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Key Points:20

• V-shaped rift formed before spreading, controlled by differential extension and21

crustal strength heterogeneities.22

• Differential extension governed rift timing and propagation, while inherited23

strength heterogeneities controlled the location and geometry.24

• Continental basement blocks localized rifts, and also generated troughs and25

oblique shear faults.26

Abstract27

Continental rifting rarely occurs synchronously along strike and with uniform width.28

Instead, it commonly involves diachronous, progressive opening and rift propagation29

resulting in V-shaped rifts. Rotational, scissor‐like opening is a common model30

explaining V‐shaped rifts near plate tectonic rotational poles with steep extension31

gradients along-strike. However, the mechanisms driving V‐shaped rifts located far32



from such poles, such as the South-China Sea (SCS), remain less well understood.33

Here, we use crustal-scale analog modeling to investigate the processes and34

mechanisms of V‐shaped rift formation in regions distant from rotational poles, taking35

the SCS as a prototype. Our results demonstrate that the V‐shaped opening of basins36

can be governed by the combined effects of differential extension and inherited37

strength heterogeneities in the lithosphere. Applied to the SCS, our models indicate38

that along-strike variations in Proto-SCS subduction drove spatially variable39

extension, producing east-to-west diachronous rift initiation and contrasting crustal-40

thinning patterns between the eastern and western segments. In addition, weak41

remnants of Mesozoic magmatic arcs in the eastern segment and strong, pre‐existing42

continental basement blocks in the western segment acted as key structural-rheologic43

controls on strain localization, shaping the geometry of the basin and regulating the44

degree of necking along the continent–ocean boundary. Collectively, these processes45

produced the east‐ward younging and narrowing V‐shaped rift represented by the SCS46

today. These findings provide new insights into the debated origin of the SCS in47

particular and broadens our understanding of rift propagation in settings distant from48

rotational poles in general.49
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Plain Language Summary52

The South China Sea (SCS) is characterized by westward-propagating rifting and53

seafloor spreading, which produced a distinctive V-shaped oceanic basin. Because54

this geometry developed far from the relevant Euler poles, it cannot be readily55

explained by a simple rotational opening model. Instead, the progressive opening of56

the SCS likely reflects the combined effects of Cenozoic tectonic forcing and57

Mesozoic inherited lithospheric structures. Using analog modeling, we explored58

multiple factors that may have governed the V-shaped configuration of the SCS: (1)59

variations in extension rate from east to west, driven by unequal subduction of the60

Proto-SCS, and (2) inherited geological features, including remnant Mesozoic61

magmatic arcs in the east and continental basement blocks in the west. The results62

indicate that higher extension rates in the east led to earlier deformation and localized63

strain along a weak zone related to a remnant magmatic arc, producing a wide and64

deep rift. In contrast, strain in the west was focused between pre-existing continental65



basement blocks, generating narrow and deep rift zones. All these processes66

combined produced an east-wide, west-narrow V-shaped rift. These findings provide67

new insights into the geological interactions that shaped the SCS and other V-shaped68

rifts far from rotation poles.69

1 Introduction70

Rifts are the manifestation of localization of regional horizontal stretching of the71

continental lithosphere. They are directly related to the complete geodynamic72

sequence through which the continental lithosphere evolves from initial extension and73

thinning to rupture and subsequent seafloor spreading, as well as to the inherited74

transitions among these stages (McKenzie, 1978; Huismans and Beaumont, 2011; Li75

et al., 2011; Li et al., 2012; Brune et al., 2014). This sequence constitutes a key76

component of the Wilson cycle (Ding, 2021). Their evolution includes along-strike77

propagation of rift opening reflected in basin histories. Accordingly, the propagation78

trajectory of rifting and the gradient in extension rate can exert a significant control on79

the subsidence pattern, fault-system geometry, and thermal evolution of rifted-margin80

basins (Ranero and Pérez-Gussinyé, 2010; Xie et al., 2015), thereby further81

influencing key petroleum geological elements, including the distribution of82

sedimentary facies belts, hydrocarbon migration and accumulation, and the timing83

windows of hydrocarbon generation and reservoir formation (Zhang et al., 2020;84

Pérez-Gussinyé et al., 2024).85

Continental rifting is generally regarded as a manifestation of regional horizontal86

stretching and is commonly attributed to orthogonal or oblique extension in many87

modeling studies (Clifton & Schlische, 2001; Duclaux et al., 2020). Yet, such88

mechanisms alone cannot fully explain rift propagation, which produces along-strike89

structural gradients, diachronous rift development, and ultimately V-shaped basins90

(Brune et al., 2023; Van Wijk & Blackman, 2005; Zwaan et al., 2020). V-shaped91

geometries have been linked to rotational (“scissor-like”) divergence near poles of92

plate tectonic rotation, causing pronounced along-strike extension gradients93

(Maestrelli et al., 2020; Mondy et al., 2018; Molnar et al., 2017). V-shaped basins94

may also arise from lateral rheological variations or interactions between propagating95

basins (Glerum et al., 2020; Gouiza & Naliboff, 2021; Le Pourhiet et al., 2017).96

However, these models do not adequately account for V-shaped basins that developed97

far from rotation poles where extension gradients are low and within tectonically98

complex settings, such as the South China Sea (SCS) (Figure 1a) which serves as a99



prototype of such basins.100

101

Figure 1. Morphological features of the South China Sea and factors potentially102

influencing its V-shaped opening. (a) Magnetic lineations overlaid on bathymetric103

data projected with the pole of opening of stage 1 located 9° N, 65° E (Briais et al.,104

1993). Location of the remnant Mesozoic magma arc (gray) and forearc basin (white)105

in the northern SCS after Li et al. (2018) and Zhao et al. (2019). Kaipin Rift (KPR)106

refers to Xu et al. (2024). (b) Distribution of basement massifs along the continental107

margin, modified from Ding & Li (2016). (c) Sketch map illustrating the proportion108

of proto-South China Sea subduction toward the northwest and southeast, modified109

from F. C. Li et al. (2020). (d, e) Representative profiles of the eastern and western110

segments, modified from Yan et al. (2001) and Qiu et al. (2011), respectively. QDNB,111

Qiongdongnan Basin; PRMB, Pearl River Mouth Basin; XST, Xisha Trough; ZNFZ,112

Zhongnan Fracture Zone; COB, Continent–ocean boundary; ZST, Zhongsha Trough;113



ZJM, Zhongjian Massif; ZSB, Zhongsha Bank (Macclesfield Bank); ZHM, Zhenghe114

Massif; RB, Reed Bank; PI, Paracel Islands (Xisha Islands). Proto-SCS, Proto–South115

China Sea.116

The opening of the SCS was diachronous, propagating from east to southwest117

(Figure 1a) (Franke et al., 2014; Luo et al., 2021; Pubellier et al., 2022). Specifically,118

the eastern sub-basin (ESB; Figure 1a) developed between 33 and 15.5 Ma, whereas119

the southwest sub-basin (SWSB; Figure 1a) formed later, between 23 and 16 Ma (Li120

et al., 2014). As a result, the present-day oceanic basin exhibits a V-shaped121

configuration that is wide in the east and narrow in the west. According to magnetic122

anomaly stripe analyses, the Euler rotation pole of the South China Sea is located at123

~9°N, 65°E (Briais et al., 1993; Sibuet et al., 2016; Le Pourhiet et al., 2018) at a124

distance > 5000 km from the SCS rendering classic scissor-like opening kinematics125

unlikely. Moreover, along-strike variations in lithospheric stretching indicate that the126

eastern margin of SCS underwent less extension and display a narrower zone of127

crustal thinning, whereas the western margin experienced broader and more intense128

thinning (Huchon et al., 2001; Hayes & Nissen, 2005; Le Pourhiet et al., 2018). This129

phenomenon is inconsistent with the classical scissor-like opening expected for Euler130

pole–controlled rotational kinematics. Le Pourhiet et al. (2018) investigated the role131

of far-field stresses imposed by the stationary Indochina block in shaping SCS rift132

propagation through 3D numerical simulations. By applying basin-axis normal133

compression along the western SCS margin, they proposed that the west-to-east134

topographic gradient across the Indochinese Peninsula stalls westward propagation of135

breakup, ultimately resulting in V-shaped spreading (Figure 2a). Additionally,136

previous modeling studies have emphasized the role of relatively strong continental137

basement blocks (Figure 1b) in resisting the westward rift propagation, whether the138

blocks were considered distinct entities (Ding & Li, 2016; Figure 2c) or remained139

connected (Qing et al., 2024; Figure 2b) prior to rifting.140

The aforementioned studies in summary attribute the V-shaped opening of the SCS141

to buttressing-induced far-field compression and to the more local blocking effect of142

pre-existing continental basement blocks, both of which impeded westward143

propagation. In addition, geochemical and isotopic evidence indicates that mid-ocean144

ridge basalts (MORBs) from the SCS record plume–ridge source mixing beginning at145

