the lithosphere thermal re-equilibration time (late Oligocene). Crustal thicknesses 553 
outside the area of exploration are calculated using the sediment thickness grid compiled in Gozzard 554 
et al. (2019). (b) Crustal thickness assuming a 100 Ma age for the lithosphere thermal re-equilibration 555 
time (late Lower Cretaceous). Contour lines mark 5 km intervals. Shaded relief free-air gravity is 556 
superimposed.  557 

5.2 Joint Seismic-Gravity Inversion 558 

We compare the Moho determined from gravity inversion for both end-member 559 

lithosphere thermal re-equilibration times (33 Ma and 100 Ma, Figure 7) with our seismic 560 

TWTT Moho interpretations along the 2D profiles (Figure 3). The gravity-inversion Moho, 561 

taken into the time domain, is shown in Figure 8. 562 

For the younger age for lithosphere thermal re-equilibration (33 Ma), the Moho 563 

determined from gravity inversion is shallower than the seismic Moho TWTT (Figure 8a, c, 564 

e). This is more pronounced along the westernmost profile (Figure 8a) whereas both seismic 565 

and gravity-derived Moho TWTT become closer along the profiles located further to the east. 566 

Considering the older 100 Ma Mesozoic age of lithosphere thermal re-equilibration, gravity-567 

derived Moho is deeper than our seismic Moho interpretation (Figure 8b, d, and f). Assuming 568 

that our top basement and seismic Moho interpretations correspond to the top and base of 569 

the crystalline basement, the difference between the gravity-derived Moho and seismic Moho 570 

TWTT indicates that the crust is either denser or lighter than the reference density 571 

considered in the gravity inversion scheme (2850 kg.m- 3). A gravity-derived Moho shallower 572 

than the seismic Moho indicates that the crust is on average denser than the reference 573 

density (2850 kg.m- 3), while a gravity-derived Moho deeper than the seismic Moho indicates 574 

that the crust is on average lighter than 2850 kg.m- 3.  575 

The joint inversion method calculates the lateral variation of crustal densities and 576 

seismic velocities required to match the gravity-derived Moho with the interpreted seismic 577 

Moho in the time domain. We obtain 1) a profile showing lateral crustal density variations that 578 

are compared to the constant 2850 kg.m- 3 density initially used in the gravity inversion 579 

scheme (Figure 9), and 2) an adjusted trend for the Moho (Moho from joint inversion, Figure 580 

8 and Figure 9). Both profiles show high-frequency variations that result from the influence of 581 

top basement topography in the method; longer wavelength trends are more meaningful. 582 

Considering the younger 33 Ma age for lithosphere thermal re-equilibration, adjusted 583 

densities along the profiles are commonly above the average 2850 kg.m- 3 crust density. 584 

Average densities of ca. 2900 kg.m- 3 are observed over the SH (Figure 9), a result 585 

consistent with the thick (3 to 5 km thick) high velocity lower crust shown in refraction for the 586 

area (Eakin et al., 2014; Lester et al., 2014; Liu et al., 2021). A denser crust (ca. 2850 to 587 

3000 kg.m- 3) is generally predicted for the SRS. Such a denser crust is not unexpected, as 588 

pointed out by the Vp/Vs analysis done nearby (Liu et al., 2023). We note, however, that 589 



densities predicted along our central line (Figure 9c and d) are lower compared to the two 590 

other profiles. This might result from uncertainty in our seismic Moho interpretation.  591 

Considering the older 100 Ma age for lithosphere thermal re-equilibration, densities 592 

adjusted from our joint inversion method are commonly below the reference 2850 kg.m- 3 593 

crust density (Figure 9b, d, f). Such low densities (~2700 kg.m- 3) could be explained if thick 594 

low-density sediments are present below the top basement pick and/or if the crust 595 

composition is dominantly felsic. Although seismic observations suggest that pre-rift 596 

sediments might locally be present below the top basement of the SRS (Figure 3), this is 597 

unlikely to be the case for the SH (Figure 4). Furthermore, considering that densities and 598 

seismic velocities are correlated, low crustal densities should correspond to slow seismic 599 

velocities. However, seismic refraction data ubiquitously show the presence of a thick (3 to 5 600 

km thick) high-velocity lower crust layer (Eakin et al., 2014; Lester et al., 2014; S. Liu et al., 601 

