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On the basis of the summary of basic characteristics of propagation, the dynamic model of the tectonic evolution in the South-
western Subbasin (SWSB), South China Sea (SCS), has been established through high resolution multi-beam swatch bathymetry
and multi-channel seismic profiles, combined with magnetic anomaly analysis. Spreading propagates from NE to SW and shows a
transition from steady seafloor spreading, to initial seafloor spreading, and to continental rifting in the southwest end. The spread-
ing in SWSB (SCS) is tectonic dominated, with a series of phenomena of inhomogeneous tectonics and sedimentation.
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Recent studies on continental rifting and oceanic spreading
point out that not all the rifting and spreading occur syn-
chronously along strike [1], and propagating spreading of
oceanic ridges and sea basins has gradually attracted more
attention. Ridge propagation means the spreading center of
the oceanic ridge or the sea basin does not spread concur-
rently, however it propagates along a certain direction with
different velocities. During this ridge propagation, there
may be a pause.

Although there is no framework to systematically sum-
marize propagation in the ocean and marginal seas, its
worldwide distribution is gradually known by people.
Fumes et al. [2] considered that propagating rifts were
common features along intermediate- to fast-spreading
modern mid-ocean ridges and back-arc spreading centers
(e.g. the East Pacific Rise (EPR); the Mid-Indian Ridge
(MIR) and the Southeast Indian Ridge (SEIR) [3—8]. On the
basis of publications over recent years, propagating rifting
and spreading also occur at modern slow-spreading
mid-ocean ridges and back-arc spreading centers (e.g. the
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Mid-Atlantic Ridge (MAR) [9], but there is no evidence for
propagating spreading at ultra-slow spreading mid-ocean
ridges (e.g. the Southwest Indian Ridge (SWIR)). In addi-
tion to mid-ocean ridges, marginal basins usually have more
common and typical characteristics for the evolution of
ridge propagation, and become examples and heated topics
in the research of propagating spreading.

With respect to mid-ocean ridges, ridge propagation is
mainly concentrated in the Pacific Ocean, the Indian Ocean,
and the Southern Ocean. The east Pacific Rise (2°S-20°N,
26°-32°S) has a history of propagation from south to north
as a whole [3,4]. The propagation rate of the East Pacific
Rise (26°-32°S) is 120 mm/a on average, and was calculat-
ed as 150 mm/a since 1.9 Ma by Acton et al. [5]. The Juan
de Fuca Ridge, located in the eastern Pacific Ocean, is a
northward propagating spreading ridge [6] with a propaga-
tion rate of 44 m/a [7]. The Galapagos Ridge, along the
equator in the eastern Pacific, also has characteristics of
westward propagation; moreover, it is propagating into
oceanic crust formed by the spreading of the East Pacific
Rise, with a propagation rate of 55.5-58.5 mm/a [5]. The
Chile Ridge, located at the joint of the Pacific Plate, Antarc-
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tic Plate, and Nazca Plate, propagates northward with a
propagation rate of 60 mm/a [8]. The Pacific-Antarctic
Ridge, with ENE oriented propagation, has a propagation
rate of 12-38 mm/a [5].

The Carlsberg Ridge in the Indian Ocean and the South-
east Indian Ridge are propagating spreading ridges. The
Southeast Indian Ridge propagates from WNW to ESE, but
there is a big difference in propagation rate (7-49 mm/a). In
the Atlantic Ocean, only the regions north of Iceland
(34°—46°S; 75°-98°W) and south of 30°S show southwest-
ward propagation, but each part has its own propagation
direction and rate [5,9].

Propagating spreading basins are mainly concentrated in
the Pacific Ocean, and usually locate near continental mar-
gins and island arcs. The research results of Okino et al. [10]
show that the Parece Vela Basin had an east-west opening
with northward propagation, together with the Shikoku Ba-
sin, and the process of propagating spreading of these two
basins formed the back-arc basin just behind the Izu-Bonin
(Ogasawara)/Mariana arc. The Woodlark Basin is undergo-
ing westward propagation [11-13], and we can observe both
the rifting of the continental crust and the spreading of the
oceanic crust. The Lau Basin is between a volcanic and
nonvolcanic arc. According to geophysical data, two sprea-
ding centers are identified in the basin, which are the results
of ridge propagation from northeast to southwest [14].