~23.8 Ma (Yu & Liu, 2020). This temporal correspondence suggests that the ridge146

jump and subsequent seafloor spreading at ~23.6 Ma (Li et al., 2014) may have been147



plume-related. Seismic structural evidence further indicates that mantle upwelling148

beneath the northern SCS likely interacted with the overlying crust (Lin et al., 2025).149

Previous studies have also emphasized the role of remnant Mesozoic magmatic arcs in150

(Figure 1a) controlling the location of breakup and the style of crustal thinning in the151

northern SCS (Li et al., 2018; G. X. Yang et al., 2025a; Zhao et al., 2019; Zhang et al.,152

2023). Yet, most of this research has focused on the north–south transition from153

continental to oceanic lithosphere, while the potential role of these arcs in east–west154

rift propagation and interactions with other controlling factors remains poorly155

constrained (Figure 2c).156

157

Figure 2. Potential factors controlling the V-shaped opening of the South China Sea.158

(a) Buttressing model of Le Pourhiet et al. (2018) where far field compression stalls159

SCS rift propagation (b) Strong block model by Qing et al. (2024) where strength160

heterogeneities resist propagation. (c) Schematic illustration of the key factors161

influencing SCS rift propagation that are incorporated into our analog modeling.162

Here we add to the discussion and investigate the potential additional effect of an163

along-strike gradient in extension related to differential subduction of the proto–South164

China Sea (PSCS) to the south. Geological reconstructions suggest that southeast-165

dipping PSCS subduction progressively increased eastward in the velocity and166

amount of subduction (Madon et al., 2013; Figure 1c). F. C. Li et al. (2020) used 2D167

thermo-mechanical modeling to examine how variations in northward subduction168

duration influence the SCS's continental breakup styles. Similarly, Larvet et al. (2023)169

employed 2D numerical simulations to model the effects of PSCS’s southward170

subduction on SCS opening. However, their work primarily focuses on the171

mechanical conditions (e.g., age and strength) required for PSCS subduction to172

contribute to SCS formation, without considering the three-dimensional variability in173

subduction velocity and amount of the PSCS. Consequently, the potential influence of174

scissor-like PSCS subduction (Figure 2c) on the V-shaped opening of the SCS175

remains to be demonstrated.176



In this study, we incorporate the effects of Cenozoic differential subduction of the177

PSCS together with Mesozoic tectonic inheritance, including weak remnant magmatic178

arcs and previously emphasized strong continental basement blocks (Ding & Li, 2016;179

Qing et al., 2014) (Figure 2c). Through a series of single-factor and multi-factor180

analog models, combined with quantitative analyses by means of Particle Image181

Velocimetry (PIV) and Digital Elevation Models (DEMs), we systematically assess182

the relative contributions and hierarchical roles of these factors in controlling the V-183

shaped opening of the SCS. This study advances the understanding of the geodynamic184

processes that controlled the V-shaped development of the SCS and similar basins185

worldwide.186

2 Geological setting187

The SCS is the largest marginal sea in the western Pacific, and has long been a188

focus of global geological research owing to its unique tectonic setting and its189

potential oil and gas resources (Savva et al., 2014). The tectonic evolution of the SCS190

has been widely linked to the southeastward subduction of the PSCS beneath Borneo191

(Hall, 2002; F. C. Li et al., 2020; Mazur et al., 2012; Wu & Suppe, 2018). Some192

studies propose that the PSCS was a back-arc extensional basin associated with the193

rollback of the Paleo-Pacific during the Late Cretaceous (Bai et al., 2015; Morley,194

2012; Zahirovic et al., 2014). Tectonic reconstructions indicate that subduction of the195

PSCS initiated along the South China margin (northward subduction) and shifted to a196

southeastward subduction around the Eocene (~45 Ma) (Hall, 2002; Wu & Suppe,197

2018) (Figure 1c). This southeastward subduction induced tectonic extension along198

the South China margin, causing several continental basement blocks to drift away199

from South China during the Eocene, ultimately leading to the seafloor spreading that200

formed the present-day SCS (Li et al., 2014, 2015; Mazur et al., 2012).201

The oceanic basin is generally subdivided into three subbasins (SB): the202

northwestern (NWSB), southwestern (SWSB), and eastern (ESB) (Figure 1a).203

Integrated analyses of deep-tow magnetic anomaly data and cores from IODP204

Expedition 349 indicate that seafloor spreading in the NWSB initiated at ~33 Ma. The205

NWSB is recognized as the oldest sub-basin of the SCS (Briais et al., 1993;206

Barckhausen et al., 2014; Li et al., 2015; Johnson & Carlson, 1992), and notably its207

margin developed along remnant Mesozoic arcs (Li et al., 2018; Zhang et al., 2023;208

Zhao et al., 2019). Spreading ceased at ~15 Ma in the ESB and ~16 Ma in the SWSB209

(Li et al., 2014) as a consequence of the termination of PSCS subduction, which was210



marked by the collision of the Dangerous Grounds with Borneo during the middle211

Miocene (Holloway, 1982). With the closure of the PSCS, spreading transitioned212

from a magmatically dominated to a tectonically dominated regime in both NWSB (J.213

Z. Zhang et al., 2025) and ESB (Jiang et al., 2025). At present, remnants of the PSCS214

slab remain trapped in the asthenosphere beneath South China and Palawan (Fan et al.,215

2017; F. C. Li et al., 2018, 2020; Wu & Suppe, 2018).216

During the spreading process, the ridge underwent two southward jumps at ~27217

Ma and ~23 Ma (Ding et al., 2018) (Figure 1a). The latter event was further218

characterized by southwestward propagation of spreading (Barckhausen et al., 2014;219

Briais et al., 1993; Lee & Lawver, 1995; Li et al., 2014). The ridge jump and220

subsequent spreading at ~23.6 Ma (Li et al., 2014) may have been influenced by the221

Hainan mantle plume, as implied by geochemical and isotopic evidence for plume–222

ridge source mixing (Yu & Liu, 2020). Moreover, based on seismic profile223

interpretation, Z. Wang et al. (2025) suggest that the ridge jumps (~23.6) may also224

have been influenced by NW-directed far-field compressional stresses associated with225

extrusion driven by the India-Eurasia collision. The spreading rate reached its226

maximum during this period, averaging ~70 mm/yr (Li et al., 2014). Collectively, the227

southward ridge jumps and the progressive southwestward propagation shaped the228

highly asymmetric spreading pattern of the SCS basin, ultimately forming its229

characteristic V-shaped geometry (Le Pourhiet et al., 2018) (Figure 1a).230

The prominent high magnetic anomaly zone along the northern margin of the SCS231

is interpreted as remnants of a Mesozoic Pacific subduction-related arc (Han et al.,232

2016; Li et al., 2018; P. Yan et al., 2014) (Figure 1a). By integrating reprocessed233

magnetic data with petrological evidence, Li et al. (2018) identified major magmatic234

bodies beneath the northern margin of the South China Sea, extending laterally ~60235

km at depths of 18–24 km. Subsequent studies suggested that the northwestern margin236

of the SCS developed along a remnant magmatic arc, whereas the northeastern margin237

evolved along a remnant forearc basin (Figure 1a). These findings led to the inference238

that the remnants of the Mesozoic magmatic arc and forearc basin played a key role in239

controlling both the location and the style of SCS breakup (Li et al., 2018; Zhang et240

al., 2023; Zhao et al., 2019). This interpretation has been further corroborated by241

recent high‐resolution seismic profiles (Xu et al., 2024) analog and numerical242

modeling results (G. X. Yang et al., 2025a).243

Several major basement highs are distributed along the margins of the SWSB,244



including the Zhongsha Bank and Zhongjian Massif to the north, and the Reed Bank245

and Zhenghe Massif to the south (Figures 1a and 1b). The ocean–continent boundary246

