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Abstract 22 

The evolution of the rifted margin of the northern South China Sea challenges predictions of 23 

previous models but a knowledge gap still exists regarding how thermal history varies at different 24 

locations and times of rifting. International Ocean Discovery Program (IODP) Expeditions 25 

367/368/368X collected samples of sediment that can be used to model the thermal evolution at 26 
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different rifting stages in the distal margin and oceanic crust. Modelling results outline a thermal 27 

history driven by the interplay of different tectonic processes that are sometimes at odds with the 28 

main theoretical models. The most proximal location has a burial history that includes the unroofing 29 

of ~3km of sediment before the increase of heat flow during rifting and break up prior to cooling to 30 

the present day. In the more distal part, short, localised peaks in heat flow due to syn-rift 31 

magmatism are recorded while, the oceanic crust has a thermal regime decoupled from that of the 32 

continental section and here the rate of cooling abruptly decreased in final post-rift phases. Thus, 33 

while the transect drilled in IODP 367/368 may represent a transition from continental to ocean 34 

crust, the thermal regimens sampled by are not end-members in a simple continuum and instead 35 

capture fundamental steps in the thermal evolution of the distal rifted margin of the northern South 36 

China Sea. On a global scale, this dataset represents one of the most complete samplings of a distal 37 

rifted margin providing critical new constrains on the thermal evolution during formation of rifted 38 

margins.  39 

 40 

1. Introduction 41 

The thermal structure of rifted margins controls the rheological behaviour of continental 42 

lithosphere during continental break-up (Buck, 1991; Manatschal et al., 2006; Geoffroy et al., 2015; 43 

Pérez-Gussinyé et al., 2024) as well as the stratigraphic architecture and sedimentation (Pindell et 44 

al. 2014; Alves et al. 2020). Thermal evolution of sedimentary basins fostered an extensive scientific 45 

interest in the 1970s because of its implication in hydrocarbon generation (Sleep, 1971) that is, 46 

today, still critical for evaluating the potential to host resources for the energy transition (Pérez-47 

Gussinyé et al., 2023).  48 

The classical Mckenzie model on stretched continental crust was developed in 1978 and considers 49 

an initial increase in heat flow (HF), culminating in a peak, followed by an exponential decline, with 50 
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both phases strongly controlled by the degree of stretching (i.e. β factor; McKenzie, 1978). By 51 

contrast, the variation of oceanic crust depth and heat flow with age has been later constrained by 52 

Stein and Stein (1992) by compiling globally collected present- day HF values.  53 

However, the variation of thermal structure in space and over time for a rifted margin remains 54 

largely unaddressed. There is most uncertainty about the evolution of distal rifted margins 55 

characterized by extreme lithospheric thinning, polyphase tectonic and localized magmatic activity; 56 

e.g. cases where variation is likely to be greatest. These domains remain poorly constrained mostly 57 

due to the lack of extensive offshore drilling along present-day distal rifted margins. Where outcrops 58 

exist the thermal history of initial sedimentary burial has been generally “overprinted” by 59 

metamorphism during orogenic events that inverted the rifted margin and lifted it to the surface 60 

(Beltrando et al., 2014). Only in specific cases, the thermal evolution of distal rifted margins 61 

imbricated within orogenic systems is still preserved (Alps: Beltrando et al., 2015; Celini et al., 2023; 62 

Pyrenees: Lescoutre et al., 2019; Saspiturry et al., 2020). 63 

The only available studies of present-day distal rifted margins are based on 1) ODP and IODP 64 

expeditions such as the Iberia-Newfoundland rifted margins (Callies et al., 2018) and the South China 65 

Sea (Nirrengarten et al., 2020a) and/or 2) geophysical surveys such as the Iberia-Newfoundland 66 

rifted margins (Welford et al., 2010), Red Sea (Girdler and Evans, 1977), Gulf of Aden (Lucazeau et 67 

al., 2008), Guaymas Basin (Neumann et al., 2023), and the South China Sea (Zhu and Liu, 2025). 68 

 69 

Studies and campaigns on present-day distal rifted margins suggest that geological features such as 70 

polyphased rifting, sedimentation rate, localized magmatism or ridge jumps can affect the syn-rift 71 

and post-rift thermal evolution (e.g. Neumann et al., 2023; Lucazeau et al., 2008). However, this has 72 

never been verified by means of thermal maturity studies except for one location corresponding to 73 

the Continental Ocean Transition (COT) of the South China Sea by Nirrengarten et al. (2020a). 74 
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Similarly, Lescoutre et al. (2019) and Saspiturry et al. (2020), in the fossil Iberian margin preserved 75 

in the Pyrenean orogen, have compared the maximum temperatures reached at different rifting 76 

stages calculated by numerical modelling with those qualitatively derived from reflectance and 77 

Raman analyses on the organic matter. Noteworthy, in these works, a kinetics-based calibration 78 

could not be applied because of very high thermal maturity, equating to or exceeding the onset of 79 

metamorphism.  80 

 81 

Amongst the cases available, the South China Sea (SCS) has a unique dataset combining IODP 82 

Expeditions 367-368 -368X that sampled different crustal domains from the continental crust to the 83 

oceanic domain with pre, syn and post rift sediments obtained (Larsen et al. 2018), geophysical 84 

surveys and extensive seismic data (Gao et al., 2015; Lei et al. 2019; Ding et al., 2018; Deng et al., 85 

2020) enabling us to investigate the thermal evolution of a rifted margins in space from continental 86 

crust to the oceanic crust and time across the rifting stages. 87 

Results from these expeditions revealed a rapid lithospheric extension leading to sharp transition 88 

between continental crust and oceanic crust with no mantle exhumation (Larsen et al., 2018; Mohn 89 

et al., 2022; Zhang et al., 2024), along with localized magmatic activity during both rifting 90 

(Nirrengarten et al., 2020a; Deng et al., 2020; Zhang et al., 2021) and post-rift phases (Lin et al., 91 

2019; Sun et al., 2019; Hung et al., 2021; Li et al., 2022; Sun et al., 2023) and a “rift-jump” at 27 Ma 92 

and 23 Ma toward the present-day spreading centre (Barckhausen et al., 2014; Ding et al. 2018).  93 