The Gulf of Aden, which is a typical propagating
spreading marginal basin, is the result of rifting between the
Arabian and African plates. It is a V-shaped basin with a
1500 km spreading ridge. On the basis of magnetic anoma-
lies, the Aden Ridge has been propagatied westward since
17.5 Ma (Magnetic anomaly 5d), and it is still undergoing
active seafloor spreading. The Gulf of Aden can be divided
from east to west into three different provinces, separated
by major discontinuities. The crust of the eastern ridge
(58°-52°E) and the central ridge (52°-45°E) displays oce-
anic character, while the western ridge (45°—43°E) transi-
tions from sea floor spreading to continental rifting, with a
magnetic quiet zone in the west part of it [15]. The propa-
gating spreading rate and direction of the Aden Ridge varies
along the axial direction, which reflects that the tectonic
dynamics of spreading in marginal basins are unstable.

The SCS is a unique marginal sea of the Western Pacific
Ocean in the research of tectonic evolution. Although the
dispute over formation age still exists, the deep sea basin in
SCS has oceanic nature, which is generally wide to the east
and narrow to the west, and is considered to be the result of
Cenozoic sea floor spreading [16-19]. According to differ-
ent structural characteristics, the SCS could be further di-
vided into three subbasins: the East Subbasin (ESB),
Southwest Subbasin (SWSB), and Northwest Subbasin
(NWSB). SWSB is also a V-shaped basin with a clear
NE-SW spreading ridge, and interacts with the western
margin fault to the west. Does that mean the SWSB has a
similar tectonic evolution history of ridge propagation as the
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Gulf of Aden? The SWSB is an important basin in the SCS.
Because of the relative weakness in investigation and data
accumulation, and the complexity of the tectonic evolution,
tectonic research has not made substantive progress there
for a long time. In this paper, new research on the dynamic
model of the tectonic evolution in the SWSB of the SCS has
been established based on new high resolution geophysical
data from a ridge propagation angle, which is expected to
promote the understanding of tectonic evolution and pro-
pose a new example of ridge propagation in marginal basins.
The result will also enhance the level of understanding of
tectonic evolution in the SCS, and bring new limits and re-
search approaches to the contentious problems existing in it.

1 Geological background

The South China Sea, located at the convergence of three
major plates (the Eurasian, Pacific, and Indo-Australian
Plates), is considered to be a key site and natural laboratory
for studying the conversation mechanism of basin dynamics.
During the Cenozoic the SCS experienced continental rift-
ing and subsequently seafloor spreading, and then oceanic
crust subduction to the east and collision to the south. All
three types of continental margins surround the SCS, that is,
passive margins (rifting) in the north and south, an active
margin (subduction) in the east, and a transform margin in
the west, which is the integrated result of a complex tecton-
ic evolution history.

As a result of the lack of drilling data, the tectonic evolu-
tion history of SCS is mainly established on the analysis of
magnetic anomalies. The ESB has reached a relatively
common understanding with respect to the pattern of
spreading and formation age. The early work of Taylor and
Hayes [16] in the ESB has been generally accepted. They
identified magnetic anomaly C11-C5d from the margins to
the center and the magnetic anomalies distributed symmet-
rically on both sides of the relic spreading ridge, which is
now occupied by the Huangyan Seamount Chain. Briais et
al. [18] verified this through detailed analyses of magnetic
data and suggested a 30 to 16 Ma spreading scenario ac-
cording to the revised geomagnetic polarity timescale by
Candes and Kent [20]. Different scientists have different
conclusions about the spreading history of the SWSB. The
mainstream research in this field includes the work of Tay-
lor and Hayes [17] who interpreted magnetic anomalies
C6b—C5c in the SWSB, and pointed out that the SWSB was
opened between 23 and 16 Ma with NW-SE spreading. Yao
et al. [19] identified one more deformed sequence in the
SWSB by correlating seismic profiles through the ESB and
SWSB, and believed that the SWSB opening should be
much older, 42-35 Ma. Much earlier spreading of 70-63
Ma (magnetic anomalies M 32-27) was proposed by Ru and
Pigott [21] according to water depth and heat flow, the same
as the result obtained by Lue [22] based on magnetic anom-
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alies. Multiple solutions of spreading age in the SWSB re-
sult from its existing contradictions (such as deep water
depth with high heat flow, etc.) as well as the poor accuracy
of the magnetic survey data and low survey-grid density
obtained at that time, which affect the extraction of charac-
teristics and knowledge of the spatial continuity of magnetic
anomalies.