(OCB) of the SWSB is markedly deflected and locally bends around these basement247

highs (Figures 1a and 1b). Geophysical observations combined with Pb isotopic data248

demonstrate that these basement highs are of continental origin and show affinity to249

the South China Block (Q. Yan et al., 2014). Wide-angle seismic profiles reveal that250

these blocks retain relatively thick crust, reaching ~13–20 km (Figure 1e), yet their251

ocean-facing margins underwent abrupt and rapid necking compared with the eastern252

margin (Figure 1d). Borehole data confirm a common Precambrian metamorphic253

basement beneath all four highs (Qiu et al., 2001; Sun et al., 2009; Yan & Liu, 2004;254

Ding et al., 2013). Consequently, during Cenozoic rifting and subsequent seafloor255

spreading, these basement highs likely acted as strong continental blocks that256

underwent limited thinning and deformation.257

3 Analog modelling258

3.1 Experimental setup and configurations259

To investigate the role of differential subduction of the PSCS and the presence of260

crustal strength heterogeneities in shaping the V-shaped basins in general and the261

configuration of the SCS in particular, we designed a series of generic analog model262

experiments in which these factors were treated as variables (Figure 3).263

In our experiments, a model base constructed by rigid PVC plates enclosing an264

elastic fabric (rubber belt) domain was employed to transmit extensional stress265

homogeneously across a central domain of variable shape (rectangular vs. trapezoid).266

It is noteworthy that stretching a basal rubber belt results in minor lateral contraction267

known as the Poisson effect giving rise to extension orthogonal shortening and268

slightly non-cylindrical structures (Zwaan et al. 2019, Liu et al., 2024). A similar269

effect of far-field compression parallel to the rift axis has been proposed for the case270

of the SCS (Le Pourhiet et al., 2018).271

The apparatus was designed without lateral boundaries (Figure 2a). The orientation272

of the model in all visualizations in this paper mimics the geographic reference frame273

of the SCS in order to ease description and comparison (i.e. North-up). Two274

experimental series were conducted (Figure 3b). In Series U (“uniform extension” -275

U), the central elastic domain was rectangular with a uniform width of 30 cm along a276

length of 60 cm, bordered on both sides by 5-cm-wide rigid PVC base plates (Figure277

2b). In Series D (“differential extension” - D), the elastic domain was trapezoid with a278



width decreasing linearly from 30 cm in the “west” of the model to 10 cm in the “east”279

(Figure 3b). Both series’ models were extended horizontally in “north-south”280

direction by a total of 10 cm at a constant rate of 0.01 mm/s using a motor-driven281

apparatus (Figure 3a). Under identical far-field stretching, Series U thus experienced a282

uniform extension of ~33%. In contrast, in Series D the extension had a spatial283

gradient: the western boundary of the fabric underwent ~33% extension, whereas the284

eastern boundary reached 100%, effectively simulating differential extension far from285

a rotation pole or associated as in our prototype with the eastward increase in286

subduction of the PSCS (F. C. Li et al., 2020).287

Using the presence of strong blocks (B, representing basement highs in our288

prototype) and weak zone (W, representing a remnant magmatic arc in our prototype)289

as variables, each series consequently comprised four models: (1) a reference model290

(R) without strong blocks or weak zone (models UR and DR), (2) models with just291

strong blocks (UB and DB), (3) models with just weak zone (UW and DW), and (4)292

models incorporating both strong blocks and weak zone (UBW and DBW) (Figure293

3b).294

The selection of analogue materials and the thickness configuration of the upper295

and lower crust, as well as the remnant magmatic arc zone were determined following296

the approach of Yang et al. (2025a). Accordingly, the brittle upper crust was297

represented by a 1-cm thick layer of PVC powder exhibiting Mohr–Coulomb298

frictional behavior, with an internal friction angle of 34° and a cohesion of 36 Pa299

(Figure 3c). The ductile lower crust in the normal zone was modeled using a 0.75-cm300

thick layer of a PDMS1–corundum mixture (density 1150 kg/m³, viscosity 7×104 Pa·s)301

(Figure 3c). A 4-cm-wide rectangular weak zone representing the ENE-trending302

remnant Mesozoic magmatic arc (Figure 3b, c) was placed in the lower crustal part of303

the model and simulated by a PDMS2–corundum–silicone oil mixture with a density304

of 1200 kg/m³ and a viscosity of 104 Pa·s, i.e. 7 times weaker than the standard lower305

crust. The PDMS mixtures exhibited slightly non-Newtonian behavior with weak306

shear thinning.307

Strong blocks were made of plasticine which exhibits strain-rate softening308

mimicking power-law creep in nature. Plasticine has relatively high viscosities309

ranging from ~10⁵ to ~10⁷ Pa·s (Zulauf & Zulauf, 2004; Koyi, 1997; Reber et al.,310

2020; Weijermars & Schmeling, 1986; Zulauf et al., 2011), i.e. about one order of311

magnitude higher than the standard lower crust. Stratigraphic and structural syntheses312



(Franke et al., 2014), thermal-history constraints (Tang et al., 2014), and plate313

reconstructions (Clift et al., 2008) collectively suggest that, by the end of the Late314

Mesozoic, the basement highs of the southwestern sub-basin (SWSB) had already315

been isolated due to earlier rifting. Accordingly, in the initial configuration of our316

models, four pre-existing strong basement blocks along the continent–ocean boundary317

(COB) of the SWSB (Zhongjian Massif, Zhongsha Bank, Zhenghe Massif, and Reed318

Bank; Figure 1a, b) were represented by increasing the integrated crustal strength319

locally: Four cylindrical, high-viscosity plasticine bodies, each 3 cm in diameter320

(Figure 3b) were embedded within the weak silicone representing the standard ductile321

lower crust. Together with the overlying brittle material (Figure 3c) the integrated322

strength in the areas of the strong basement blocks is thus increased by about one323

order of magnitude (Table 1).324

325

Figure 3. Model set-up. (a) Schematic of the experimental apparatus showing the326

initial condition. (b) Top view of experimental models under different initial327

configurations. Blocks a–d represent Zhongjian Massif, Zhongsha Bank (Macclesfield328

Bank), Zhenghe Massif, and Reed Bank (see Figure 1a), respectively. (c) Schematic329

cross sections illustrating the initial rheological layering of each segment. PDMS,330

Polydimethylsiloxane. C, corundum. SO, silicone oil.331



Model evolution was documented by sequential top-view digital photography332

(Canon EOS 6D Mark II, 26.2 MP full-frame CMOS, 6240×4160 px, pixel size ≈5.76333

µm, 14-bit RAW) taken at 1-minute intervals corresponding to 0.6 mm (or 2% with334

respect to the 30 cm wide elastic domain) of applied extension. These images were335

subsequently calibrated and analyzed using the image correlation technique Particle336

Image Velocimetry (PIV, Adam et al., 2005) to derive 2D surface velocity fields,337

differential displacement (Increment=1.2 mm), and cumulative areal strain using the338

software Tecplot 360 (Version 2024 R1). Additionally, a 3D scanner (ZEISS T-339

SCAN hawk 2, 0.5 mm point spacing) with stated volumetric accuracy (0.02 mm +340

0.015 mm/m) was employed to scan the final topography of the model surface and,341

after the sand layer has been removed, of the model lower crust surfaces, providing342

digital elevation data of these two relevant surfaces. All experiments were conducted343

under constant laboratory conditions at a temperature of ~25 °C and relative humidity344

of ~50%.345

3.2 Model scaling346

The experiments were scaled to the natural prototype according to similarity criteria347

(Hubbert, 1937), ensuring geometric, kinematic, and dynamic similarity in the348

laboratory. Based on the adopted length ratio (lm/n = 5 × 10⁻⁷, where m and n denote349

model and nature, respectively), 1 cm in the experiment corresponds to ~20 km in350

nature (Figure 3c). Consequently, the initial crustal thickness of ~35 km in the SCS351

region (Clift & Sun, 2006; Deng et al., 2020; Li et al., 2019) was scaled to 1.75 cm in352

the models (Figure 3c). Gravity inversion data indicate that the density at the top of353

the lower crust in the northern SCS is ~2870 kg/m³ (H. L. Li et al., 2020). This natural354

density (ρn) was represented in the models by a silicone–corundum mixture with ρm ≈355