2018; Liu et al., 2021; Wang et al., 2006).  602 

Although the exact age of the SRS cannot be constrained from our joint inversion 603 

method, a Cenozoic rifting age concerning the opening of the SCS is more consistent with 604 

seismic refraction velocity data. 605 



 606 

Figure 8. Selected profiles showing interpreted seafloor, top basement, and seismic Moho (where 607 
observed) in TWTT, and the Moho determined from gravity inversion taken into the time domain. The 608 
Moho resulting from the joint inversion of seismic and gravity data is also shown. Results for both 33 609 
Ma (left column) and 100 Ma (right column) lithosphere thermal re-equilibration time are shown. (a) 610 
and (b) Composite section made with MGL0905-05 (N-S dip-oriented) and MGL0905-04 (W-E; strike-611 
oriented). (c) and (d) Composite section made  with MGL0905-22 (N-S dip-oriented), MGL0905-23(E-612 
W; strike-oriented), and MGL0908-03 (N-S; dip-oriented). (e) and (f) Seismic line MGL0905-20 (N-S; 613 
dip-oriented). TB – Tainan Basin; SRS – Southern Rift System; SH – Southern High. 614 



 615 

Figure 9. Results of the joint inversion of seismic and gravity Moho for selected profiles. For each 616 
profile, a depth section is shown as well as adjusted densities along profiles. The results are shown for 617 
both 33 Ma (left column) and 100 Ma (right column) lithosphere thermal re-equilibration time. (a) and 618 
(b) Composite section made with MGL0905-05 (N-S dip-oriented) and MGL0905-04 (W-E; strike-619 
oriented). (c) and (d) Composite section made with  MGL0905-22 (N-S dip-oriented), MGL0905-23(E-620 
W; strike-oriented), and MGL0908-03 (N-S; dip-oriented). (e) and (f) Seismic line MGL0905-20 (N-S; 621 
dip-oriented). TB – Northern Rift System; SRS – Southern Rift System; SH – Southern High. 622 



6. INTERPRETATIONS AND DISCUSSIONS 623 

6.1. Crustal structure of the NE SCS distal margin: synthesis 624 

The crustal structure and nature of the different domains of the NE SCS distal margin 625 

are still a matter of debate. Based on interpreted magnetic isochrons, the basement has 626 

already been categorized as an Eocene oceanic crust (Hsu et al., 2004) (Figure 10a). In 627 

contrast, the basement nature of the SRS has been interpreted as a thin continental crust 628 

under which mantle serpentinization might occur (Figure 10b) and overlaid by Mesozoic 629 

sediments (Figure 10c) (Liu et al., 2023, 2021). For the SH, controversy also exists with 630 

several proposed interpretations: (i) Mesozoic oceanic plateau (Xu et al., 2022) (Figure 10d), 631 

(ii) relicts of a Mesozoic thick oceanic crust (Reed, 1995; Sibuet et al., 2016; Yeh et al., 2012, 632 

2010), (iii) part of the Philippine Plate oceanic crust (Hsu et al., 2004), and (iv) thin 633 

continental crust interspersed with magmatic additions (Figure 10f) (Bautista et al., 2001; Fan 634 

et al., 2017; Lester et al., 2014; Liu et al., 2023, 2021; Sibuet et al., 2016). Results of seismic 635 

observations combined with our new geophysical results enable us to discuss further the 636 

nature and evolution of these distinct distal structural domains. However, it is worth noting 637 

that the scenarios that fit our new geophysical analyses are not unique and need to be 638 

integrated with additional datasets including dredges and seismic interpretations.  639 

Several hypotheses for the nature crust of the SRS have been tested that depend on 640 

the age of the lithosphere thermal re-equilibration (i.e. break-up ages) used in the gravity 641 

inversion (Figure 9). For a breakup age of 100 Ma, which corresponds to the opening of the 642 