The dynamic models of the tectonic evolution in the
SWSB fall into two groups: (1) Briais et al. [18] proposed
that the SWSB and the ESB began to spread in a N-S orien-
tation at 30 Ma, the spreading ridge jumped southward at 25
Ma, and the spreading appears to propagate from northeast
to southwest, triggering the opening of the SWSB. Li et al.
[23] studied the high resolution multi-beam morphotecton-
ics in the ESB, and pointed out the ESB experienced NW-
SE oriented spreading in a late period from its original N-S
orientation, similar to the spreading direction in the SWSB,
and further proved the SWSB and the ESB had experienced
spreading in the same direction since the Miocene. (2) Yao
and colleagues [19,24] believed the SWSB and the NWSB
experienced NW-SE trending continental rifting together
with the northern margin of the South China Sea in Eocene,
then began to undergo seafloor spreading. The ESB began
seafloor spreading after the SWSB, and a N-S oriented
strike slip fault along 116°E separates these two subbasins.

Magma activities in the SCS deep basin did not stop after
seafloor spreading, and numerous sea mounts are distributed
along the relic spreading ridge and the northern part of the
oceanic basin [16,17,23,25,26]. The results of chronological
analysis of basalts obtained from seamount dredged sam-
pling showed that the age of the seamounts is 14-3.5 Ma
[14]. A recent study has also shown the age of basalts ob-
tained by dredged sampling near the SWSB spreading ridge
is between 9.1-10.0 Ma [27]. Compared with the ESB, a lot
of late volcanic magmatism occurred in the ESB after sea
floor spreading, especially along the spreading ridge be-
tween 15° to 17°N, which formed a serious of seamounts
including Huangyan-Zhenbei Seamount Chain, Xianbei
Seamount, Xiannan Seamount, and Shixing Seamount, and
contributed to the difficult terrain and large scale seamount
chains in the ESB. The relatively few seamounts in the
SWSB are mainly distributed along the relic spreading ridge
and some local region of the northeastern side of the basin.
All of these indicate that magmatic activities in the SWSB
in the late stage of expansion were obviously weaker than
those in the ESB, and the spreading ridge still retains the
characteristics of a central rift that are peculiar to slow-
spreading ridges.

The SWSB is a V-shaped triangle basin in the south-
western SCS. It propagates from NE orientation to SW ori-
entation, changing from wide to narrow in shape. It is 600
km long with an area of 115000 km” and depth between
30004300 m, the deepest part in the SCS [28] (Figure 1).
The whole sea floor is flat with a NE trending tectonic
structure, and the spreading center is occupied by a central
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rift, which has very different characteristics from the ESB.
The northwest continental margin of the SWSB is Xisha
and Zhongsha Islands, Nansha Island is the southeast mar-
gin of the basin, and to the west, the ridge propagates into
the East Vietnam continental margin.

Huchon et al. [1] did some research on the rift basin in
the East Vietnam continental margin based on bathymetry,
seismic reflection and refraction profiles, and magnetic pro-
files. The basin is a typical V-shaped domain, narrow to the
west. This domain is limited by a N55°E bathymetric trend
to the southeast and a N30°E trend to the northwest. The
basin is controlled by horsts and with heavy sediments. The
crust obviously thins along the NE45° trending spreading
axis of the basin. The basin gradually widens to the west
until the exit of oceanic crust. A volcanic mount developed
at the continent-ocean transition zone as a result of late
stage spreading, for which a K/Ar age of 4 Ma was obtained.
The rift basin developed under the propagation of continen-
tal break-up, and is related to the ridge propagation in the
SWSB according to the analysis of magnetic anomalies and
other previous data. However, as far as the SWSB itself, the
tectonic evolution and dynamic process has not made new
progress for a long time due to the lack of new geological or
geophysical data. There is an especially urgent need to ac-
quire new answers in order to lay a solid foundation for the
establishment of a tectonic geodynamic model of the basin.