1156 kg/m³, corresponding to a density scaling factor of ρm/n = 0.4. The experiments356

were performed under normal gravity (9.8 m/s²), giving a gravity scale ratio of gm/n =357

1.358

A stress ratio was then calculated as σm/n = ρm/n gm/n lm/n = 2 × 10⁻⁷. The stress ratio359

dictates the strength of the analogue materials used: For the brittle upper crust360

cohesion has to scale down accordingly by about six to seven orders of magnitude361

(from tens of MPa to Pa). For the viscously deforming ductile lower crust the properly362

scaled strength is derived by a combination of viscosity and strain rate: Model’s363

standard lower crustal viscosity of 7.15 × 10⁴ Pa·s represents ~10²² Pa·s in nature364

lower crust (10²¹–10²³ Pa·s) (Clift et al., 2002; Zhang et al., 2001), resulting in a365



viscosity ratio ηm/n = 7.15 × 10⁻¹⁸. Combining the stress and viscosity ratios yields a366

strain-rate ratio (Weijermars & Schmeling, 1986) of εm/n = σm/n / ηm/n = 2.8 × 10¹⁰. The367

corresponding velocity ratio was calculated as vm/n = εm/n lm/n = 1.4 × 10⁴, such that the368

experimental reference velocity of 0.01 mm/s represents to ~2 cm/yr in nature369

ensuring kinematic and dynamic similarity.370

The material properties and scaling parameters used in the experiments are371

summarized in Table 1.372



Table 1Model setup and material properties.373

Layer Rheology Material
Thickness (m) Density (kg/m3) Viscosity (Pa·s)

Model Nature Model Nature Model Nature

Upper crust Brittle
PVC

(C: 36 Pa; μ: ~0.7) 110-2 2104 960 2400(1) - -

Standard lower
crust

Viscous
PDMS1+C
(1:0.3) 7.510-3 1.5104 1156 2870(2) 7104 ~1022

Weak lower crust
(magmatic arc)

Low viscosity
PDMS2+C+SO
(1:0.5:0.2) 7.510-3 1.5104 1200 - 1104 ~1021(3)

Strong lower crust
(basement blocks)

High viscosity Plasticine 7.510-3 1.5104 2000 - ~106(4) ~1023

Note. (1) Liu et al., 2015; (2) H. L. Li et al., 2020; (3) Clift et al., 2002; (4) mean of plasticine’s viscosity range in Zulauf and Zulauf, (2004).374

PDMS1, the density and viscosity are 913 kg/m3 and 5.6104 Pa·s, respectively; PDMS2, the density and viscosity are 898 kg/m3, 1.75104 Pa·s,375

respectively. PVC, plastic powder. PDMS, Polydimethylsiloxane. C, corundum. SO, silicone oil. C and μ denote cohesion and the friction376

coefficient, respectively.377



3.3 Simplifications and Limitations378

It is well established that brittle–ductile analogue experiments are constrained by379

the rheologies of the chosen materials and therefore cannot explicitly reproduce380

thermal processes such as geothermal gradients or thermally induced weakening of381

country rocks. Following earlier studies (Corti, 2008; McClay & White, 1995;382

Sokoutis & Willingshofer, 2011; Sun et al., 2000; Zwaan et al., 2019), we383

approximate these effects by prescribing an initially depth-dependent frictional384

strength controlled by pressure in the brittle upper crust and strain rate-dependent385

viscosity in the ductile lower crust.386

Another limitation is the inability to reproduce magmatic processes and387

asthenospheric buoyancy. Consequently, melt-related phenomena such as magmatic388

underplating and the formation of new oceanic crust during seafloor spreading are not389

represented in our experiments. Independent observations, however, indicate that390

large-scale magmatism in the South China Sea mainly occurred after rifting and391

spreading (Cheng et al., 2021; Ding et al., 2018; Sun et al., 2019; Zhao et al., 2018,392

2020). Therefore, our experiments, although restricted to mechanical forcing, can still393

effectively capture the first-order tectonic controls on rift evolution, including the394

locus of necking, fault kinematics, and strain partitioning.395

Differential subduction of the PSCS is approximated by imposing an along-strike396

gradient in extension which would also be expected far from rotation poles. This397

gradient is achieved by varying the width of the elastic fabric. Under constant far-field398

stretching, fabrics of trapezoid shape generate a gradient in extension, effectively399

simulating the impact of differential subduction on the rift process in our prototype.400

The initial model setup (Figure 3c) assumes that the magmatic arc had not fully401

cooled before the breakup of the SCS and is thus weaker than the surrounding crust402

by about one order of magnitude. Our experiments primarily consider four major403

basement blocks distributed along the COB of the SWSB (Figure 1b). The stronger,404

pre-existing basement blocks that we assume are approximated as cylindrical bodies405

in the model, although in nature they are likely to be more irregular in shape. In the406

experiments, these cylinders are embedded within a weak ductile lower crust and407

overlain by a brittle upper crust (PVC powder), together approximating a colder and408

stronger crustal domain (strong blocks). This configuration is designed to capture the409

first-order integrated strength contrast between strong blocks and the surrounding410



lithosphere, rather than to reproduce the exact lithostratigraphic (geometric) position411

of the Precambrian metamorphic basement (Sun et al., 2009; Ding et al., 2013).412

Despite these simplifications, consistent with prior analogue work (Corti et al.,413

2004; Molnar et al., 2017, 2020; Zwaan & Schreurs, 2023), we consider the present414

models appropriate for the specific scenario examined—namely, the pre–seafloor415

spreading stage during which differential PSCS subduction and inherited Mesozoic416

heterogeneities influenced V-shaped rift process in the SCS. However, because of the417

generic nature of the models, they may serve as models also for other rifts e.g. those418

far from rotation poles.419

4 Experimental results420

In this section, we first describe the effects of inherited strength heterogeneities, i.e.421

pre-existing strong basement blocks (B) and weak remnant magmatic arcs (W) under422

uniform extension (Series U). We then analyze the influence of these heterogeneities423

under differential extension driven by PSCS subduction (Series D). Finally, we424

provide a detailed analysis of the multi-factor experiment (Experiment DBW),425

focusing on geometric evolution, kinematic fields, and sectional characteristics. The426

evolutionary processes and kinematic fields of the other experiments are presented in427

Supplementary Figures S1–S7, with complete rift evolutions available in428

Supplementary Movies S1–S8.429

4.1 Series U: Effects of inherited strength heterogeneities under uniform430

extension431

Series U serves as the reference set, designed to simulate the influence of pre-432

existing strong and weak heterogeneities on the V-shaped opening of the South China433

Sea (SCS) under uniform extension, that is, without accounting for differential434

subduction of the PSCS. This series includes four experiments: UR, UB, UW, and435

UBW.436

In the reference experiment UR without heterogeneities, extension was437

accommodated by a uniform conjugate fault pattern (Figure 4a). In Experiment UB,438

deformation localizes between the strong blocks (Figure 4b). Compared with439

Experiment UR, the presence of strong blocks disrupted the conjugate fault system,440

leading to the development of faults nearly perpendicular to the extension direction441

within block-bounded domains (Figure 4b). Areas around the blocks exhibit relatively442

high cumulative areal strain (Figures 4j and 4n). In Experiment UW, deformation443

localized within the weak zone (Figure 4c), where major faults formed perpendicular444



to the extension direction. In contrast, the western segment, similar to Experiment UR445

(Figures 4a, 4i, and 4m), exhibited a uniform conjugate fault patterns (Figure 4c) and446

lower cumulative areal strain localization (Figures 4k and 4o). Experiment UBW447

incorporated both strong blocks and weak zone, resulting in deformation patterns that448

combine features of Experiment UB in the western segment and Experiment UW in449

the eastern segment (Figures 4d and 4l). Compared with Experiment UW,450

deformation in Experiment UBW was more intensive along the weak zone, with451

several faults extending westward to link with those formed between the strong blocks452