The present-day thermal state of the whole Northern margin of the SCS has also been studied by a 94 

recent review (Zhu and Liu, 2025) outlining a general continent to the ocean HF increase with several 95 

exceptions recognized due to changing tectonic settings and shallow environmental factors that 96 

thus needs more investigation.  97 
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Here we present thermal histories for pre, syn- and post-rift sediments found at the distal rifted 98 

margin (U1501), the COT (U1499, U1502) and the oceanic domain (U1500) of the South China Sea, 99 

calibrated by organic proxies and relative kinetic models. Therefore, the full temperature time 100 

evolution of the northern rifted margin of the SCS is assessed at different locations and successive 101 

stages of rifted margin development, not only peak temperatures, presenting a unique dataset as a 102 

valuable reference for comparison with other rifted margins across the world. 103 

 104 

2. Geological setting  105 

The South China Sea (SCS) is a marginal oceanic basin located in the western Pacific and surrounded 106 

by continental units: the South China Block to the North, Indochina to the West and Palawan-Borneo 107 

to the South-East and the Luzon Arc to the East (Fig. 1a). It can be divided into three main sub basins 108 

(North West, East and South West, Fig. 1a) whose genesis relates to rift evolution. The tip of the V-109 

shaped oceanic basin points to the south-east indicating a propagation of seafloor spreading that 110 

separated the northern China-Indochina margin from the Palawan-Borneo Block between ~33 Ma 111 

and ~15 Ma (Taylor and Hayes, 1983; Briais et al., 1993). The rifting of the SCS initiated in a former 112 

Mesozoic active continental margin that was generated by the subduction of the Paleo-Pacific plate 113 

under SE Eurasia (Zhou et al., 2008) during the Jurassic and Early Cretaceous (Li et al., 2020). 114 

Extension was suggest to have started in the late Cretaceous, based on evidence of development of 115 

extensional basins and non-marine sediments in the Pearl River Mouth Basin (Fig. 1a; Ru and Pigott, 116 

1986; Zhou et al., 1995). The main episode of rifting occurred in Northern rifted margin and its 117 

conjugate margin located offshore Palawan, during late Eocene – early Oligocene that lead to 118 

breakup and seafloor spreading of the NE sub-basin (Larsen et al., 2018). Different hypotheses have 119 

been made on the cause of the rifting including: 1) roll-back of the subduction zone (Li et al., 2020); 120 
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2) slab-pull of a subducted proto South China Sea (Taylor and Hayes, 1983) or; 3) the collision 121 

between the Indian subcontinent and Asia (Tapponnier et al., 1990). 122 

 123 

Figure 1 a) Crustal thickness map of the South China Sea modified from Legeay et al. 2024). Location of the study area (in black) in 124 

the Northern margin. Acronyms: BB: Baiyun Basin; LB – Liwan Basin; NWSB – North West South Basin; ESB – East Sub Basin; SWSB – 125 

South West Sub Basin.  b) Spot of the study area from Fig. 1a. In the rectangle the map of the top acoustic basement (Tg reflector; 126 

Larsen et al., 2018) has been superimposed on the bathymetric map by using similar colour (see legend for Tg depths). The location 127 
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of the four studied IODP sites is indicated by the white dots. Heat flow location and values from Zhu and Liu, 2025 are indicated with 128 

the pale to dark brown dots. c) Seismic section with location of Site U1501, U1502, U1499 and U1500. The black line indicates the Tg 129 

unconformity (see text below) while the dotted line the Moho’s depth. 130 

 131 

The analysis of thermal regime we present here is based on samples from four (U1499, U1500, 132 

U1501 U1502) of the seven sites drilled by the IODP expeditions 367-368 and 368X (Fig. 1b)  across 133 

a ~90 km long section of the distal northern rifted margin (Fig. 1b and c) (Larsen et al., 2018): the 134 

Outer Margin High (OHM), the COT and the oceanic crust that span over three margin-parallel 135 

basement ridges, namely ridge A, B and C (Fig. 1b – sites C was not included in this work).  136 

The OMH, sampled by site U1501, is a top basement high ~50 km wide composed of 15 to 20 km 137 

thick continental crust that progressively thins oceanward (Fig. 1c; Sun et al., 2018) and separates 138 

the Liwan sedimentary basin (LW, Fig. 1a) with a highly thinned continental crust to the north from 139 

the distal rifted margin to the south (Fig. 1c). Ridge A is a faulted structural high which has a variable 140 

top basement lithology: highly altered Mid-Ocean Ridge (MORB) basalts (U1502) and continental 141 

pre- to syn- rift clastic sediments (U1499). It represents the Continent-Ocean transition as it has 142 

characteristics of both continent and ocean basement (COT). By contrast, at Ridge B, a 7 km thick 143 

landward-rotated fault block, the sampled basement recorded MORB basalts with pillow structures 144 

(U1500, Fig. 1c) at the location of the C11n magnetic anomaly, interpreted as the first formed 145 

oceanic crust (Larsen et al., 2018).  146 

 147 

2.1 Stratigraphy  148 

Using biostratigraphic and lithostratgraphic data from the four holes, combined with geodynamic 149 

events of the SCS (Sun et al., 2018), the sedimentary sequences is divided into four main 150 

depositional units (Fig. 2): late-post Rift (Neogene), early-post Rift (late Oligocene), syn-rift (Early 151 

Oligocene to Eocene) and pre-rift (pre-late Eocene). 152 
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A more detailed stratigraphic information and lithologies are provided in Schito et al. (2026). 153 

 154 

Figure 2 Stratigraphy and lithology of the four sites across the northern rifted margin of the SCS. Big-grey dots indicate location of 155 

samples analysed for vitrinite reflectance; small-grey dots indicate samples analysed with GC-MS. Red dots indicate samples analysed 156 

in Nirrengarten et al., (2020a) 157 

 158 

2.1.1 Outer Margin High (OMH)  159 

Site U1501 was investigated by four holes, our samples come from holes U1501C and U1501D 160 

(Tables 1). The Neogene sequence is composed by 290 m thick clay-rich nannofossil ooze and 161 

nannofossil ooze deposited in a deep-marine environment. The contact between the Neogene and 162 

Oligocene sediments is characterized by a major unconformity (T60) dated at 24-28 Ma by Jian et 163 

al. (2018), and Late Oligocene early post-rift and Early Oligocene to Eocene syn-rift successions are 164 

more than 300 m thick and consist of variable amounts of clay, silt, and sand (Fig. 2). In the syn-rift 165 
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successions the oldest most reliable age control at the Eocene/Oligocene suggests the sandstones 166 

are the base are Eocene in age. Below an unconformity at 598.91m, well-lithified sandstones with 167 

unknown age represent the pre-rift succession.  168 

 169 

2.1.2 Ridge A 170 

At site U1499, the 929m thick Neogene Unit composed of clay, silt and sandstones and upper 171 