2 Data set and methods

For the purpose of studying seafloor spreading patterns and
a tectonic geodynamic model of the basin, interpretation of
high solution multi-beam morphotectonics and comparisons
of multi-channel seismic profiles and gravity and magnetic
data are involved in order to construct the detailed charac-
teristics of tectonic deformation and spatial distribution of
the basin through high resolution stereoscopic analytical
methods.

In this paper, four representative multi-channel seismic
profiles across the SWSB are chosen to study. Profiles
S049-22 and SO49-23 were obtained during the “Joint
Sino-German SONNE 49 Cruise” in 1987; profile N10 was
obtained during the “National Ocean Subject Cruise” in the
charge of the Second Institute of Oceanography, SOA, in
2004; and profile NH973-1 was obtained during the “Cruise
for Project SCS continental margin geodynamics” in 2009.
These four multi-channel seismic profiles are arranged in
equal intervals from NE to SW, which effectively controls
the tectonic changes, shown in Figure 2. The seismic data
we acquired is SEG-D type. Pre-stack processing of these
seismic data includes amplitude compensation, static correc-
tion, gain and mute analysis, predictive deconvolution, multi-
ple attenuation, velocity analysis, residual static corrections,
and frequency filtering. Post-stack deconvolution, band-
pass, and coherency filtering are then applied to the stacked
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Figure 1 Multi-beam shaded relief image of the central part of the South China Sea (The shaded image is illuminated from the northeast at 45°).

data, followed by a finite-difference migration. The acquisi-
tion parameters are listed in Table 1. Detailed integrative
analyses on seismic profiles revealed the tectono-strati-
graphic sequences, basement fault patterns, submarine vol-
canic activities of the basin, and the distribution of the sec-
ondary deep depressions. A new analysis and position of the
magnetic anomalies of the SWSB are reprocessed based on
the new 1:500000 scale magnetic data obtained by the

Table 1 Acquisition parameters for seismic lines used in this study

Profile S049-17 N10 NH973-1

R/V SONNE TANBAO TANBAO
Acquisition date 1987 2004 2009
Streamer channel 48 480 480
Record length (s) 12.0 12.0 12.0

Sampling rate (ms) 4 2 2

Shot interval (m) 50 37.5 37.5
Airgun volume (L) 25.6 83.3 83.3

G-880/G882 cesium optically-pumped marine magnetometer,
with reference to the magnetic anomalies model of Briais et
al. [18].

The bathymetric data set in this area was collected with
SeaBeam multi-beam system. Its working frequency is 12
kHz. Each ping contains 151 beams with beam angles of
2°%2°. The maximum fan angle can reach to 150°. For im-
proving the quality of the data and extruding the tectonic
information, we remove some records obtained during ship
stopping operations and line bending, which might affect
the quality of the data. Finally the data are mapped to gen-
erate shaded relief images that clearly show morphostruc-
tural features (Figure 1), which are expected to reveal the
characteristics of the morphotectonics and the process of
dynamic morphology, to extract surface layer information
of seafloor spreading. We carry out joint interpretation of
multi-beam morphotectonics and multi-channel seismic
profiles in order to confirm the relationship between sea-
floor structure and deep structure, especially fault structure
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Figure 2 Linear morphostructural interpretation of multi-beam swath data of the Southwestern Subbasin, South China Sea.

combinations and spatial distribution, to deepen under-
standing of the mode of seafloor spreading.

3 Analysis of tectonic dynamics

Spatially, the SWSB has a northeastward opening trumpet
shape. With respect to the amount of expansion, the north-
east region is larger than the southwest one, and this kind of
basin has two end-member models of seafloor spreading:
one is that we assume the spreading rate of the basin is ho-
mogeneous and approximate; with this assumption the
northeast region certainly spread earlier than the southwest
region, which forms a model of propagating spreading from
NE orientation to SW orientation. Another model is a shear
mode for spreading. The expansion does not propagate and
develop along the ridge, but occurs synchronously along the
whole central ridge, that is, the opening time of the ridge is
the same but with different spreading rates, which form a
spreading mode with decreasing rate toward the convergent
part of the basin.

