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International Ocean Discovery Program (IODP) expeditions 
367/368 at the northern South China Sea (SCS) margin (Fig.  1) 
addressed the spectrum of breakup processes defined by the two 

endmembers identified by North Atlantic drilling1: magma-rich and 
magma-poor margins2,3. The SCS margin, however, shows none of 
the expected characteristics of magma-rich margins4,5, such as tran-
sient formation of excessively thick igneous crust (15–30 km) and 
more than 5-km-thick seaward-dipping reflectors (for example, 
the East Greenland margin6,7). Instead, its structural architecture, 
as inferred from seismic data, is reminiscent of a hyperextended 
‘magma-poor margin’8–11. Our findings provide the first well-con-
strained example of the ‘missing link’ between magma-rich margins 
and magma-poor, hyperextended margins. Formation of such inter-
mediate-type margins has previously been reported (for example, 
the Gulf of California12 and Red Sea13), but not confirmed by drilling.

Tectonic setting of the SCS oceanic basin
The SCS oceanic basin formed during the early Oligocene to middle 
Miocene (32–15 Ma)14,15. Its development includes the formation of 
several sub-basins (Fig. 1a) and rift propagation events. Our study 
focuses on an ~100-km-long segment16 at the northern SCS margin 
within the northwest oceanic sub-basin (Fig.  1b). Previous stud-
ies have suggested major rifting during late Eocene time and final 
breakup during the early Oligocene14,17. Earlier extension events have 

been suggested based on pre-late Eocene, non-marine sediments 
within the deep part of the Pearl River Mouth Basin17,18 located on 
the inner part of the ~400-km-wide SCS margin (Fig. 1a). However, 
evidence for major pre-late Eocene rifting in the distal margin of 
the SCS is neither supported by seismic data (Figs. 1b and 2a) that 
show only a single, strong rifting event, nor recovered by drilling. 
Our drilling study covers this distal ~200-km-wide margin where 
continental breakup took place, and extends seawards from the 
deep Liwan Basin to the oceanic crust (Figs. 1b and 2a). This spe-
cific margin segment has been interpreted as magma-poor, possibly 
hosting exhumed lower crust and upper mantle in its distal parts16,19. 
The conjugate Palawan margin (Fig. 1) is much less constrained, but 
a late Eocene to early Oligocene rifting across a 150–200 km zone 
is reported20. Widespread, possibly plume-related post-spreading 
magmatism across the margin21,22 remains conjectural in light of 
our findings.

General structure of the northern SCS margin
The Liwan Basin is characterized by highly thinned crust, ≤​10 km 
below the deepest rift basins (Fig. 2a), that formed in response to 
extensive normal faulting4,17. A major rifting event involving detach-
ment faults can be identified from the seismic data, ending at or 
shortly after unconformity T80 (~30 Ma‚ Fig. 2a) with only minor 
post-breakup faults affecting unconformity T60 (~26 Ma). Most 
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major extensional faults sole out within a major decollement zone 
at the mid- to top of lower-crustal level (Fig. 2a). The Liwan Basin 
is bounded to the southeast by the Outer Margin High (OMH). The 
major decollement zone is interpreted to continue laterally below 
the OMH, but cannot be followed with confidence seaward of the 
OMH (Fig.  2a). The lower crust is thinnest (~8 km) beneath the 
deep rift basins, but thickens below, and possibly seawards of the 
OMH, suggesting that the lower crust remained ductile and able to 
flow during rifting, as also observed in previous studies23,24. Lower 
crustal flow may have continued beyond final breakup and caused 
local post-rift margin deformation25.

Three distinct parallel basement ridges (A, B and C) trending 
west-southwest to east-northeast are present at the most distal 
margin (Figs.  1b, 2a–c and Supplementary Information) between 
115° 40' E and 116° 40' E. Ridge A shows significant morphological 
variation (depth, width, reflection character) along strike, and sub-
acoustic basement (Tg) reflectors cannot be regionally interpreted 
with any confidence (Fig. 2a–c,e). However, the continental Moho 
can be followed to and below Ridge A where the crust is only 2–2.5 s 
(two-way travel time (TWT); ~7–9 km) thick (Fig. 2a–c).