Oligocene–upper Miocene reddish-brown claystone was sampled to characterize the post-rift 172 

maturity, while undated gravels and breccias collected from the base of the boreholes represent 173 

the syn-post rift stage (Fig. 2).  174 

At site U1502 the few samples collected derive from the late-post-rift late Miocene clay interbedded 175 

with silt and sands and from a thin layer of saddle dolomite that has been dated at the late Eocene 176 

age suggesting deposition during a late syn-rift setting (Fig. 2).  177 

 178 

2.1.3 Ridge B  179 

Site U1500 the post-rift succession was samples from 400 to 1200m of depth and is composed by 180 

late Miocene clay, silt and sands and by and early middle Miocene early-post-rift red clays (Fig. 2). 181 

The base of the borehole is composed by 150m of unaltered Oligocene (MOR) basalts (Fig. 2).  182 

 183 

3    Methods 184 

3.1 Thermal maturity and modelling calibration  185 

Organic proxies’ kinetics are the most used in burial/thermal modelling at low diagenetic levels. 186 

Vitrinite reflectance (Ro%) and Hopane 22S and Sterane 20S were used to calibrate our models. 187 

Sample’s preparation and measurements for both organic petrography and biomarkers analyses are 188 

described in Schito et al. (2026) including Ro% histograms.  189 
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Simplified reconstructions of burial and thermal histories of drilling sites from the SCS were 190 

performed by using Basin Mod 2-D, a commercial software package for basin modelling. The main 191 

assumptions made during  modelling are that: (1) rock decompaction is constrained following 192 

Sclater and Christie’s method (1980), by fitting models to porosity data  measured by the the 193 

standard IODP procedure (Moisture and Density – MAD; Sun et al., 2018 and supplementary 194 

material); (2) variations in seawater depth were modelled according to biostratigraphic data from 195 

Jian et al. (2018), and surface temperatures (ST) and sediment water interface temperatures (SWIFT) 196 

were taken from present-day measurements and corrected for paleo-latitudes; (3) thermal 197 

modelling was performed using the Easy %Ro method based on Sweeney and Burnham (1990), while 198 

hopane and sterane isomerisation was modelled according to the kinetic models proposed in 199 

Mackenzie and McKenzie (1983); (4) heat flow during rifting was modelled according to McKenzie 200 

et al., (1978).  201 

 202 

4 Results 203 

4.1 Organic Thermal maturity  204 

Additional details regarding the dataset are provided in Schito et al. (2026). 205 

4.1.1 Outer Margin High – site U1501 206 

Assessing the level of thermal maturity of the post-rift to syn-rift Oligocene to Pliocene oozes from 207 

site U1501 is difficult because of a low organic carbon content that makes organic petrography 208 

impractical (TOC 0.40 -0.53 %), along with the shallow depth of burial (Tab. 1, Fig. 3 and Schito et 209 

al., 2026) and overall low level of thermal maturity as described later. The presence of hopane 210 

biomarkers with 17β,21β (H) structure conformations is important as these biomarkers are only 211 

stable at very low levels of diagenetic alteration (Farrimond et al, 1998). The values observed for a 212 

thermal maturity parameter based on these 17β,21β (H) hopanes for the Oligocene to Pliocene 213 
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sediments of U1501 is consistent with the shallow depth of burial even if it does not describe a 214 

downhole trend.  Conversely, most samples from the U1501-Oligocene to Pliocene oozes values for 215 

the hopane 22S (0.35 to 0.65) and sterane 20S (0.3 to 0.6) thermal maturity parameters that are 216 

inconsistent with the depth of burial show the presence of 17β,21β (H) Hopanes (Table 1) and 217 

sterene (Sup. Materials and Schito et al., 2026). The high values of hopane 22S and sterane 20S in 218 

most samples reflect an allochthonous input of reworked biomarkers. One sample at 308 meters 219 

depth (Tab. 1, Fig. 3b) likely reflects in-situ maturity for this interval with both collaborating hopane 220 

22S and sterane 20S values of 0.14 and 0.17, and values that are reasonable for the sample’s depth 221 

of burial and proportion of 17β,21β (H) hopane. This provides the one calibration point that can be 222 

used for modelling the youngest section of U1501. 223 

 224 

Table 1 Samples’ names, relative depths and rift stages for site U1501 together with TOC, Ro% values with standard deviation and 225 

number of measurements and Hopane 22S, ββ Hopane and Sterane 20S parameters. Hopane thermal maturity parameters calculated 226 

from the m/z 191 ion chromatogram include: C₃₁ hopane 22S = C₃₁ 17α,21β(H)-22S / [C₃₁ 17α,21β(H)-22S + C₃₁ 17α,21β(H)-22R]; C₃₀ 227 

hopane ββ = C₃₀ 17β,21β(H) / [C₃₀ 17β,21β(H) + C₃₀ 17β,21α(H) + C₃₀ 17α,21β(H)]. Sterane thermal maturity parameters calculated 228 

from the m/z 217 ion chromatogram include: C₂₉ sterane 20S = C₂₉ 5α,14α,17α(H)-20S / [C₂₉ 5α,14α,17α(H)-20S + C₂₉ 5α,14α,17α(H)-229 

20R]. 230 

Name 
Depth  
(mbsf) 

Rift stage 
TOC 
(%) 

Ro 
(%) 

sd 
n° of  

meas. 

Hopane Hopane Sterane 

C3122S C30ββ C2920S 

U1501 

U1501C-1H-1W 0.05 
Late Post-
Rift 

-  -  -  -  0.51 0.05 0.41 

U1501C-4H-6W 35.85 
Late Post-
Rift 

-  -  -  -  0.52 0.32 0.35 

U1501C-8H-6W 73.69 
Late Post-
Rift 

  -  -  -  0.53 0.15 0.36 

U1501C - 9H 5W  81.9 
Late Post-
Rift 

0.4 -  -  -  -    -  

U1501C-11H-5W 100.84 
Late Post-
Rift 

  -  -  -  0.65 0.09 0.32 

U1501C-18F-4W 160.8 
Early 
Post-Rift 

  -  -  -  0.64 0.04 0.56 

U1501C - 28F 1W  204.76 
Early 
Post-Rift 

0.43 -  -  -  -    -  
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U1501C-31F-3W 220.87 
Early 
Post-Rift 