3.1 Morphotectonics and tectonic divisions

The maps (Figures 1 and 2) of linear morphostructural in-
terpretations of multi-beam swath data of the SWSB clearly
show the whole geomorphological state of the basin. The
NE-oriented central rifted graben is obvious in the SWSB
which is the deepest part in the SCS. Rift shoulders are
dominated by parallel fault scarps. Farther east the magma
activity intensified, and formed several big seamounts.
These seamounts are the result of expansion at the late stage,
and the lithology is mainly composed of alkali basalts, aged
3.5 Ma [29-31], which indicates that the central rift is still a
weak zone after the seafloor spreading. The central rifted
graben could be divided into several sections with obviously
changed orientations. The orientation of the linear basement
structures beside the spreading center changes as well, gen-
erally between NE45°-55°. Seismic interpretations indicate
that these linear basement structures correspond with the
basement faulted blocks. The central rift has been segment-
ed, and tectonic strike varies from segment to segment, to-
gether with the linear morphostructural interpretation, which
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represents another tectonic zone in this area, a NW oriented
fault zone. These transform/strike-slip faults are distributed
with similar intervals (30—50 km) in NE130° trending sub-
regions and separate the NE oriented structures and even the
magnetic anomalies. As mentioned previously, conjugate
points on both sides of the continental margin do not mesh
with one another in morphology, but present characteristics
of concave-concave matching and convex- convex matching;
this is very different from the conjugated model of the con-
tinental margin in the Atlantic Ocean. The seamounts in the
SWSB can be divided into two kinds according to the mor-
phology and structure features. One is a cone-shaped vol-
cano that represents a young forming age. Off-axis sea-
mounts also developed in the SWSB, and are mainly dis-
tributed in the northeastern part of the basin. Another type is
a series of small-scale seamount groups extending from
south to north, cut by NE trending faults, with breaking
morphology. This might refer to an early forming age and
erosion reform over a long period of time (Figures 1 and 2).
The reflection seismic profiles across these seamounts re-
veal structures of volcanic eruption.

According to the multi-beam bathymetric map and linear
morphotectonic interpretation, the SWSB can be divided
into four subregions with different tectonic characteristics
and evolution stages; they are Regions A, B, C, and D. Re-
gion A to the east features intensive magma activities. The
relic spreading center is almost completely occupied by
seamounts. The spreading center in Region B is a typical
central rifted graben with remarkably reduced magma activ-
ities. The central rifted graben in Region C has been cov-
ered by abundant sediments. The basement structures are
still obvious in morphology. Region D, the westernmost,
behaved as a initial spreading basin, representing a transi-
tion stage from continental rifting to seafloor spreading
(Figure 2). Magnetic anomaly lineations exist in Regions A,
B, and C, but can be clearly recognized only in Regions A
and B.

3.2 Seismic profiles and tectonic correlation

Multi-channel seismic profiles not only indicate geological
implications corresponding to multi-beam morphotectonics,
but also reveal the structural characteristics of the basin and
its spatial distribution (Figure 3). Sedimentary strata in the
SWSB fall into post-rift sedimentary strata and synrift sed-
imentary strata, and a strong reflective unconformity exists
between the two sequences, based on seismic facies and
characteristics of sedimentary evolution. Synrift sedimen-
tary strata are distributed mainly in local depressions that
are cut by basement fault blocks. Sedimentary characteris-
tics were mainly manifested as dustpan sedimentary struc-
tures controlled by normal faults to one side, usually de-
stroyed by secondary normal faults; Post-rift sedimentary
strata present as near-horizontal strata that cover the whole
area, with stable thickness, and show a wavy distribution as
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the basement varies up and down, hardly disturbed by faults.
From the seismic facies, the synrift sedimentary sequence is
characterized by a discontinuous reflection pattern, an al-
ternating stack of high and low energy facies, which reflects
deep water turbidity sedimentary features and proximal de-
posit features. The post-rift sedimentary sequence shows a
continuous reflecting character that represents pelagic sed-
iments deposited in a stable energy environment. The
basement of the basin is controlled by fault block tectonics.
Numerous deep faults cut the basement into many different
blocks resulting in the formation of a series of horst and
half-horst structures, which cause the topographic fluctua-
tions in the basement. The fault dips of the big normal faults
that controlled the fault blocks mainly fall away to the
spreading ridge, but there are still many fractures symmet-
rically distributing around some local deep depressions.
This represents a lot of inhomogeneous breaking activities
occurred in the spreading of the basin. Moreover, regional
comparison of the seismic profiles reveals other important
tectonic characteristics of the basin.