(Figure 4d).453

Under uniform extension, apart from localized deformation induced by strength454

heterogeneities, the eastern and western segments evolve almost synchronously along455

the rubber sheet (Figures S1–S4).456

457

Figure 4. Digital elevation models (DEMs) and cumulative areal strain of final458

experimental results under uniform extensional configurations. Panels (a–d, i–l) show459



3D DEMs of surface deformation (a–d) and cumulative areal strain (i–l). Panels (e–h,460

m–p) present 2D profile of DEM (e–h) and cumulative areal strain (m–p) along X =461

175 (western segment) and X = 350 (eastern segment). Panels from left to right show462

the reference experiment, the experiment with only pre-existing strong blocks, the463

experiment with only a pre-existing weak zone, and the experiment incorporating both464

blocks and a weak zone. Purple arrows indicate the extension direction. White dashed465

lines mark the locations of profiles across strong blocks and the weak zone.466

4.2 Series D: Effects of inherited heterogeneities under differential extension467

Series D simulates the effects of differential extension resulting from differential468

subduction of the PSCS, as well as the influence of pre-existing heterogeneities.469

Complementary to Series U, it comprises four experiments: DR, DB, DW, and DBW.470

In the reference Experiment DR (Figure 5a), only the effect of differential471

extension was considered. Accordingly, in the western segment, where the extension472

rate was relatively low and same as in series U, deformation resembled that in473

Experiment UR, being dominated by uniform pattern of conjugate faults (Figure 5a)474

and associated with relatively weak strain localization (Figures 5i and 5m). In contrast,475

the eastern segment, characterized by a 3 times higher extension rate, experienced476

earlier fault initiation (Figure S5a) and ultimately developed a denser fault network477

accompanied by uniform and intense thinning (Figure 5a) and higher strain478

localization (Figures 5i and 5m). Overall, deformation was diachronous, initiating in479

the east and progressively propagating westward (Figures S5a–S5d). The transition480

from west to east was gradual, and no evidence of localized deformation or the481

development of a V-shaped geometry was observed (Figure 5a).482

In Experiment DB, strong blocks were introduced. Similar to Experiment DR483

(Figure 5a), the eastern segment experienced intense thinning under high extension484

(Figure 5b). In the western segment, faults around the strong blocks developed485

synchronously with those in the high-strain eastern domain during the early stages of486

extension (Figure S6). By the end of extension, intense deformation developed both in487

between the strong blocks and outside (Figure 5b). Cumulative areal strain between488

the blocks exceeds that of the strongly extended eastern segment (Figure 5f);489

accordingly, thinning between the blocks is also greater (Figure 5n). Deformation in490

Experiment DW localized along the weak zone in the eastern segment from the early491

stage on (Figure S7a). During subsequent extension, deformation in weak zone492

showed a westward propagation, although the propagation distance was very limited493



(Figures 5c and S7). In contrast, deformation in the western segment resembled that in494

Experiment DR, being more diffuse and weaker than in the eastern segment (Figure495

5c). Cumulative areal strain is significantly higher in the east than in the west (Figures496

5k and 5o).497

Experiment DBW incorporated both strong blocks and weak zone (Figure 5d). The498

main deformation zone developed along the weak zone in the eastern segment and499

connected with the zone of intense deformation between the strong blocks in the500

western segment (Figure 5d). Because the deformation zone between the strong501

blocks was relatively narrow, the geometry of the main deformation zone exhibited a502

westward contraction and terminated between the two westernmost blocks. The503

minimum DEM elevation between the strong blocks in Experiment DBW was slightly504

higher than that within the weak zone (Figure 5h). The evolutionary process and505

thinning feature of this multi-factor-controlled experiment is described in detail in506

Section 4.3.507

Overall, deformation in Series U (Figures 4a–4d) was generally weaker than in508

Series D (Figures 5a–5d). This difference arises from the higher extension rate in509

Series D (33–100%) compared with the uniform 33% extension applied in Series U.510



511

Figure 5. Digital elevation models (DEMs) and cumulative areal strain of final512

experimental results under different extensional configurations. Panels (a–d, i–l) show513

3D DEMs of surface deformation (a–d) and cumulative areal strain (i–l). Panels (e–h,514

m–p) present 2D profile of DEM (e–h) and cumulative areal strain (m–p) along X =515

175 (western segment) and X = 350 (eastern segment). Panels from left to right show516

the reference experiment, the experiment with only pre-existing strong blocks, the517

experiment with only a pre-existing weak zone, and the experiment incorporating both518

blocks and a weak zone. Purple arrows indicate the extension direction. White dashed519

lines mark the locations of profiles across strong blocks and the weak zone. Beyond520

the elastic fabric (rubber belt), local deformation (uplift) of the plastic plates induced521

by tilting during extension has been visually masked using a uniform color to avoid522

misinterpretation. The original cumulative areal strain figures are shown in Figures523

S5–S7, and the original DEM datasets are available via data sharing (repository).524



4.3 Detailed analysis of geometric and kinematic features of the multi-factor525

experiment (Experiment DBW)526

Figure 6 illustrates the evolutionary process of Experiment DBW, together with the527

corresponding differential displacement, cumulative areal strain, and shear strain. For528

clarity, we refer to the region with strong blocks as the “block zone”, the eastern529

segment corresponding to a remnant magmatic arc as the “weak zone”, and the530

homogeneous region without heterogeneities as the “normal zone” (Figure 3b).531

At the early extension stage (25 mm extension; Figure 5a), deformation was mainly532

concentrated within the weak zone in eastern segment. In the western block zone,533

faults developed along the boundaries of the strong blocks, accompanied by minor534

subsidence between them, but fault offsets were limited (Figure 6a). At 50 mm of535

extension (Figure 6b), strain remained concentrated within the weak zone in eastern536

segment. Narrow depressions bounded by small-offset faults formed between strong537

blocks in the western segment, with cumulative strain markedly higher (Figure 6j)538

than during the early stage (Figure 6i). Shear strain around strong blocks a and c also539

intensified (Figure 6n). In addition to the major faults within the weak zone, several540

secondary faults developed along both its northern and southern flanks (Figure 6b).541

Deformation along the outsides of the main deformation zone progressively decreases542

from east to west (Figures 6b and 6j). The westernmost normal zone remained543

unfaulted and accommodated extension mainly through crustal thinning during this544

stage (Figure 6b).545

With further extension to 75 mm (Figure 6c), faulting in the main deformation zone546

was dominated by the continued growth and linkage of faults developed at previous547

stage, while deformation widened both within the weak zone and between strong548

blocks (Figures 6c and 6k). The early-formed grabens between strong blocks did not549

propagate farther west (Figure 6c and 6k). On the northern and southern flanks of the550

main deformation zone, zones of high cumulative strain expanded westward (Figure551

6k) compared with the previous stage (Figure 6j), accompanied by the development of552

westward-propagating faults (Figure 6c). In the normal zone at the westernmost553

margin, a set of minor faults also formed (Figure 6c), although cumulative areal strain554

there remained much lower than in the block and weak zone (Figure 6k).555



556

Figure 6. Evolution and particle image velocimetry (PIV) analysis of the multi-factor557

Experiment DBW. (a–d) Top-view figures showing the evolutionary stages. (e–h)558

Differential displacement fields and associated displacement directions. (i–l)559

Cumulative strain field maps. (m–p) Shear strain field maps.560

In the final stage (Figure 6d), most faults continued their growth, with only a561

limited number of new faults nucleating in the normal zone. Strain between strong562

blocks (Figure 6h) is comparable to that in the weak zone (Figure 6l), indicating that563

both experienced similarly localized deformation at this stage. Thinning between564

strong blocks approached the magnitude observed within the weak zone (Figure 5h).565

Ultimately, deformation within the weak zone broadened and deepened, whereas in566

the western segment it remained confined to narrow block-bounded domains and did567

not propagate farther west. As a result, the main deformation zone evolved into a568

geometry that was wide in the east (weak zone) and narrow in the west (block zone),569



while deformation in the normal zone persisted as diffuse and gentle (Figure 6d).570