Proto South China Sea (Dycoco et al., 2021 and references therein), the joint inversion gives 643 

crustal densities significantly lower than average crustal densities (Figure 9b). Opposite 644 

results are obtained when a breakup age of 33 Ma is assumed (opening of the South China 645 

Sea: Li et al., 2014 and references therein) (Figure 9a). Previous works recognized the SRS 646 

as a failed rift with or without oceanic spreading during the Eocene (e.g., Hsu et al., 2004; 647 

Lester et al., 2014) (Figure 10a, b, and c). An older Eocene age for this basin would result in 648 

a slightly lighter and thicker crust from the joint inversion compared to the 33 Ma break-up 649 

model (Figure 9a). The densities predicted for a Mesozoic age for the lithosphere thermal re-650 

equilibration for the SRS suggest the occurrence of light rocks (i.e. sediments) in most of the 651 

crust. Such a scenario is not validated by refraction seismic data across this rift system, 652 

which shows velocities typical of upper crustal rocks (>5 km/s) (Eakin et al., 2014; Lester et 653 

al., 2014; Liu et al., 2021; McIntosh et al., 2005; Wan et al., 2017). So, it seems unlikely that 654 

the SRS was formed during the Mesozoic opening of the Proto South China Sea.  655 

The 33 Ma break-up age corresponds to the rifting of the NE SCS and the opening of 656 

the Eastern subbasin of the South China Sea (Li et al., 2014). High-density values consistent 657 

with oceanic crust are obtained from the joint inversion method (Figure 9a). However, 658 



seismic reflection data shows the typical structure of a faulted rift system (Figure 3 - SRS). 659 

The SRS is most likely made of continental crust, with the likely occurrence of intermediate to 660 

mafic rocks, which is supported by previously interpreted data of Vp/Vs ratios (e.g., Liu et al., 661 

2023), and refraction (e.g., Lester et al., 2014) (Figure 10b and c). Although no wells are 662 

available, Mesozoic pre-rift strata are likely present below the top basement mapped in the 663 

SRS (Figure 11). Stratiform reflectors and synform geometries truncated at the top basement 664 

(Tg) are observed on reflection seismic data (Figure 3). This sequence pinches out toward 665 

the BFZ and is no longer observable on seismic data further south (Figure 3b and c). This 666 

interpretation is consistent with drilling results and seismic data to the west in the so-called 667 

Chaoshan Basin, where Mesozoic high-velocities (3.5 and 5.5 km/s) sediments have been 668 

drilled (Fan et al., 2022). Velocities from refraction profiles (Eakin et al., 2014; Lester et al., 669 

2014; S. Liu et al., 2018; Liu et al., 2021; McIntosh et al., 2005) that fit this range suggest the 670 

presence of high-velocity Mesozoic strata possible below Tg (Eakin et al., 2014; Lester et al., 671 

2014; S. Liu et al., 2018; Liu et al., 2021; McIntosh et al., 2005). Gravity inversion results do 672 

not show any clear window of exhumed serpentinized mantle in the western part of SRS 673 

(Figure 7). Despite uncertainties on crustal thickness values near the subduction trench, our 674 

crustal thickness map shows a V-shape of the SRS, widening to the east and associated with 675 

a progressive crustal thinning, suggesting that SRS might correspond to a rift propagator 676 

(Figure 7). Based on these observations, we interpret that the SRS is made of continental 677 

rocks overlaid by Mesozoic sediments (Figure 10c and Figure 11). 678 

We also tested the nature and age of the SH using the joint inversion method (Figure 679 

9 and Figure 10d, e, and f). This domain is predicted to be denser than average crustal 680 

densities (i.e., dominantly mafic; Figure 7a and Figure 10d) only if it forms during or after the 681 

Cenozoic (33 Ma lithosphere thermal re-equilibration age, Figure 9a, c, e). Furthermore, 682 

refraction velocities of the SH show a good fit with a thick oceanic crust velocity profile 683 

(Figure 6a) (Mutter and Mutter, 1993). These results are consistent with our seismic 684 

observations of buried/outcropping seamounts, magmatic intrusions, and a possible 685 

occurrence of hydrothermal vent complexes (Figure 5). Miocene basalts were dredged at the 686 