From sedimentary thicknesses and the deep depression
reflected by the seismic profiles, sedimentary thickness in
the basin has overall increased gradually from the spreading
center to both sides of the continental margin. Although this
trend character is not obvious in Profile NH973-1, and even
though exceptions exist in Profile N 10, this reflects the var-
ious dynamic tectonic mechanisms along the ridge. The
integrated comparison of the multi-channel seismic profiles
and multi-beam morphotectonics indicated that deep de-
pressions reflecting intensive and continuous spreading ex-
ist in the basin (Figure 2). On the regional scale, these deep
depressions are concentrated at both sides of the basin,
1-1.5 s thick (two-way travel time) (Figure 3), and have
similar characteristics to typical spreading basins. More
important, these kinds of deep depressions are not limited to
both sides of the basin. We identified a relatively large,
continuous sedimentary depression in the middle of the
southeast side of the basin, 1.1-1.4 s thick (two-way travel
time), which can also be traced on the eastern three seismic
profiles (around CDP 13000 on Profile SO49-22, around
CDP 1500 on Profile SO49-23, and around CDP 21000 on
Profile NH973-1; Figure 3). Further analysis of the seismic
profiles shows that a deep depression with local thick de-
posits identified in the middle of the northwest side of the
basin (around CDP 1800 on Profile SO49-22, around CDP
9750 on Profile SO49-22, and around CDP 6000 on Profile
NH973-1; Figure 3), is discontinuous in space and maybe
cut by NW trending fractures. The distribution of the de-
pressions indicated that the spreading of the basin was also
accompanied by extension tectonics, which demonstrates
the tectonic dominated spreading character of the basin.

The research on variable characteristics of deposits,
magma, and tectonics of the central rifted graben indicated
that the central rifted graben is representative of a NE
oriented spreading center throughout the whole basin. As
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mentioned previously, the central rifted graben is character-
ized by segmenting; each fault cliff linear structural zone to
both sides of the rift generally has a 5° to 10° difference in
trend (independent reaches 30°) (Figure 2). Meanwhile the
basement of the central rifted graben gradually uplifted
from SW orientation to NE orientation, and the magma ac-
tivities intensified. Seamounts are not identified on Profile
N10 and Profile NH973-1 to the west. The central rifted
graben (around CDP 6000-7500) is occupied by a small
scale seamount shown on Profile SO49-23 to the northeast,
still with rift morphology; however, the spreading center is
totally occupied by seamounts on Profile SO49-22 (around
CDP 7500). The thickness of the sediments in the central
rifted graben decreased from 1.6 s in Profile N10, and 2.0 s
in Profile NH973-1, to 0.3 s in Profile SO49-23 and 0.2 s in
Profile SO49-22, presenting a decreasing trend from SW
orientation to NE orientation (Figure 3). The fact that the
central rifted graben in the west of the basin constitutes the
biggest sedimentary center shows that the central rifted
graben experienced extension and subsidence for a long
time; it also reflects that material sources are mainly from
the western continental margin and transported along the
central rifted graben to the northeast.