Collectively, these features gave the overall deformation zone a distinct V-shaped571

configuration (Figure 5d).572

Throughout the evolution, most strong blocks were surrounded not only by573

localized extension but also high shear strains (Figures 6m–6p), while shear strain574

along the eastern margins of the blocks b and d adjacent to the weak zone was575

relatively weak (Figures 6m–6p).576

By combining the DEMs of the upper and lower crust (Figure 7) in Experiment577

DBW, the thinning characteristics of both layers under the influence of multi-factors578

can be quantitatively illustrated. Accordingly, the lower-crustal surface also shows579

pronounced thinning both within the weak zone and between strong blocks. Moreover,580

significant localized thinning occurred on the outer side of blocks, forming arcuate581

depressions (Figure 7b). This pattern is likely caused by compositional heterogeneity582

between the strong blocks and the surrounding standard lower crust. Deformation in583

the lower crust within the weak zone and between strong blocks (a–c and b–d)584

appears spatially isolated (Figure 7b), whereas brittle deformation in the upper crust585

was laterally interconnected and continuous due to fault propagation (Figure 7a).586

To further assess crustal thinning across different domains, we extracted three587

paired profiles of the upper and lower crustal surfaces. These profiles cross the normal588

zone (L1 and L1′), strong block zone (L2 and L2′), and the weak zone (L3 and L3′) at589

corresponding positions (Figures 7a and 7b). In the normal zone, both the upper and590

lower crust experienced relatively gentle thinning (Figures 7c, 7d, and 7e). Across the591

blocks, the upper and lower crust topography reveal a strong spatial coupling of592

thinning within the main deformation zone (Figure 7f). Strong thinning occurred593

between strong blocks in both the upper and lower crust, where thickness decreased594

abruptly, forming a narrow rift zone (Figure 7f). The strong blocks behaved as quasi-595

rigid domains during extension, undergoing little thinning, and their thickness596

remained significantly greater than that of the surrounding lower crust (Figure 7f).597

Correspondingly, the upper crust above the strong blocks also appeared to undergo598

little thinning. In the line across the weak zone (L3 and L3′; Figure 7g), the upper599

crust experienced more thinning than that in either the block-bounded domains or the600

normal zone (Figure 7c). By contrast, thinning in the lower crust was slightly greater601

than in the normal zone but considerably less than that between strong blocks (Figure602

7d).603



604

Figure 7. Digital elevation models (DEMs) of the upper and lower crust in605

Experiment DBW. (a, b) DEMs of the upper and lower crustal surfaces. (c, d)606

Comparison of thinning characteristics in different domains of the upper and lower607

crust. (e-g) 2D DEM profiles across the normal zone, block zone, and weak zone. The608

locations of the 2D DEM profiles are indicated in panels (a) and (b).609

5 Discussion610

5.1. Hierarchy of controlling factors611

A comparative analysis of the evolutionary processes and final structural612

characteristics of all experiments clarifies the hierarchy and interactions among the613

three factors considered in this study (differential extension rate, pre-existing strong614

blocks, and pre-existing magmatic arc) in shaping the V-shaped rifting of the SCS.615

Under uniform extension (Series U), the reference model (Experiment UR)616

exhibited evenly distributed, synchronous conjugate faults along the rift axis, resulting617

in relatively uniform crustal thinning across both the western and eastern segments618

(Figures 4a, 4e and S1). In this context, deformation in all experiments remained619

relatively gentle (Figures 4a–4d), with strong blocks and weak zone influencing only620

the spatial localization of deformation, without producing significant along-axis strain621

transfer (Figures S2–S4). In contrast, under differential extension (Series D), the622

reference model (Experiment DR) shows that faults in the eastern segment, where623

extension rates were higher, initiated earlier and progressively propagated westward,624

producing diachronous deformation (Figure S5). By the end of extension, the eastern625

domain experienced much stronger thinning, whereas crustal thickness gradually626



increased westward (Figures 5a and 5e). Although a few faults developed around627

strong blocks at an early stage in western segment, overall deformation remained628

dominated by the diachronous pattern of east-to-west propagation (Figures 6 and S6–629

S7).630

Consistent with previous studies (Brune & Autin, 2013; Corti et al., 2007; Ding &631

Li, 2016; Heron et al., 2016; Sun et al., 2009; Zwaan et al., 2019, 2021, 2022), strain632

preferentially localized along strong block boundaries (Experiment UB, Figure S2i;633

Experiment DB, Figure S6i) and within the weak zone (Experiment UW, Figure S3i;634

Experiment DW, Figure S7i), regardless of extension mode. However, the final635

outcomes differ significantly between Series U and Series D. In Series U, localized636

deformation remained moderate and spatially limited because of the relatively low637

overall extension rate (~33%) (Figures 4b–4d). In contrast, in Series D, the influence638

of strength heterogeneities became much more pronounced, reflecting the amplifying639

effect of higher extension rates.640

Experiments with only strong blocks (Experiment UB and Experiment DB) show641

that strain localized between blocks in the western segment, producing a narrow rift642

zone (Experiment UB, Figure 4b; Experiment DB, Figure 5b). Under uniform643

extension, deformation outside this narrow zone remained relatively homogeneous. In644

Experiment DB, where the extension rate was higher, deformation between strong645

blocks intensified, generating narrow and deep rifts that even exceeded the strong646

thinning observed in the eastern domain (Figures 5b and 5f). Faulting thus647

transitioned from a dense network in the eastern segment to fewer but more intense648

faults between strong blocks in the western segment (Figure 5b). The presence of649

strong blocks not only intensified deformation between them but also modified the650

overall rift geometry by imparting wavy margins along block boundaries and651

generating associated troughs on their flanks (Figure 5b).652

Weak zone controlled the location of deformation in the eastern segment. Under653

uniform extension (Experiment UW), deformation within the weak zone was654

relatively limited in both extent and intensity, and oblique conjugate faults developed655

along its western part under the influence of the adjacent normal zone (Figure 4c). In656

contrast, under differential extension (Experiment DW), deformation within the weak657

zone intensified markedly, and the transition from the eastern segment into the658

adjacent normal zone was accommodated by a greater number of faults (Figure 5c).659

Comparison of the multi-factor experiments (Experiment UBW and Experiment660



DBW) with those involving only a weak zone (Experiment UW and Experiment DW)661

reveals that the presence of strong blocks not only concentrated strain within block-662

bounded domains in the western segment but also facilitated deformation within the663

adjacent eastern weak zone, allowing faults to propagate westward and link across the664

two domains. Under uniform extension (Experiment UBW), unlike the localized665

deformation observed in Experiment UW (Figure 4c), several faults propagated from666

the weak zone into the block-bounded domains and eventually connected with main667

faults between the strong blocks (Figure 4d). Under differential extension668

(Experiment DBW), in contrast to the fault-number adjustments seen in Experiment669

DW (Figure 5c), deformation localized at block boundaries, generating a markedly670

narrower deformation zone between blocks (Figure 5d). This zone ultimately merged671

with the wide and deep deformation zone in the eastern segment, forming a V-shaped672

rift that was wide in the east and narrow in the west (Figure 5d). Moreover,673

deformation under differential extension exhibited a diachronous pattern, initiating674

earlier in the east and progressively propagating westward (Figures 6a–6d).675

The differing degrees of control exerted by strength heterogeneities under uniform676

and differential extension demonstrate that the progressive increase in extension rate677

from west to east not only produced diachronous thinning but also amplified strain678

within strong block- and weakness-controlled domains, which were already679

preferential loci of deformation under uniform extension (Figures S1–S4). As a result,680

the eastern domain was dominated by intense deformation along the weak zone,681

whereas in the west strain was mainly localized between strong blocks, leading to a682

westward narrowing rift (Figure 5c).683

In summary, among the three factors considered, differential extension represents684

the first-order tectonic control on rift evolution. The progressive westward decrease in685

extension rate governed strain magnitude, the diachronous activity of faults, and the686

differential thinning of the crust, while also modulating the expression of inherited687

structures. In contrast, strength heterogeneities acted as second-order tectonic factors.688

Weak zone focused strain and guided the geometry of rift boundaries, leading to early,689

wide, and intense thinning. Strong blocks localized strain within narrow domains and690

defined irregular rift margins, producing the characteristic opening angle of the V-691

shaped rift. Together, these three factors form a hierarchical control system: the first-692

order factor differential extension determined the overall framework and timing of693

rifting, whereas the second-order factors — the strong blocks and weak zone —694



refined and segmented the geometry of the respective domains. These findings are695

consistent with previous geodynamic studies that emphasize the importance of initial696

rheological structure and extension rate in governing the architecture of early rift697

basins (Brun, 2002; Huismans & Beaumont, 2002, 2014; Pérez-Gussinyé et al., 2006;698