  -  -  -  0.44 0.21 0.35 

U1501C-43X-5W 289.35 
Early 
Post-Rift 

  -  -  -  0.5 0.27 0.36 

U1501C - 43X 5W  290.24 
Early 
Post-Rift 

0.53 -  -  -  -    -  

U1501C-44X-5W 298.99 
Early 
Post-Rift 

        0.43 0.21 0.41 

U1501C-45X-5W 308.56 
Early 
Post-rift 

  -  -  -  0.14 0.44 0.17 

U1501D - 8R 1W  491.36 Syn-rift 1.31 0.38 0.05 53 -    -  

U1501D-9R-1W 500.85 Syn-rift   -  -  -  0.58 0.12 0.32 

U1501D - 11R CC  519.75 Syn-rift 5.14 0.35 0.05 86 -    -  

U1501D - 26R 
1W  

634.82 Pre-rift 0.11 0.52 0.05 10 0.47 0.13 0.43 

 231 

 232 

Vitrinite reflectance values range between 0.35 to 0.38 Ro% in the Eocene Syn-rift succession located 233 

above the reflector Tg. The succession from U1501 has high TOCs from 1.31 to 5.14 % (except for 234 

the deepest sample 0.11 %; Table 1). Under reflected light observation, the organic matter can be 235 

seen to be mostly vitrinite, likely indicating a significant input of terrestrial sedimentary organic 236 

matter. Biomarker data show some anomalous values in the Eocene of U1501 (Fig. 3 a and b), thus 237 

the highest vitrinite value of 0.38 Ro% may be influenced by the allochthonous and reworked organic 238 

matter.  239 

Beneath the acoustic basement of U1501, in pre- late Eocene pre-rift succession, there is a jump in 240 

thermal maturity with an observed vitrinite reflectance of 0.52 Ro% (Tab. 1, Fig. 3a) that is further 241 

confirm by consistent increases in hopane and sterane thermal maturity parameters (Tab. 1, Fig. 242 

3b). 243 
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 244 

Figure 3  a) thermal model calibration of vitrinite data and resulting maximum temperatures; b) thermal model calibration of hopane 245 

and sterane data; c) The figure shows the three scenarios used to fit post-rift data. Scenario 1: Mckenzie’s heat flow model for rifted 246 

margin using a beta factor of 2; Scenario 2; constant heat flow to present day values in the syn and post rift stages and 70 mW/m2 in 247 

the pre-rift stage; Scenario 3: constant HF value of 70 mW/m2; d) porosity data and calibrated curves. Sst in the stratigraphic legend 248 

stands for sandstones.  249 

 250 

4.1.2 Ridge A – Sites U1499 and U1502  251 

Results of the analyses of samples from ridge A were presented in Nirrengarten et al. (2020a) with 252 

the addition of a GC-MS analysis from site U1499 at 357m depth (Fig. 2 and Table S1 in sup. 253 

materials).   254 
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 255 

Figure 4 a) Ro% calibration and calculated maximum temperatures of U1499 well; b) Hopane 22S and Sterane 20S calibration model, 256 

of U1499 well; c) measured and calculated porosity evolution with depths, of U1499 well; d) The figure shows the three scenarios used 257 

to fit po-rift data. Scenario 1: heat flow evolution at the ocean-continent transition according to Mckenzie heat flow model for rifted 258 

margin using a beta factor of 4 and considering results from Nirrengarten et al., (2020a); Scenario 2; constant heat flow to present 259 

day values in the syn and post rift stages and 70 mW/m2 in the pre-rift stage; Scenario 3: constant HF value of 70 mW/m2; e) Ro% 260 

calibration and calculated maximum temperatures of U1502 well; f) hopane 22S and sterane 20S calibration model, of U1502 well; g) 261 

measured and calculated porosity evolution with depths, of U1502 well. RCl in the stratigraphic legend stands for red claystones, while 262 

Dol for dolomite.  263 

 264 

Andrea
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Late-post rift shales and mudstones deposited during the early to middle Miocene at site U1502 and 265 

up to the late Pleistocene in U1499 have Ro% values between 0.26 and 0.57 (Tab. S1). TOC is also 266 

relatively high at 0.3 to 1.3 % reflecting good quality organic matter for petrographic analyses. 267 

Despite this, the two highest values of vitrinite reflectance (0.41 and 0.57 Ro%) may reflect the 268 

presence of reworked material. This is validated by biomarker thermal maturity parameters that 269 

highlight a predominance of allochthonous material at the shallowest depths of site U1499 (Fig. 4), 270 

while the lowest values at the base of late-post Rift sediments confirm the low maturity detected 271 

by vitrinite reflectance (Fig. 4 b and Tab. S1 sup. materials). 272 

Biomarker hopane and sterane thermal maturity parameters (Table S1) also confirm low maturity 273 

in the early-post Rift sediments in both sites, where TOC values suggest insufficient organic matter 274 

for reliable Ro% measurements. Syn and pre-rift sediments, on the other hand, show an exponential 275 

increase of vitrinite reflectance values in borehole U1499 reaching a maximum value of 1.83 Ro%  at 276 

the bottom of the well (Fig. 4a), while a vitrinite reflectance of 0.43 Ro% for the hydrothermally 277 

altered dolomite in U1502 is high for the depth of burial, but perhaps not excessively high 278 

considering the implied metasomatism (Tab. S1 and Fig. 4e).  279 

 280 

4.1.3  Ridge B – Site U1500 281 

TOC data from the Oligocene claystones at about 1300 m of depth show TOC values between 0.59 282 

and 0.66 and Ro value of 0.31 and 0.33% (Tab. 2), indicating an immature stage of hydrocarbon 283 

generation. Low maturities are further confirmed by Sterane and Hopane data in the Late Post Rift 284 

samples between 913 and 1185m of depth while the shallowest samples between 671 and 767m of 285 

depth indicate the presence of reworked material (Tab. 2 and Fig. 5). 286 

 287 

Table 2 Samples’ names, relative depths and rift stages for site U1500 together with TOC, Ro% values with standard deviation and 288 

number of measurements and Hopane 22S, ββ Hopane and Sterane 20S parameters. Hopane thermal maturity parameters calculated 289 
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from the m/z 191 ion chromatogram include: C₃₁ hopane 22S = C₃₁ 17α,21β(H)-22S / [C₃₁ 17α,21β(H)-22S + C₃₁ 17α,21β(H)-22R]; C₃₀ 290 

hopane ββ = C₃₀ 17β,21β(H) / [C₃₀ 17β,21β(H) + C₃₀ 17β,21α(H) + C₃₀ 17α,21β(H)]. Sterane thermal maturity parameters calculated 291 

from the m/z 217 ion chromatogram include: C₂₉ sterane 20S = C₂₉ 5α,14α,17α(H)-20S / [C₂₉ 5α,14α,17α(H)-20S + C₂₉ 5α,14α,17α(H)-292 

20R]. 293 

Name 
Depth  
(mbsf) 

  TOC 
(%) 

Ro 
(%) 

sd 
n° of  

meas. 