3.3 Propagation of seafloor spreading

The new high survey-grid density magnetic survey data
show that magnetic anomaly lineations are clear and have
obvious characteristics, the trend can be clearly identified,
and they form a spatially discontinuous distribution along
the trend due to the cutting of NW oriented faults. Character
recognition of magnetic anomaly lineations is carried out,
especially the reposition of spatial distribution according to
Briais’s model, to obtain the spatial distribution pattern of
the magnetic anomaly lineations. The pattern shows that the
SWSB ceased seafloor spreading at 16.6 Ma (magnetic
anomaly 5c), however, the age of beginning expansion de-
creased from NE orientation to SE orientation, 23.5 Ma in
region A (anomaly 5c), 22.8 Ma in eastern region B (anom-
aly 6b), and 18.5 Ma in western region B (anomaly 5Se),
representing the characteristics of ridge propagation.

We chose two NW oriented profiles, perpendicular to the
trend of the magnetic anomalies, one from the east and one
from the west side in the research area and used the results
of a comparison of the magnetic anomalies to calculate the
seafloor spreading rate of the basin. The ages of the mag-
netic anomalies are based on Candes and Kent [20]. Results
show that the half average spreading rates to both sides of
the east and west profiles are 19.09, 18.04, 16.67, and 18.00
mm/a; the half spreading rate varies between 16.67 and
19.09 mm/a, and the whole average spreading rate of the
SWSB is 17.85 mm/a. Compared with the mid-ocean ridges,
the SWSB belongs to a slow spreading basin. The rate of
propagation along the ridge is also calculated. Because of
the difficulties in identifying the magnetic anomalies in the
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western part of the basin, we chose the areas with clear
magnetic anomalies (Regions A and B). The beginning age
of expansion is 23.5 Ma (magnetic anomaly 6c) in eastern
region A, 18.5 Ma (magnetic anomaly 5e) in the western
part of region B, and the length along the ridge is 255.6 km;
thereby the rate of ridge propagation is 51.12 mm/a. This
propagating rate is comparable to many mid-ocean ridges in
the world, such as the Galapagos Ridge (55.5-58.5 mm/a)
[5], the Juan de Fuca Ridge (44 mm/a) [7], and the Chile
Ridge, located at the joint of the Pacific Plate, Antarctic
Plate, and Nazca Plate [7]. The possibility of shear spread in
the basin is excluded by the parallel distribution of the mag-
netic anomaly lineations and mid-ocean ridges, which has
further supported the tectonic model of ridge propagation.

Under the background of propagation, the spreading
center gradually propagated toward a SW orientation, inter-
acted with the continental margin in the western SCS, and
finally indicated the changing tectonic mechanism from
typical seafloor spreading, to initial seafloor spreading, and
to continental rifting. As mentioned previously, Regions A
and B are characterized by typical seafloor spreading. The
thickness of the deposits symmetrically increases to both
sides of the basin, and the magnetic anomalies are easy to
identify (Profile a in Figure 4). Magnetic anomalies are also
identified in Region C, but we cannot exactly identify the
age of them due to the poor characteristics. But this region
has obvious tectonic features of the basement fault blocks;
many deep faults cut through the basement to control the
faulted sediments during the synrift stage, and the thickness
of the sediments does not represent the decrease from both
sides towards the spreading center, however, the spreading
center became the rifted deep depression with the thickest
deposits (Figure 3), which indicates that inhomogeneous
expansion of oceanic crust and rifting still exist in the basin
during the process of seafloor spreading and represent a
stage of unsteady initial seafloor spreading (Profile b in
Figure 4). According to the profile from Huchon et al. [1]
(Figure 5 in the referenced paper), Region D represents a
rifted basin formed under the expansion and thinning of
continental crust, with a complex basement morphology and
intensive rifting; fault blocks and horst and graben struc-
tures are well developed in it. Oceanic crust might have
been developed in the center of rifted basin (Profile ¢ in
Figure 4).