Tetreault & Buiter, 2018).699

5.2 Comparison with observations from the South China Sea700

In this section, by comparing the results of the multi-factor experiment (Experiment701

DBW) with natural observations from the SCS in both map view and cross-section,702

we aim to further elucidate the geodynamic processes and mechanisms that governed703

its V-shaped opening.704

The experiment DBW reveals that in the early stages of extension, the eastern705

segment, subjected to higher extension rates, experienced strong strain localization706

within the weak zone, resulting in greater deformation and a denser fault network. By707

comparison, the western segment developed only scattered faults around strong block708

margins (Figure 6a). With progressive stretching, deformation propagated westward709

(Figure 6d), producing diachronous rifting. This finding is consistent with the east–710

west diachronism observed in the northern margin of the SCS, where initial faulting in711

the Pearl River Mouth Basin (Figure 1a; northeast margin) preceded that in the712

Qiongdongnan Basin (Figure 1a; northwest margin) (Shi et al., 2011; Wang et al.,713

2021). Further evidence supporting this diachronism comes from the T70714

unconformity (~33 Ma, Eocene), which marks the onset of seafloor spreading in the715

SCS: prior to this unconformity, both the average faulting rate and the average716

sediment thickness were higher in the Pearl River Mouth Basin than in the adjacent717

Qiongdongnan Basin (Xia et al., 2016).718

Experiment DBW reproduces a V-shaped geometry consistent with that of the719

South China Sea. In the eastern segment, where extension rates were higher,720

deformation was strongly localized along the weak zone, forming a wide and deep721

deformation belt (Figures 5d, 5h, and 8a). This finding corroborates earlier722

interpretations that the eastern weak zone controlled the locus of breakup (P. Yan et723

al., 2014; Han et al., 2016; Li et al., 2018; G. X. Yang et al., 2025a). In contrast, in the724

western segment, material heterogeneity associated with continental basement blocks725

promoted localized strain concentration, producing narrow and deep rift zones726

between blocks (Figures 5d, 5h, and 8a), which may be regarded as precursors to727

seafloor spreading in the SWSB. Collectively, these processes formed an east-wide,728



west-narrow V-shaped rift geometry, closely resembling the present-day729

configuration of the SCS basin (Figure 8b).730

Experiment DBW further demonstrates that strength heterogeneity promoted the731

formation of depressions around strong blocks (Figure 8a). These experimental732

features correspond to natural troughs such as the Xisha (W. Wang et al., 2025) and733

Zhongsha (Li et al., 2021) troughs (Figure 8b). Previous numerical (Qing et al., 2024)734

and analog models (Sun et al., 2009) similarly demonstrate that strong blocks enhance735

strain localization in the adjacent crust, leading to the development of deep troughs. In736

addition, several faults developed oblique to the main rift trend around strong blocks737

in the experiments (Figure 8a), resembling the oblique faults observed around major738

continental basement blocks (e.g., Zhongsha Bank, Zhongjian Massif, Reed Bank,739

Zhenghe Massif) on the northern and southern margins of the SWSB (Figures 1b and740

8b). Cumulative strain results further indicate that these oblique faults developed741

relatively early and contained shear components (Figure 6m). However, the shear742

strain of oblique faults adjacent to the weak zone remained relatively low (Figures743

6m–6p).744

In addition to the plan-view geometry, the deformation style in experiment DBW is745

also consistent well with natural observations. In the eastern segment of our746

experiment, the weak zone representing a remnant Mesozoic magmatic arc produced747

intense crustal thinning, but with decoupled behavior between the brittle upper and748

ductile lower crust (Figure 7g). The upper crust was strongly thinned relative to the749

block and normal zones (Figures 7a and 7c), whereas the lower crust remained750

relatively flat, with weaker thinning than that in block-bounded zone (Figures 7b and751

7d). This difference may be attributed to ductile flow within the weak lower crust752

representing the remnant magmatic arc. Such decoupling is also observed along the753

northern margin of the SCS. High-resolution seismic profiles across the Kaiping Rift,754

located within the remnant magmatic arc zone (Figure 1a), reveal a sub-horizontal755

Moho and exhumed ductile lower crust beneath an extremely thinned brittle crust (Xu756

et al., 2024).757

Seismic profiles across the western margin reveal relatively thick basement blocks,758

whereas their margins underwent sharp necking (Figure 1e) and localized759

detachments that remained active from the Late Cretaceous to the Paleogene (Ding et760

al., 2012; Ding & Li, 2016; Pichot et al., 2014; Qiu et al., 2011; Savva et al., 2014).761

Numerical modeling and seismic observations (Cameselle et al., 2020) further762



indicate that necking between strong blocks reached a stage high enough for the lower763

crust to deform in a brittle manner, consistent with sequential faulting models of764

magma-poor rifted margins (Ranero & Pérez-Gussinyé, 2010). In our analogue765

experiments, similar to the behavior of strong basement blocks in the SCS, both the766

upper and lower crust underwent only minor thinning overall, with strain concentrated767

between adjacent blocks. This promoted strongly coupled thinning of the upper and768

lower crust, with the lower crust exhibiting markedly stronger thinning than that769

observed in the eastern weak zone (Figure 7d). This process produced narrow necking770

domains, closely corresponding to seismic evidence of block-bounded structures771

previously reported.772

Experiment DBW finally showed that the westernmost normal zone accommodated773

extension through distributed deformation, with relatively uniform thinning of both774

upper and lower crust (Figures 7a, 7b, and 7e). This thinning was weaker than in775

strong block- or weak zone-controlled domains (Figures 7c and 7d). Similar patterns776

are observed near the southwestern tip of seafloor spreading, where crust thins777

diffusely without strong localization (Wei et al., 2020; C. L. Zhang et al., 2025).778

However, because continental extension persisted in this region even after seafloor779

spreading initiated elsewhere in the SCS (Hayes & Nissen, 2005; Franke et al., 2014;780

Pichot et al., 2014; Savva et al., 2014), this domain ultimately experienced more781

prolonged extension and greater crustal thinning, with average Moho depths reaching782

~16 km (Cameselle et al., 2017).783

784

Figure 8. Comparison between the final DEM of the multi-factor Experiment DBW785

and natural observations from the South China Sea. Faults around natural basement786

blocks are modified after Ding & Li (2016). QDNB, Qiongdongnan Basin; PRMB,787



Pearl River Mouth Basin; XST, Xisha Trough; ZNFZ, Zhongnan Fracture Zone; COB,788

Continent–ocean boundary; ZST, Zhongsha Trough; ZJM, Zhongjian Massif; ZSB,789

Zhongsha Bank (Macclesfield Bank); ZHM, Zhenghe Massif; RB, Reed Bank; PI,790

Paracel Islands (Xisha Islands).791

Overall, the spatiotemporal evolution and structural features of Experiment DBW,792

which integrates differential extension, pre-existing strong blocks, and weak zone,793

show strong correspondence with natural observations from the SCS. These include794

the east–west diachronism of early rifting, the V-shaped basin geometry, block-related795

structural patterns, and contrasting crustal thinning styles. When combined with the796

factor hierarchy established in Section 5.1, the results indicate that differential797

extension constituted the primary geodynamic control on the timing of rift initiation,798

whereas strong blocks and weak zone served as secondary structural factors that799

determined the loci of deformation and the configuration of rift boundaries. The800

experiments therefore suggest that the V-shaped opening of the SCS was not the801

product of a single mechanism but rather the integrated outcome of interactions802

between differential extension and inherited lithospheric heterogeneities.803

5.3 Implications for the deformation process of the SCS804

Based on the experimental results and previous studies on the tectonic evolution of805

the SCS (Ding & Li, 2016; Hall, 2002; F. C. Li et al., 2018, 2020; Sun et al., 2009,806

2019; Wu & Suppe, 2018), the formation process of the SCS can be broadly divided807

into four stages.808

Stage 1: Pre-rift stage (before ~65 Ma)809

The Late Cretaceous was a critical period for the evolution of the SCS. A series of810

Cretaceous faults and magmatic intrusions developed along the northern margin of the811