Puyuan-Formosa seamount (Wang et al., 2012a, 2012b) (Figure 3a), suggesting that this 687 

magmatism might occur during the post-rift time. However, other dredged basalts from the 688 

Puyuan-Formosa and Beipo seamounts are of Mesozoic age (154.1 ±1.8 Ma and 93.2 ±5 689 

Ma; whole-rock Ar-Ar) demonstrating that the basement was not fully formed at Cenozoic 690 

time (Xu et al., 2022) (Figure 3a). Considering a Mesozoic age of formation (i.e. joint 691 

inversion results for a lithosphere thermal re-equilibration of 100 Ma), predicted densities for 692 

the SH are lighter than the average crustal densities in which case, it would be made of rocks 693 

of felsic affinity or include thick sedimentary sequences (Figure 10e). Velocity-depth profiles 694 

from the SH are not very different from velocity envelopes compiled for the thin continental 695 



crust (Eakin et al., 2014; Lester et al., 2014; McIntosh et al., 2014) except for the additional 696 

presence of a high-velocity lower crust (Figure 6b). This lower crust shows a Vp/Vs ratio 697 

consistent with a mafic composition (possibly gabbroic) (Liu et al., 2023). It is therefore 698 

unlikely that the crust is dominantly felsic (Figure 10e). The crust of the SH is neither 699 

dominantly mafic (thick magmatic crust) (Figure 10d) nor felsic (continental crust) (Figure 700 

10e) and a Mesozoic age of rifting can be excluded. Some scenarios can be disregarded for 701 

the nature and formation age of the SH: i) a Mesozoic oceanic plateau or Mesozoic thick 702 

oceanic crust (Figure 11d) (Hsu et al., 2004; Sibuet et al., 2004, 2002; Xu et al., 2022; Yeh et 703 

al., 2010) ii) Eocene to Oligocene oceanic crust (Figure 11a) (Hsu et al., 2004), and iii) thin 704 

continental crust (Figure 11e). Based on our results and similar to other propositions 705 

(Bautista et al., 2001; Eakin et al., 2014; Fan et al., 2017; Lester et al., 2014, 2013; C.-S. Liu 706 

et al., 2018; Liu et al., 2023; Wang et al., 2006; Yeh et al., 2012), we propose that the SH 707 

crust corresponds to a crust of polygenic origin (dredges of Mesozoic basalts) thinned during 708 

Cenozoic rifting and subsequently intruded by post-rift magmatism (Figure 10f) (Figure 11). 709 

As already inferred by Lester et al. (2014), these magmatic additions potentially masked rift-710 

related normal faulting and pre-rift strata. It is worth noting that a magmatic crustal domain 711 

adjacent to the interpreted ocean-continent transition of the offshore conjugate Palawan 712 

margin shows similar high densities. However, it is interpreted as a thick oceanic crust 713 

(Franke et al., 2014). 714 



715 



Figure 10. Geological scenarios for the crustal nature of the Southern Rift System (a, b, and c) and the 716 
Southern High (d, e, and f) based on seismic observations, gravity-inversion, and seismic-gravity joint 717 
inversion throughout the MGL0905-20 profile. Southern Rift System (SRS): (a) Oceanic crust of 718 
Eocene (or older) age. (b) Hyper-thinned continental crust composed of crystalline rocks and, toward 719 
the south, punctual intrusion. (c) Hyper-thinned continental crust overlaid by Mesozoic Pre-rift (meta)-720 
sediments. Southern High (SH): (a) Mesozoic Mafic Crust. (b) Thin-continental crust. (c) Hybrid crust, 721 
that is, a thin continental crust with polyphasic magmatic addition. 722 



 723 

Figure 11. The crustal nature of the Northeastern South China Sea Margin. This figure is the merging 724 
of scenarios (c) and (f) from Figure 10 and is based on the geological/geophysical integration 725 
demonstrated in this study. 726 