Hopane Hopane Sterane 

Rift stage C3122S C30ββ C2920S 

U1500 

U1500A - 4R 
2W  

400.48 
Late Post-
Rift 

0.35 -  -  -  -  -  -  

U1500A-18R-
2W 

671.86 
Late Post-
Rift 

  -  -  -  0.24 0.41 0.14 

U1500A-28R-
1W 

767.46 
Late Post-
Rift 

  -  -  -  0.37 0.28 0.37 

U1500B - 4R 
1W  

865.72 
Late Post-
Rift 

0.26 -  -  -  -  -  -  

U1500B-9R-1W 913.74 
Late Post-
Rift 

  -  -  -  0.19 0.5 0.12 

U1500B-26R-
2W 

1080.2 
Late Post-
Rift 

  -  -  -  0.15 0.42 0.14 

U1500B-37R-
1W 

1185.3 
Late Post-
Rift 

  -  -  -  0.36 0.36 0.27 

U1500B - 50R 
1W  

1311.2 
Late Post-
Rift 

0.66 0.31 0.1 10 -  -  -  

U1500B - 53R 
3W  

1342.8 
Late Post-
Rift 

0.59 0.33 0.1 14 -  -  -  

 294 

 295 

4.2 Thermal modelling  296 

Thermal histories were obtained for the OMH, Ridge A and Ridge B by evaluating which of three 297 

basal HF-models (scenarios graphically illustrated in Figs. 3c,4d,5c) best recreates measurements of 298 

vitrinite reflectance or the hopane 22s and sterane 20S thermal maturity parameters. These thermal 299 

maturity parameters have kinetic models (models that explain the parameter as a function of both 300 

heating duration and a given temperature) and thus may help in evaluating heat flow during past 301 

stages of rift development. The match between measured and model-calculated petrophysical 302 

parameters such as bulk density and thermal conductivity is also presented in tables and figures and 303 

tables from S2 to S5 in the supplementary materials.  304 
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 305 

 306 

Figure 5 a) Ro% calibration and calculated maximum temperatures of U1500 well; b) Hopane 22s and Sterane 20s thermal maturity 307 

profiles; c) The figure shows the three scenarios used to fit po-rift data. Scenario 1: heat flow evolution at the ocean-continent 308 

transition according to Mckenzie heat flow model for rifted margin using a beta factor of 4; Scenario 2; constant heat flow to present 309 

day values in the syn and post rift stages and 70 mW/m2 in the pre-rift stage; Scenario 3: constant HF value of 70 mW/m2; d) measured 310 

and calculated porosity versus depth. RCl in the stratigraphic legend stands for red claystones. 311 

 312 

Scenario 1) presents the situation where HF is high during rifting but subsequently subsides 313 

according to the McKenzie et al., (1978) model and can be considered a model that reflects both 314 

crustal and deep earth processes in the form of its beta-factor; Scenario 2) has a heat flow that is 315 

low in the pre-rift (70 mW/m2) that is an average value for an active continental margin for Allen 316 

and Allen (2013; see discussion below) and then elevated for syn- and post-rift stages up to the 317 

present day, and; Scenario 3) represents the simplest and most facile consideration of heat flow by 318 

assuming that it has not changed over time (70 mW/m2). 319 

 320 
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Based on the present-day thickness of the crust (15km) at the OMH a beta factor of 2 was chosen 321 

(Nirrengarten et al., 2020a,b). It was found that measurements of thermal maturity could be 322 

recreated for syn- and post-rift successions by heat flow models constructed using Scenarios 1 and 323 

2 (Fig. 3 a, b, c). A rise in heat flow is needed, but the low number of observations makes further 324 

differentiation difficult. A model in which a maximum heat flow of 140 mW/m2 is reached during 325 

the climax of rifting at 30 My before cooling to the present-day value of 100 mW/m2
, was found to 326 

still recreate thermal maturity, and this places a limit on the maximum heat flow subsequent to the 327 

onset of rifting (Fig. 3c). For the acoustic basement (section beneath the Tg horizon) and the pre-328 

Eocene sediments, no rifting-based models of heat flow (Models after Scenario 1 that use beta 329 

factors) could recreate the high thermal maturity indicated by both vitrinite reflectance and 330 

biomarker data (i.e. there is jump in thermal maturity). Porosity is also much lower in the pre-Eocene 331 

sediments, and in combination with thermal maturity and seismic observations (Larsen et al. 2018) 332 

indicates the presence of an erosive unconformity. Adding 3 km of sedimentary burial and erosion 333 

before the onset of rifting, created a basin model that reproduced measurements of both porosity 334 

and thermal maturity. Thus, a lost burial history and particularly the erosion of overburden play an 335 

important role in the thermal history at the OMH, while basal heat flows can be explained by a more 336 

classical model of rifting (McKenzie, 1978). 337 

 338 

For Ridge A (sites U1499 and U1502) previous work show a crustal thickness of 10 km suggesting an 339 

extreme thinning associated with a beta factor of >3 (Nirrengarten et al. 2020a). In post-rift 340 

sediments, heat flow models after Scenarios 1 and 2 (cooling subsequent to rifting or a steady at 341 

110 mW/m2) were equally able to recreate thermal maturity measurements. However, for site 342 

U1499 additional heat flow was needed for deeper units, and Nirrengarten et al., (2020a) invoked 343 

the emplacement of a magmatic intrusion, at least 20 m thick, near to the site. The thermal aureole 344 



 

19 
 

around the intrusion must have started during the late syn-rift stage at the end of the Eocene and 345 

lasted to the beginning of the Oligocene and did not affect post rift successions. 346 

 347 

Ridge B, (site U1500), the most distal site with post-rift sediments deposited on ocean crust, has low 348 

values of thermal maturity that cannot be predicted by heat flow models from Scenario 1 or 2, that 349 

reflect the effects of heating subsequent to rifting of continental crust. Measurements of thermal 350 

maturity at Ridge B were predicated by a constant heat flow of 70 mW/m2 (Fig. 5).  351 