SCS in response to paleo-Pacific subduction to the northwest (Zhou et al., 2005; Ye et812

al., 2018, 2020) (Figure 9a). Continuous magmatism driven by corner flow, related to813

northwestward subduction of the PSCS, may have further weakened the lithosphere of814

the region (Hall, 2002; F. C. Li et al., 2020; Wu & Suppe, 2018). Consequently, the815

magmatic arcs formed during this stage are interpreted as weak zone that strongly816

influenced the later breakup of the SCS (Li et al., 2018; G. X. Yang et al., 2025a;817

Zhang et al., 2023; Zhao et al., 2019). Meanwhile, in the western domain, basement818

blocks had already drifted away from the South China margin and became separated819

due to early rifting and spreading processes associated with the retreat of the paleo-820

Pacific plate (Figure 9a) (Clift et al., 2008; Hall, 2012; Franke et al., 2014; Tang et al.,821



2014; Ding & Li, 2016).822

Stage 2: Rift stage (~45–33Ma)823

Following Late Mesozoic magmatism in southern China, the subduction direction824

of the PSCS switched polarity towards during the Eocene (~45 Ma). From now on the825

PSCS subducted southeastward beneath Borneo with eastward increasing rate826

producing a scissor-like subduction geometry (Figures 1c and 9b) (Hall, 2002;827

Hutchison, 2004; Wu & Suppe, 2018). Our experiments demonstrate that the resulting828

differential extension rates may have played a key role in early rifting of the SCS.829

Under higher extension rates, the eastern remnant arc weak zone experienced earlier830

and more intense thinning, producing a wide and deep rift (Figures 5a, 6 and 9b). In831

contrast, deformation in the west initially localized around strong basement blocks832

(Figure 6a) and progressively developed into narrow, deep rifts between blocks833

(Figures 5d and 6d). Collectively, these processes formed a westward narrowing V-834

shaped rift geometry (Figures 5d and 9b). In addition, a series of shear-related faults835

and troughs developed around the basement blocks (Figure 9b).836

Stage 3: Initiation of seafloor spreading in eastern segment (~33–23 Ma)837

With continued differential southeastward subduction of the PSCS beneath Borneo838

(Clift et al., 2008; Cullen et al., 2010; Hall, 2002), seafloor spreading initiated in the839

northwestern sub-basin (NWSB, eastern segment) at ~33 Ma (Li et al., 2014) (Figure840

9c). The NWSB margin developed along remnant Mesozoic arcs (Li et al., 2018;841

Zhang et al., 2023; Zhao et al., 2019). This observation, combined with our842

experimental results, suggests that inherited volcanic arc crust acted as a weak zone843

that, together with the larger extension rate driven by differential PSCS subduction,844

facilitated the onset of spreading in the east (Figure 9c). In addition, syn-tectonic845

magmatism likely contributed to breakup: IODP Expeditions 367/368 on the northern846

SCS distal margin and subsequent interpretations (Ding et al., 2020) suggest a short-847

lived magmatic event during the latest stage of rifting that intruded the edge of the848

thinned continental crust, triggering continental breakup and the onset of steady-state849

seafloor spreading.850

Stage 4: Spreading propagation and termination (~23–16Ma)851

At ~23 Ma, a ridge jump occurred in the eastern sub-basin (ESB), after which852

spreading propagated southwestward and led to the formation of the southwestern853

sub-basin (SWSB, Barckhausen and Roeser, 2004; Barckhausen et al., 2014; Briais et854

al., 1993; Cullen et al., 2010; Franke et al., 2014; Li et al., 2014). Based on our855



experimental results, the initial spreading was likely confined to a narrow necking856

zone of relative weakness between stronger basement massifs. Subsequently, under857

limited extension associated with the differential subduction of the PSCS and the858

focusing effect of strong blocks, a restricted spreading center developed, which,859

together with the ESB, ultimately produced a V-shaped oceanic basin (Figures 1c and860

9d). Spreading ceased at ~16 Ma (Li et al., 2014), likely associated with the861

termination of PSCS subduction.862

Our experiments demonstrated that the V-shaped configuration of the rifting and863

spreading reflects a structural-rheologic inheritance: a V-shaped rift system already864

formed prior to seafloor spreading due to the combined effects of differential865

extension and inherited strength heterogeneities. The eastern domain, controlled by866

both remnant Mesozoic arc weakness and higher extension rates, underwent stronger867

pre-spreading rifting and thus initiated spreading earlier. In contrast, the western868

domain, influenced by pre-existing basement blocks and lower extension rates,869

developed localized strain between blocks, shaping the western narrowing of the early870

SCS. Later seafloor spreading propagated southwestward along this inherited V-871

shaped rift.872

Apart from the factors considered in this study, additional processes may also have873

contributed to ridge jumps and rift propagation in the SCS, including far-field stresses874

from the west-to-east topographic gradient across the Indochinese Peninsula imposing875

a basin axis-normal compression (Le Pourhiet et al., 2018), the Hainan mantle plume876

(Yu & Liu, 2020), and NW-directed far-field compressional stresses associated with877

extrusion driven by the India–Eurasia collision (Z. Wang et al., 2025). In addition,878

thermo-mechanical numerical simulations reveal that syn-rift margin architecture may879

also have been influenced by surficial loads (H. B. Yang et al., 2025). However, fully880

resolving these dynamics, particularly during the spreading stage, requires 3D thermo-881

mechanical modeling that explicitly incorporates the combined effects of far-field882

stress, inherited strength heterogeneities, plume–ridge interactions, and surficial load883

influences.884



885

Figure 9. Schematic illustration of the four-stage evolution of the South China Sea886

from initial rifting to seafloor spreading. (a) Pre-rift stage. (b) Rift stage. (c) Initiation887

of seafloor spreading in the eastern segment. (d) Subsequent spreading propagation888

and termination. The schematic representation of subduction polarity reversal, slab889

tearing, and stagnation is modified after F. C. Li et al. (2020). ZST, Zhongsha Trough;890

ZJM, Zhongjian Massif; ZSB, Zhongsha Bank (Macclesfield Bank); ZHM, Zhenghe891

Massif; RB, Reed Bank.892



6 Conclusion893

Our experimental results demonstrate how propagating, V-shaped continental to894

oceanic rift basins can develop far from plate tectonic rotation poles governed by the895

combined effects of differential extension and inherited strength heterogeneities.896

Applied to the South China Sea, our experimental resultssuggest that differential897

extension, driven by differential subduction of the PSCS southeastward beneath898

Borneo with eastward increasing rate, was the primary geodynamic factor controlling899

the timing and magnitude of rifting, producing east–west diachronism in faulting and900

crustal thinning. Remnant Mesozoic arcs and pre-existing continental basement901

blocks acted as secondary structural-rheologic factors, localizing strain and modifying902

the basin geometry and deformation pattern. Under their combined influence, the903

eastern segment developed a wide and deep rift along the remnant magmatic arc904

under high extension rates, whereas the western segment localized strain between905

basement blocks to form narrow, deep rift zones. Together, these processes produced906

the characteristic westward narrowing V-shaped rift preceding seafloor spreading in907

the SCS.908

By integrating our experimental results with regional geological and geophysical909

observations, we propose a four-stage evolutionary model for the SCS, encompassing910

the pre-rift stage, rift stage, initiation of seafloor spreading in the eastern segment, and911

subsequent spreading propagation and termination. This framework highlights a912

spatial inheritance between rifting and spreading: the V-shaped geometry was initially913

established by inherited Mesozoic structures and differential extension, while seafloor914

spreading likely began in the eastern sub-basin under higher extension rates and915

subsequently propagated southwestward along narrow rifts between strong basement916

blocks.917

Beyond the regional application to the SCS focused on in this study, our findings918

may have implications for a more generic understanding of V-shaped rift basins that919

develop far from rotation poles. An extension gradient appears as a necessary but not920

sufficient conditions for the development of V-shaped oceanic basins. Instead, the921

coupled effects of far-field tectonic forcing and inherited lithospheric heterogeneity922

causes localization of extension into narrow and deep rift segments preconditioning923

the lithosphere for the subsequent propagation of seafloor spreading exploiting the924

established gradients. These findings provide an important reference for refining925

current models and classifications of propagating rift systems worldwide.926
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