6.2. The origins of the NE SCS margin 727 

The proximal NE SCS margin (i.e., the NRS) differs in terms of basement nature from 728 

the Tainan Basin and the distal NE SCS margin (i.e., the SRS and SH). Here we integrate 729 

our results in the frame of the Mesozoic active continental margin and discuss the 730 

implications for paleogeographic reconstruction. 731 

The sampled crystalline basement of the NRS records an assemblage of Paleo-732 

Mesozoic metamorphic and igneous rocks. The oldest record is from inherited zircons from 733 

andesites (437 ±13 Ma; U-Pb in zircon) (Chen et al., 2010) located at Penghu archipelago 734 

(Figure 12a). At the same location, rhyolite dykes and tuff-like rocks recorded Early 735 

Paleocene crystallization ages (58.7 ±0.8 Ma, and 63.3 ±1.5, U-Pb in zircon) (Chen et al., 736 

2010). To the west, in the Zhu-1 area, several drilled wells also recovered granitoids samples 737 

that range from 153 Ma (Late Jurassic) to 70.5 Ma (Late Cretaceous) (Li et al., 2018; Shi et 738 

al., 2011; Xu et al., 2016) (Figure 12a). This igneous suite has a magmatic arc-related 739 

geochemical signature that suggests a Mesozoic continent-ocean subduction system (Yan et 740 

al., 2014) (Figure 12a). Similarly, refraction seismic profiles show the presence of an HVLC 741 

in the Dongsha and Penghu area interpreted as related to the former magmatic arc (Wan et 742 

al., 2017). These petrological and geophysical pieces of evidence suggest the development 743 

of a Mesozoic Andean-style magmatic arc (Savva et al., 2014) that represents nowadays the 744 

basement of the proximal NE SCS margin (i.e., NRS) (Figure 12b) (Fan et al., 2022; Li et al., 745 

2018). Evidence for arc magmatism disappears further south towards the Tainan Basin 746 

(sensu strictu) (Figure 12a). There, several wells reached Mesozoic sedimentary strata 747 

(Figure 11 and Figure 12a) (Lu et al., 2014 and references therein). Similarly, in the adjacent 748 

Chaoshan Basin located further west, the well LF35-1-1 recorded Jurassic to Cretaceous 749 

sedimentary rocks (Shao et al., 2007) interpreted as deposited in a Mesozoic forearc setting 750 

(Figure 12a, b) (Fan et al., 2022). The interpreted Mesozoic strata of the SRS show folded 751 

geometries that might indicate it was formerly part of an accretionary wedge as proposed by 752 

Sibuet et al. (2002, 2004), similar to the nearby Chaoshan Basin (Figure 12b). At the 753 

interpreted boundary between the Mesozoic magmatic arc crustal domain and the forearc 754 

setting, the so-called positive South China Sea Magnetic Anomaly is observed and 755 

interpreted as a magnetic signature of the fossil arc (Li et al., 2018).  756 

The SH is herein considered as a polygenic crust that underwent several magmatic 757 

pulses including volcanism as old as the Jurassic (Xu et al., 2022) (Figure 11). Basement 758 

complexes with similar geology (i.e., the occurrence of Mesozoic mafic rocks overlaying a 759 

Mesozoic or older continental crust) are observed in the Palawan Continental Block (Canto et 760 

al., 2012; Hashimoto, 1981; Knittel, 2011; Knittel et al., 2010; Knittel and Daniels, 1987). 761 

These two continental blocks (i.e., Palawan and Southern High) are conjugates and were 762 



part of the same terrane before the opening of the South China Sea. This interpretation is 763 

supported by geochemistry (Xu et al., 2022), plate kinematic (Advokaat and van Hinsbergen, 764 

2024; Cao et al., 2022; Merdith et al., 2021; Müller et al., 2019; Scotese, 2016; Tian et al., 765 

2021; Torsvik et al., 2019; Young et al., 2019), and paleotectonic (Hinz et al., 1991; 766 

Holloway, 1981, 1982; Sibuet et al., 2016; Taylor and Hayes, 1983) reconstructions. As the 767 

Palawan Continental Block has been assigned as part of the Luconia Microcontinent (Hall, 768 

2012; Hall and Breitfeld, 2017; Pubellier and Sautter, 2022; Sautter and Pubellier, 2022), it is 769 

geologically reasonable to state that so does the SH (Figure 11) (Figure 12b). This implies 770 

that the crust of the SH is exotic compared to that of the Eurasian continent (Figure 12b). 771 