 352 

 5. Discussion 353 

5.1. A combined approach for shallow sedimentary successions 354 

Core samples from the IODP 367/368 offer the opportunity to model, for the first time, the evolution 355 

of heat flow in a rifted margin across a continent-to-ocean transect.  356 

In the relatively shallow successions of the SCS this is achieved by combining organic proxies 357 

sensitive to early diagenetic transformation. The use of vitrinite reflectance is often limited by the 358 

lack of vitrinite in non-clastic sediments or sediments at very low stages of thermal maturation (i.e. 359 

pre-vitrinite), thus combining biomarker and vitrinite proxies was crucial to provide a continuous 360 

thermal maturity profile along the OHM and Ridge A (Figs. 3 and 4), and to confirm thermal maturity 361 

when only a few vitrinite reflectance measurements are made, such as beneath the Tg reflector in 362 

U1501 or the sparse samples in U1500 and U1502. Furthermore, the presence of sterene and 363 

17β,21β (H) Hopanes (Schito et al., 2026), that are easily destroyed at high temperatures, suggest, 364 

in shallow samples, that a high percentage of reworked material is present avoiding 365 

misinterpretation during models’ calibration (Wen et al., 2026).  366 
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 367 

Figure 6 a) Sterane 20S and b) ββ hopane data plotted against Hopane 22s (note here the inverse order of the y-axis). c) heat flow 368 

and d) burial histories used to model thermal maturity data. Sea-level variation has not been included in this graph but is has been 369 

used in modelling calibration. e) thermal maturity expressed as Ro% and Hopane 22S against the age of maturation used in modelling. 370 

Ro% in logarithmic scale. Note that reworked data has not been used in figure e. 371 

However, determining thermal maturity from a single biomarker proxy is not advisable and 372 

consistency among different proxies should be checked (Aderoju and Bend, 2017). This can be 373 

shown in Fig. 6 a and b where Hopane 22S has been plotted against Sterane 20S (Fig. 6a) and ββ 374 

hopane (17β,21β (H) Hopanes; Fig. 6b). Samples interpreted as exhibiting consistent changes in 375 

thermal maturity and thus can be taken as recording in-situ thermal alteration (big symbols). 376 

Reworked data (smaller symbols), mainly cluster in both upper right corners that correspond to the 377 

highest maturities.  378 

Considering in-situ data alone, Figs. 6 a and b depict an increase in thermal maturity progressing 379 

from Pre-Rift to Late Post Rift samples. Late post-rift samples show the lowest level of thermal 380 

maturity and are associated with the shallowest depths at Ridge A and the OMH, and with depths 381 

beneath 1000m at Ridge B (U1500).  382 
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The calibration of models with vitrinite reflectance and biomarkers data allows increases in heat 383 

flow across the OHM and Ridge A at 30 My (Fig. 6 c) during the main phases of burial to be 384 

determined: one increase in just the OHM, at the end of Mesozoic before rifting of the SCS (dotted 385 

line in Fig. 6 d) and another, related to the increase in sedimentation rate from the last 10 My up to 386 

the present day in ridges A and B (solid and dash dotted lines in Fig. 6 d). Such phases, give us the 387 

timing of maturation of our samples as shown in Fig. 6 e, where for simplicity all thermal maturity 388 

data have been converted into Ro% equivalent according to models’ results. The causes of 389 

differences in the timing of maturation across the rifted margin reflects geodynamic events specific 390 

to each site that have occurred since the end of Mesozoic and are discussed below.  391 

 392 

5.2. Thermal evolution of the northern rifted margin of the SCS 393 

5.2.1. OMH – A Mesozoic history recorded by pre-rift successions 394 

Models of thermal evolution at the OMH (Fig. 3c) require that from 30 Ma HF decreased from a peak 395 

at the time of breakup, or that HF was maintained constant at a similar value to the present day. 396 

Prior to the Eocene and mostly likely prior to Cenozoic rifting, based on thermal maturity and 397 

porosity considerations, the OMH was buried under a 3km thickness of sediment and thus has a lost 398 

portion of its burial history.  That needs further consideration. 399 

Pre-rift successions comprise well-lithified and poorly sorted arkose with a high plagioclase content 400 

ranging from 30 to > 60 % that were likely derived from diorite or granodiorite or basement of 401 

intermediate composition. The age of the unit is not constrained because of the lack of fossils. 402 

However, across the Pearl River Mouth Basin (Fig. 1), the Tg horizon that marks acoustic basement 403 

is usually a boundary between Eocene and Mesozoic sediments, representing a hiatus thought to 404 

have lasted from Late Cretaceous to Paleogene (Yan et al., 2014). During the late Mesozoic, in the 405 

OMH, was an active continental margin, forming above a Paleo-Pacific subduction zone (Fig. 7a; Li 406 
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et al., 2019; Xu et al., 2016). Sediments deposited at this time derived from the products of a 407 

Mesozoic Andean-type volcanic arc located to the front of present day coastal Southern China (Fan 408 

et al., 2022) and the Pre-rift sandstone, have a mineral composition that is near to intermediate 409 

(low in ultramafics and relatively low in quartz) largely consistent with this tectonic setting.  410 

Both porosity and multiple thermal maturity parameters place strong limits for minimum burial for 411 

the sediments beneath Tg at U1501 (Fig. 3d). It is important to note that a burial of not less than 3 412 

km is indicated, and a deeper burial might be possible if sediments accumulated in a basin with a 413 

low heath flow (Fig. 3 a,b,d). Within 1D basin modelling both tectonic burial (burial due to over-414 

thrusting) and burial beneath sediments need to be considered. Considering a tectonic burial is it 415 

known that regionally a late Mesozoic compression led to the development of nappe stack (Ye et 416 

al., 2018) but only a gentle folding has been observed in some seismic sections in the basement of 417 

the OMH (Larsen et al. 2018). As well, folds and thrust faults below the Tg in the Baiyun-Liwan Sag 418 

exists (Zhao et al., 2020). Therefore, a tectonic loading due to thrusting and equivalent to >3 km of 419 

burial is still possible but difficult to demonstrate within currently known tectonic frameworks for 420 

the site. Conversely, burial beneath a thickness of 3 km of sediment in a forearc setting (Fig. 7a), as 421 

demonstrated for similar settings, is a more conservative explanation (Gusmeo et al., 2022). 422 