4 Discussion and conclusion

Globally, propagation of seafloor spreading in marginal sea
basins usually have the following features and characteristics:
(1) Propagating spreading sea basins show a V-shaped rift-
ing and spreading and finally form typical triangle-shaped
or triangle-like basins. (2) The spreading centers of propa-
gating spreading basins are segmented and dislocated, and
have changed in axial direction. (3) The age on both sides of
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Figure 4 Map shows the propagating spreading model in the Southwestern Subbasin. Profile a shows a typical seafloor spreading with symmetrical depos-
its, and the thickness of the deposits increases from the spreading ridge to both sides of the basin. Profile b shows an atypical seafloor spreading with rugged
bottom. The thickness of the sediments is not characterized by increasing from the spreading center to the side of the basin, and the spreading center has the
maximum thickness deposits. Many deep faults that cut through the basin are developed in it. Profile ¢ shows the initial stage of seafloor spreading, repre-
senting the rift basin thinning of the continental crust, while oceanic crust developed in the middle of the rifted basin.

the basin varies from old to young along the spreading cen-
ter, while the age of the spreading axis does not change
along the propagation direction. (4) Propagating spreading
sea basins always consist of the continuous variable pro-
cesses of seafloor spreading, ocean-continent transition, and
continental rifting. (5) There is a magnetic quiet zone in the
propagator of the basins, which represents the transition
from seafloor spreading to continental rifting. (6) The pro-
pagation of the ridge exists in a stage with active volcanism.

The SWSB has similar characteristics to propagation of
seafloor spreading, as it is formed by ridge propagation. The
Gulf of Aden and Woodlark Basin in the South Pacific
Ocean represent two typical types of propagation of seafloor
spreading [32,33]: oceanic spreading and back-arc spread-
ing. A comparison will be beneficial to deepen the under-
standing of the mechanism of tectonic evolution in the
SWSB. From the tectonic patterns, the SWSB is close to the
Gulf of Aden, with similar characteristics of basin shape,
segments of the ridge, and the ocean-continent transition.
However the Woodlark Basin has more irregular basin
shape, significant segmentation of the ridge, complex con-
tinental/oceanic transition zone, and more significant tem-
poral and spatial variation of spreading rate and propagation
rate. The similarity of propagation of seafloor spreading in
the Gulf of Aden, whether the SWSB has similar tectonic
dynamic environment and formation mechanism or not,
shows that the seafloor spreading of the SWSB is the result
of westward propagation toward the western continental
margin of the ESB. If this is true, the dynamic model of
tectonic evolution in the SCS should be reconsidered and
needs further research.

Meanwhile, the seafloor spreading in the SWSB has its
own obvious characteristics, such as the inhomogeneous,
continuous tectonic dynamics. The common existence of the
basement faulted blocks, asymmetrical distribution of the
big deep depressions, and the control of the deep faults in-
dicated that the SWSB also stacked intensive tectonic ex-
pansion under the background of seafloor spreading, which
represents a tectonic-dominated spreading that intensified
from NE orientation to SW orientation, and it is well
matched with the transition mechanism from seafloor
spreading to continental rifting. Region C, representing the
initial seafloor spreading, shows double mechanisms of
continental rifting and seafloor spreading. The existence of
the magnetic anomaly lineations indicates the crust of this
region is oceanic crust, but extension of the central rifted
graben and the significant thickness of the sediments are
characteristics of continental rifting (Figure 3). The step-
wise transition of tectonic patterns of the seismic profiles in
Region C indicated how the initial seafloor spreading trans-
ferred from rifted graben (Profile N10), similar to continen-
tal rifting, to regional tension of the transition stage, and
how the tectonic stress transfers from central concentration
to localized distribution. Finally the tectonic patterns of
symmetrical seafloor spreading were identified. The re-
search on initial seafloor spreading is the key link to under-
standing the relationship between continental rifting and
seafloor spreading, and it is also a preferential research di-
rection of the International Ocean Drilling Program (IODP).
Because the record of initial expansion is usually located at
a complex transition affected by the interaction of the ocean
and the continent with poor spatial resolution, so it is diffi-
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cult to study on. The spatial distribution range of the initial
seafloor spreading in the SWSB expanded because of the
propagation, which formed a high resolution research region
and provided an important laboratory for studying these
scientific problems. So the research on the propagation of
seafloor spreading in the SWSB not only improves the un-
derstanding of the tectonic dynamic mechanism of seafloor
spreading in marginal sea basins, but also deepens under-
standing of the process of the marginal sea basins from con-
tinental rifting to initial seafloor spreading, and accordingly
forms a typical research sample.
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