The Luconia Microcontinent represents the assemblage of several Mesozoic and older 772 

continental blocks that form not only the basement of Palawan and the SH but also of the 773 

Dangerous Ground (Hall, 2012; Madon, 1999). This microcontinent is believed to be docked 774 

in Laurasia between 90-80 Ma when subduction is terminated (Hall, 2012), and could explain 775 

the existence of Late Cretaceous basalts from the Beipo Seamount interpreted as emplaced 776 

during slab rollback (93.2 ±5 Ma, whole-rock Ar-Ar; Xu et al., 2022). Integrating the SH as 777 

part of the Luconia microcontinent hence implies that a suture zone is located somewhere 778 

between the Mesozoic magmatic arc and the SH (i.e., on Tainan and SRS) (Figure 12b) 779 

(Pubellier and Sautter, 2022; Sautter and Pubellier, 2022).  780 



 781 

Figure 12. A - The tectonic-structural map of the NE South China Sea showing with the crustal 782 
thickness map (Model from the gravity-inversion using 33 Ma as break-up age) as background. COB – 783 
Continent-ocean boundary. B – Simplified map showing the main basement domains forming the 784 
framework of the NE SCS. Chaoshan Basin interpretation is according to Fan et al. (2022). Granitoids 785 
are according to Pubellier et al. (2016). Mesozoic suture is modified from Pubellier and Sautter (2022). 786 
Wells and dredges with information on the basement in Figure A are discretized according to the 787 
nature of the data: (i) squares from intrusives, (ii) triangles from extrusives, and (iii) hexagons from the 788 



detrital analysis. These points are colored according to the ages obtained by radiometric analysis. For 789 
more information check the table in the bottom right of this figure. 790 



7. CONCLUSIONS 791 

In this paper, we investigate the crustal structure of the NE SCS rifted margin, which 792 

led to a reassessment of its nature and origins with implications for the Mesozoic and 793 

Cenozoic evolution of the South China Sea. To this end, we carried out a set of analyses 794 

including 3D gravity inversion and joint inversion of seismic and gravity data. We produced a 795 

set of interpreted seismic sections combined with crustal basement thickness maps and 796 

profiles showing lateral variations of crustal basement densities. The distal domain of the NE 797 

SCS rifted margin comprises two distinct domains. 798 

The Southern Rift System (SRS) is characterized by thick Cenozoic sedimentary 799 

succession (3 to 7 km), including syn- and post-rift sediments, which overlies a hyper-thinned 800 

crust (<5 km). Mesozoic pre-rift strata showing folded geometries are possibly present below 801 

Tg as drilled in adjacent areas such as Tainan (sensu strictu) and Chaoshan basins. South of 802 

the rift axis, sparse volcanoes on the uppermost upper crust and sills are observed. 803 

The Southern High (SH) is characterized by a thicker crust (3 to 5 s TWT; 10 to 15 804 

km), and thin Cenozoic sedimentary succession (2-3 km). A 3 to 5 km thick HVLC is present, 805 

and the joint inversion of seismic and gravity Moho suggests that the crust is on average 806 

denser than 2850 kg.m- 3 considering a 33 Ma breakup age for the SCS. The combined 807 

analysis of geophysical and geological results, enables us to suggest that the SH consists of 808 

polygenic crust that underwent multi-episodic magmatism since the Mesozoic, including 809 

significant Cenozoic post-rift magmatism. 810 

The NE SCS margin developed over a continental basement that was inherited from 811 

the previous Mesozoic active continental margin. Although the crust of the proximal margin 812 

shows evidence of an Eurasian affinity (Mesozoic magmatic arc), the pre-rift 813 

paleogeographic affinity of the distal margin is more debated. The similarity between the NE 814 

SCS and Palawan basement suggests that they might both be part of the Luconia 815 

microcontinent that collided with Eurasia during the Late Cretaceous. Our results suggest 816 

that the Cenozoic rift developed over a Mesozoic collisional system at the location of a 817 

former suture zone between Eurasia and Luconia. 818 
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