Regardless of the type of burial the pre-rift thermal history of the OMH requires the removal of 3 423 

km of sediment.  424 

The first event that may be responsible for removal of sediment prior to the Eocene is the 425 

development of the Eurasian active continental margin and its associated uplift and erosion of 426 

sediments (Fig. 7b; Shi and Li, 2012). This would have occurred prior to the onset of rifting during 427 

the Mesozoic and early Cenozoic in the SCS. The second event is associated with the formation of 428 

the adjacent Liwan basin (a sub-basin of the PRMB) to the north, that lead to rift flank uplift of the 429 

OMH during Cenozoic rifting (Lei et al. 2019). Lei et al (2019) suggested an age for this uplift of Late 430 
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Eocene-early Oligocene based on the absence of the the Enping Formation (32-38 My) in a nearby 431 

well drilled in the Liwan basin. However, the poor dating of the oldest pre-rift sandstones in 432 

borehole U1501, does not exclude an earlier age for the uplift or unroofing in part or whole and 433 

given the amount of sediments removed it is more probable most of the erosion was linked to the 434 

pre-Eocene regional uplift (Fig. 7b).  435 

 436 

5.2.2. Ridge A – Syn-rift magmatic emplacement at the COT 437 

Thermal evolution of Ridge A is already detailed in Nirrengarten et al. (2020a), who interpreted the 438 

high thermal maturities of syn- to pre-rift sediments to be a consequence of localised aureoles 439 

generated by magma emplacement during the continental break-up. Late and early post rift 440 

sediments have thermal maturities that can be explained by a paleo HF just above or equal to that 441 

of the present day (Fig. 4). Thus, in difference to the OMH, thermal evolution at the Ridge A is 442 

dominated by magmatism associated with break-up that produced locally heating and cooling at a 443 

shorter timescale than that of the entire crust (Fig. 7c).  444 

Similarly to the OMH, the magmatism (at least at shallow levels) stopped after rifting and the 445 

thermal evolution at Ridge A during the burial of post-rift sediments corresponded to a cooling from 446 

peak heat flows (Scenario 1) or continuation of present-day values (Scenario 2; Fig. 4). 447 

 448 

5.2.3. Ridge B – Thermal evolution on the oceanic crust 449 

Thermal Evolution at Ridge B does not correspond to a McKenzie (1978) styled model of rifting of 450 

continental crust, nor to the Stein and Stein (1992) model for oceanic domain, nor can it be 451 

explained by a steady state model. However, complicating the assessment of thermal evolution at  452 
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 453 

Figure 7 Tectonic evolution of the Northern rifted margin of the SCS according to outcomes from thermal models showing a) the Late 454 

Cretaceous active margin stage, b) condition at the onset of the Cenozoic rifting, c), d) development of the Cenozoic rifting and 455 

continental breakup, e) present-day stage. 456 
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U1500, Ridge B, is the use of a HF extrapolated from older sites (Nissen et al., 1995) or by comparison 457 

with the nearby U1499 site (Sun et al., 2018), as well as the generally low thermal maturity of the 458 

late post-rift succession.  459 

According to our data, a HF value of at least 70 mW/m2 since the early Oligocene (Fig. 5) could 460 

recreate thermal maturity in the post rift sediments even if, considering the age of the oceanic crust 461 

(30 Myrs old) and the proximity to Sites U1499 and U1502 a higher HF close to 100mW/m2 should 462 

be expected.  463 

 464 

However, oceanic spreading in this region is interpreted to have been associated with migration of 465 

the spreading centre during the formation of first igneous crust (Nirrengarten et al., 2020b) 466 

Asymmetric migration of spreading centre may have triggered slow-moving asthenospheric mantle 467 

material southward of ridge B during the establishment of stable seafloor spreading, leading to 468 

cooler conditions. In addition, the Ridge jump during 27Ma to 23 Ma (Barckhausen et al., 2014; Ding 469 

et al., 2018) may have further cooled the ridge B (Fig. 7 d and e). The causes of the Ridge jump are 470 

still not fully understood, but it has been proposed to be related to a far-field stress effect, induced 471 

by the adjacent Palawan-Borneo orogenesis linked to the subduction and closure of the Proto-South 472 

China Sea (Chang et al., 2022). As result, the thermal evolution of Ridge B and present-day low HF 473 

are related to the dynamics of seafloor spreading and it could be also speculated that the rapid 474 

cooling of the crust enhanced the thermal subsidence at Ridge B. 475 

 476 

5.3. The distal rifted margin of the Northern SCS in a global framework of rifted margins 477 

The thermal evolution of the distal rifted margin of the northern SCS described above differs in some 478 

ways from models previously proposed, but shares similarities with similar settings worldwide.  479 
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By using proxies of thermal maturity for which kinetics models are available it was possible for the 480 

first time to determine HF at different stages of rifting at different locations along the continent to 481 

ocean transect. Previous works determined thermal evolution at an extremely thinned continental 482 

crust mainly based on numerical modelling of HF values that were at most validated only by 483 

qualitative comparisons to vitrinite reflectance and Raman data (Lescoutre et al., 2019;  Saspiturry 484 

et al., 2020). Direct measurements of heat flow are only available for basins where spreading is still 485 

ongoing at the present-day at basins like the Gulf of Aden and the Guaymas basin, or where recently 486 

active as in the SCS (Lucazeu et al., 2008; Neumann et al., 2019; Zhu and Liu, 2025). 487 

Comparison with other approaches are not so straightforward since is not easy to find cross sections 488 

similar to ours, but despite this some synergy is observed. A good comparator can be made to 489 

Lescoutre et al. (2019) that document the transition along the Pyrenean rift, while Pérez-Gussinyé 490 

et al. (2024) model a full margin from continent to spreading ridge by varying sedimentation rates. 491 

Balázs et al. (2023) also model the Côte d’Ivoire margin, providing a reference for proximal settings. 492 

Present-day post-rift heat-flow data for rifted margins and continent–ocean transitions (COT) come 493 

from Lucazeu et al. (2008) in the Gulf of Aden, with complementary oceanic-crust values from 494 

Lucazeu et al. (2008) and Neumann et al. (2023) in the Guaymas Basin. Zhu and Liu (2025) provide 495 

additional heat-flow observations from the northern South China Sea, showing similarly high heat 496 

flow at the COT and lower values toward the oceanic crust. 497 

These data are summarized in Fig. 8 where the red line indicates our calculated HF histories, the 498 

orange polygons indicate the ranges of HF values at each stage from the abovementioned works 499 

and the shaded green and red rectangles the present-day data from the Gulf of Aden, Guaymas 500 

basin and SCS.  501 

As a first assumption to interpret the figure, it is worth nothing that we consider only the shape of 502 

the HF histories independently of the duration of the rifting. In practice it means the skewness of 503 