Ridges B and C are well defined by seawards-dipping bound-
ing faults offsetting Tg, and show remarkable lateral continuity and 
smooth basement surfaces (Figs.  1b, 2a–c,f,g and Supplementary 
Information). Magnetic normal anomaly C11n (~29.5 Ma; 
Fig. 1)26,27 is located close to Ridge B. Ridge C is within reverse mag-
netic anomaly C10r (~28.8–29.4 Ma) and C10n (~28.7 Ma) is placed 
seaward of it (Figs. 1b and 2a–c), implying an initial seafloor half-
spreading rate of ~2.5 cm yr−1 (refs 26,27).

In contrast to the continental Moho reflector below Ridge A, the 
Moho reflector beneath Ridges B and C is more patchy, although its 
depth is consistent with regional wide-angle seismic data28 that show 
~6-km-thick crystalline crust with Vp >​ 5 km s−1 from this location and 
seawards into younger oceanic crust. Crustal seismology and mag-
netic anomalies therefore suggest that the transition from continental 
crust to full oceanic crust is located between Ridge A and Ridge C.

Drilling results and correlation to seismic data
IODP Site U1501 on the crest of the OMH (Fig. 2a,d) recovered two 
lithostratigraphic units above the acoustic basement reflector Tg29.  
These two units are separated by unconformity T60 (~26 Ma) and 
they span the entire syn- and post-rift basin development: Unit 1 
of early Miocene to Pleistocene age contains deep marine calcar-
eous-rich sediment and ooze, and Unit 2 comprises late Eocene 
to late Oligocene siliciclastic sediments (Fig.  3)29. The base of 
the ~300-m-thick Unit 2 contains coarse sand intervals (shallow 
marine) with up to pebble-sized clasts, interbedded with millimetre-
thin beds of lignite or coal and glauconite-bearing sand. Up-section, 
it shows overall fining of clastic material reflecting deepening basin 
conditions from (base) shallow marine to (top) bathyal depths.  
An age datum at the Eocene/Oligocene boundary (~34 Ma) located 
200 m above the base of this Unit 2 suggests a late Eocene age for its 
deepest part. This is supported by similar sedimentary facies devel-
opment of the deeper part of Unit 2 and the late Eocene Enping 
Formation recovered by industry boreholes within the Pearl River 
Mouth Basin30, and is interpreted as reflecting the main SCS rifting 
event17. Site U143531 near the continent–ocean transition (Fig.  1) 
recovered similar ages and types of syn-rift sediments. It is note-
worthy, however, that neither seismic data, nor coring data, show 
the presence of a distinct breakup unconformity within Unit 2.  
In particular, the T80 reflector (~30 Ma) is only represented in the 
cores by an upwards increase in calcareous nanno-fossils within the 
siliciclastic clay dominating T83-T80 interval. A marked change in 
the ratio between pelagic and benthic foraminifers upwards from 
T80 suggests basin deepening from shelf slope to bathyal depths29 
following final breakup within the most distal margin.

The material recovered from below the highly reflective Tg 
reflector is a strongly lithified sandstone to conglomerate display-
ing a sharp, major increase in density and P-wave velocities, and a 
sudden decrease in porosity (~20% to ~5%)29. An angular uncon-
formity at Tg of about 15° is observed in the cores, and seismic data 
show a nearby, strong erosional truncation of a syncline (Fig.  2d 
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during or just after the formation of the igneous basement and is, in 
this regard, reminiscent of abyssal hill-type topography. The mod-
est (~5°) block rotation, however, suggests that only minor tectonic 
extension operated in tandem with the igneous crustal accretion 
during final breakup to early seafloor spreading.