 

27 
 

the curve is normalized based on a common duration, which is divided into the three main stage of 504 

rifting (Fig. 4).  505 

 506 

 507 

Figure 8 Comparison between the SCS thermal history calculated in this work and those from other studied margins and present-day 508 

data. 509 

At the proximal margin, the pre-rift evolution is driven by relatively shallow subsidence probably in 510 

a forearc setting, with sediment derived by the erosion of a magmatic arc. This active margin setting 511 

is directly followed by a late Mesozoic and early Cenozoic post-orogenic extensional event and the 512 

Cenozoic rifting likely without thermal equilibration in-between. 513 

This is substantially different from other rifted margins like the North Atlantic, the Tethys or the 514 

Red-Sea/Gulf of Aden where a thickened crust after continental collision (i.e. Variscan or Pan-African 515 

orogens respectively) was present and reequilibrated before the start of the subsequent rifting.  516 

In the SCS, the lithosphere was probably in high thermal conditions and weakened by the large 517 

amount of water released by the subduction of the Pacific (Nirrengarten et al. 2020b; Wang et al., 518 

2019).  519 
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As shown in Fig. 8 the SCS evolution follows the general trend calculated in previous works, even if 520 

towards the highest values. Here the maximum values do not exceed the 140 mW/m2 (more or less 521 

the peak calculated in our models). It has to be considered that no real constraint exists on these 522 

values since the heat generated was not enough to overcome the heating produced by the Mesozoic 523 

burial. However, this is a maximum estimation, since higher values would have overcome the 524 

temperatures of about 80-100º C reached during pre-rift burial. 525 

 526 

In contrast, the thermal evolution of the distal margin, including the hyper-thinned continental crust 527 

and the COT appears much more variable. In the early Cretaceous fossil Pyrenean rift, characterized 528 

by hyper-thinned continental crust, the maximum heat flow (HF) can reach up to 300 mW/m2 then 529 

decreasing to approximatively 100 to 70 mW/m2 at present day, as calculated by Lescoutre et al. 530 

(2019). 531 

At the COT, the highest values reached in other basins are ~200 mW/m2 at the breakup time 532 

according to the models by Perez-Gussinye et al. (2024) and the classical rift model (McKenzie, 533 

1978). However, as shown in Nirrengarten et al. (2020a) in the SCS at the COT, HF increases can be 534 

locally higher at the time of breakup than predicated by models.  535 

Locally these higher temperatures are present and driven by syn-rift magmatism in a similar way to 536 

the present-day in the Guaymas basin, where sills intrusions and associated hydrothermalism 537 

produce short-lived elevated anomalous HF, and then subsequent cooling which is more rapid than 538 

typical cooling of crust (Neumann et al., 2023). HF value can be kept up to the present-day as 539 

observed in the Gulf of Aden (green rectangle in Fig. 8) related to recent post-rift volcanism 540 

(Lucazeau et al. 2008).  541 

The high HF at both OHM and Ridge A is likely related to the presence of deep-seated magmatic 542 

bodies recognized at the base of the crust in the Pearl River Mouth Basin, that have been linked by 543 
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many authors (Lin et al., 2019; Sun et al., 2019; Hung et al., 2021; Li et al., 2022; Sun et al., 2023) to 544 

the post-rift magmatism in the area (Fig. 7 d).  545 

 546 

In the ocean domain, the Gulf of Aden follows the Stein and Stein (1992) or Goutorbe (2010) models 547 

after the syn-rift peak (Lucazeu et al., 2008). The SCS however clearly deviates from this expected 548 

behaviour at Ridge B. Here, possibly because of lithosphere heterogeneities, crustal deformation 549 

has moved through time producing the so-called “Ridge Jumps” that stop both deformation and 550 

excess heating. Ridge-jumps are also known in the Woodlark basin in the Pacific (Goodliffe and 551 

Taylor, 2007) where, on the other hand, the effect on cooling has still not been verified. What we 552 

demonstrated for Ridge B at the northern margin of the SCS is a slowing in rate of maturation, 553 

following the ridge-jump at 23 My, ultimately producing values that are lower and comparable with 554 

those used to model the SCS.  555 

What can be picked up from Fig. 8 is that, in literature a general increase of the HF is always depicted 556 

moving from the proximal to the distal margin related to continental lithosphere thinning. The 557 

northern rifted margin of the SCS doesn’t fit this pattern showing the highest localized HF at the 558 

COT during syn-rift stages, conserving positive thermal anomalies at the proximal margin and COT 559 

(probably due to deep-post and shallow-syn-rift magmatism respectively) and then a drop from the 560 

last 10 Ma in oceanic crust in response to ridge-jump.  561 

 562 

6. Conclusion 563 

This study investigates the distal rifted margin of the northern SCS using an integrated approach 564 

based on organic petrography and biomarkers, allowing us to unravel the thermal evolution of the 565 

sedimentary successions deposited during the pre-, syn- and post-rift stages.  566 
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Using the results of the IODP expeditions 367/368, we studied the thermal maturities at four sites 567 

across different structural domains (OMH; ridges A and B). These results were used to calibrate four 568 

thermal models. 569 

The thermal evolution of the distal rifted margin of the SCS is characterized by a heterogeneous 570 

distribution of thermal maturity in pre-, syn-, and post-rift sediments, spanning from the continental 571 

to the oceanic domains. These variations in thermal maturity are linked to different tectonic events 572 

that shaped the formation of the SCS. 573 

At Site U1501 (OMH), the preceding Mesozoic Yanshanian orogeny contributed to localized burial 574 

of pre-rift sediments, influencing their thermal maturity. During the syn-rift stage, extreme thinning 575 

of the continental lithosphere and high HF were dominant factors. Instead, thermal maturity in 576 

these sediments was likely influenced by localized events, such as magmatic intrusions and 577 

extrusions associated with rifting and continental breakup that had localized effects over shorter 578 

timescales. 579 

The post-rift phase is generally characterized by a low thermal maturity trend, with localized 580 

anomalies and contrasts between the continental and oceanic sections. On the continental side, 581 

significant post-rift magmatic activity may have caused localized thermal anomalies in the 582 

sediments. In the oceanic domain, the instability of seafloor spreading resulted in complex mantle 583 

dynamics, driven by seafloor spreading migration and ridge-jumps. 584 

These new results from the distal rifted margin of the northern SCS represent a unique dataset for 585 

global comparison with other rifted margins worldwide and provide key constraints on their thermal 586 

evolution.  587 

 588 

 589 

 590 
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