Breakup model for the northern SCS margin
A major rifting event of late Eocene to early Oligocene age on the 
outer, distal margin of the northern SCS is suggested by both seis-
mic observations and Site U1502 cores. The drilling data support a 
kinematic history of the SCS with breakup at around magnetic chron 
C11n (~30 Ma), but the finding of extensive MORB-type magmatism 
at final breakup time contradicts previous studies that suggested a 
magma-poor margin involving mantle exhumation and magma 
starvation19. Similarly, cores show no evidence for the late-stage, post 
breakup magmatism hypothesized to overprint the margin21.

Combined with seismic data, the drilling results strongly suggest 
that Ridge A is floored by continental crust, but locally experienced 
MORB magmatism within its eastern part (that is, Site U1502), 
potentially reflecting an east to west propagation of initial margin 
magmatism. The age of this magmatism is constrained to be between 
late Eocene to early Oligocene (30 Ma to possibly 34 Ma). Ridge B, 
in contrast, has a ridge-long cover of at least 2-km-thick volcanics 
(MORB-type) of early Oligocene age (Figs. 2g and 3), aligns with 
the magnetic Chron C11n anomaly (~30 Ma), and is in most aspects 
comparable to Ridge C. However, it cannot be excluded that Ridge 
B represents transitional crust (Fig.  5), as opposed to the mature 
oceanic igneous crust that subsequently formed. This uncertainty 
in the location of the rift-to-drift transition is only ~20 km (Stages 
2–3, Fig. 5) and equivalent to ~1 Myr in time (assuming an average 
half-extension rate of 2 cm yr−1 or higher between ridges A and C).

A key characteristic of the northern SCS margin revealed by the 
IODP cores, therefore, is a relatively short (<​10 Myr) rifting event 
with a narrow, and by implication, rapid rift-to-igneous crustal 
accretion transition. This is in marked contrast with the magma-
poor Iberia–Newfoundland margins recording more than ~30 Myr 
of crustal rifting and extensive (>​100 km) subcontinental mantle 
exhumation prior to igneous crustal accretion10,11,35,36.

Establishment of a mantle-melting regime yielding MORB-type 
magmatism at, or even slightly before (Site U1502), final breakup 
is readily explained at magma-rich margins by emplacement of 
anomalously hot asthenosphere6,37. However, the lack of the distinct 
characteristics of magma-rich margins at the SCS implies the need 
for a different model for this margin. Instead, we suggest that rift-
ing of the SCS margin, involving a major and fast episode of exten-
sion during late Eocene to early Oligocene time, enabled formation 
of sufficient decompression melting within the asthenosphere to 
initiate the passive asthenospheric upwelling eventually needed to 
form full igneous crust from normal-temperature mantle (Fig. 5). 
Assuming an original crustal thickness of ~30 km, the only ~8-km-
thick residual continental crust below Ridge A implies a stretch-anomaled 
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and thermal demagnetization of oriented discrete samples on the SRM, and 
measurement and AF demagnetization of oriented discrete samples on the spinner 
magnetometer (AGICO model JR6). The palaeomagnetic age model was derived 
from the depth and timing of magnetic reversal events. The palaeomagnetic and 
palaeontological age constraints match well over most of the sections.

Seismic data and their correlation to drill cores. All seismic data shown were 
acquired at industry level quality by a commercial vendor. Multichannel seismic 
streamers (6,000 m length) were towed at 6–10 m depth with a shooting pattern 
resulting in a common depth point (CDP) distance of 6.25 m. Processing was 
done commercially to the highest industry standards and included deconvolution, 
multiple suppression, time migration and filtering. Several approaches were applied 
to correlate seismic data to the drill cores: wireline logging, continuous and discrete 
measurements of physical properties on the cores, vertical seismic profiling, 
check shots within the borehole, and ties between outstanding reflectors such as 
basement and regional distinct unconformities. The established core to seismic 
correlation was tested by synthetic seismogram modelling using wireline logging 
data and discrete physical properties data from the cores. Wireline logging data 
include natural gamma ray radiation, density, resistivity, acoustic velocity, magnetic 
susceptibility, formation microscanner, vertical seismic profiling (zero offset) and 
in situ temperature measurements and heat flow calculations. Physical properties 
measurements include bulk density, p-wave velocity, magnetic susceptibility, 
natural gamma rays, thermal conductivity and colour reflectance spectrometry.

Location of cited boreholes. Site U1499 (lat. N/long. E): 18° 24.57015′​/ 
115° 51.5955′​. Site U1500: 18° 18.27345′​/116° 13.19335′​. Site U1501: 18° 53.0923′​/ 
115° 45.9455′​. Site U1502: 18° 27.8759′​/116° 13.8395′​. Site U1435: 18° 33.3466′​/ 
116° 36.6174′​.

Data availability. The data that support the findings of this study are available 
from the IODP Proceedings of Expeditions 367/368 (http://iodp.tamu.edu/
publications/bibliographic_information/367368cit.html) to be published  
28 September 2018. All IODP data from any expeditions can be obtained from  
https://doi.org/10.14379/iodp.proc.367368.2018. Further questions can be  
directed to the corresponding authors.
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Methods
All new data in this publication were produced onboard RV JOIDES Resolution 
during IODP expeditions 367 and 368, except for the seismic data (courtesy of 
CNOOC). The methods applied for all data types are described in detail in pages 
1–67 of ref. 58. All methods, data, sampling frequency and curatorial procedures can 
be retrieved, from 28 September 2018, via the JOIDES Resolution Science Operator 
web site (http://iodp.tamu.edu/scienceops/expeditions/south_china_sea_II.html). 
Methods of particular importance for this contribution relate to whole rock 
geochemistry, biostratigraphy and timescales, seismic data and their correlation to 
drill holes and cores.

Geochemical analysis. The fresh to moderately altered basalts and highly altered 
basalts sampled from sites U1500 and U1502, respectively, were analysed onboard 
for major and trace element concentrations during expeditions 367 and 368 using 
a Leeman inductively coupled plasma–atomic emission spectroscopy (ICP–AES) 
instrument. Samples were cut from the core with a diamond saw blade, removing 
altered rinds and surface contamination from the drill or saw. During expeditions 
367 and 368, run-to-run relative standard deviation with ICP–AES was generally 
±​1% for the major elements, except for MgO (±​5%) and ±​10% for trace elements. 
The detailed ICP–AES procedure is described in the Methods section of ref. 58.

Stratigraphy and timescales. Stratigraphic and specific age constraints were 
established during IODP expeditions 367 and 368 using (1) biostratigraphy,  
(2) palaeomagnetic data, (3) sediment core description and lithostratigraphy,  
and (4) core and borehole petrophysical and geophysical measurements17.  
The timescale of Gradstein and Ogg48 was used for reference. Biostratigraphic 
analyses were carried out for all core catcher samples. Additional samples were 
taken from the split working-half sections when necessary, and analysed to refine 
the ages between core catcher samples. Biostratigraphic analyses marked the first 
and last occurrences of key marker species of calcareous nanofossils, planktonic 
foraminifera and diatoms. Benthic foraminifera and ostracods were also used when 
applicable for age estimate determinations.

Shipboard palaeomagnetic investigations were conducted on both the 
archive and working halves of cores recovered during expeditions 367 and 368. 
The primary objectives were to determine the directions of natural remanent 
magnetization (NRM) components, including magnetic polarity, and downhole 
variation of magnetic properties. Shipboard measurements combined three 
complementary approaches: measurement and in-line alternating field (AF) 
demagnetization of archive-half sections on the pass-through 2G Enterprises 
(model 760R-4K) superconducting rock magnetometer (SRM), measurement 
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