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Abstract

The South China Sea was formed by seafloor spreading in the Late Oligocene at ~30 Ma following a series of extensional events within
crust formed by Mesozoic continental arc. In this study, we interpreted faults along seismic reflection profiles from both the northern and
southern conjugate margins of the South China Sea, and forward modeled these using a flexural cantilever model to predict modern basin
geometries. When compared with the observed structure, the models based on upper crustal faulting consistently underpredicted the amount
of subsidence, especially towards the continent—ocean transition (COT). We interpret this to indicate preferential extension of the
continental lower crust along the COT on both margins, extending up to ~ 80 km landward from COT. The regional slope of the South China
continental shelf indicates lower crustal viscosities of 10'°~10'® Pa s, representing an offshore continuation of the weak crust documented
onshore on the eastern flanks of the Tibetan Plateau. Only in the region of Hainan Island in the western South China Shelf does lower crustal
viscosity increase (10*' =107 Pa s) and the preferential loss of lower crust become less pronounced and limited to <40 km from COT. This
western area represents a rigid block analogous to the Sichuan Basin onshore.

Forward models based on upper crustal faulting support the idea of a very weak continental crust because models where the effective
elastic thickness of the plate (7;,) exceeds 5 km fail to reproduce the geometry of the sub-basins within the Pearl River Mouth Basin (PRMB)
of the South China Margin. The observed basins are too deep and narrow to be consistent with models invoking high flexural rigidity in the
upper crust or mantle lithosphere. The fact that rifting and seafloor spreading seem to co-exist for ~5 my. adjacent to the PRMB is consistent
with very weak continental crust during break-up.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction Asia has resulted in deformation extending > 1000 km from
the plate margin (England & Houseman, 1988).

In extensional systems a variety of modes of
deformation of the continental crust are recognized, in
part reflecting the mechanical strength of the lithosphere.
Many non-volcanic margins, such as Iberia, Newfound-
land, and southern Australia, are characterized by rotated
basement fault blocks, wide zones of deformation
extending more than 100 km from the continent—ocean
transition (COT), and mantle peridotite exposures (Boil-
lot, Beslier, Krawczyk, Rappin, & Reston, 1995). In
contrast, volcanic margins, such as East Greenland,
Norway, eastern US margin and NW Australia have
sharp COTs and voluminous subaerially erupted basalts
(Eldholm, Skogseid, Planke, & Gladczenko, 1995; Kele-
* Corresponding author. Tel.: + 1-508-289-3437; fax: 4 1-508-457-2187. men & Holbrook, 1995). Such different behavior of the
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Unlike the relatively well understood thermal and
mechanical behavior of oceanic crust, the performance of
continental crust during deformation remains a contentious
issue because of the heterogeneous composition of the crust
and the inheritance of tectonic and thermal characters from
earlier deformation. Although plate tectonic theory initially
suggested that both oceanic and continental crust deforms
only along plate margins, there is now an understanding that
continental crust can deform in a plastic or fluid fashion, far
from plate boundaries, most notably in the Tibet-Himalaya
orogen, where continued convergence between India and
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strengths in the plate, and/or different rates of extension
(Buck, 1991). Although Karner & Watts (1982) proposed
that the flexural rigidity of continental margins is low
during active extension and then increased with time
after that ceases, the strength of continental crust during
the rift—drift transition has remained a matter of
controversy. Subsidence evidence from many sedimentary
basins suggests that flexural strength during extension
must have been low (Barton & Wood, 1984; Bellingham
& White, 2000; Fowler & McKenzie, 1989; Watts,
1988). While some workers have argued for a weak
continental lithosphere with strength located principally
in a brittle, relatively thin, upper crust layer (Maggi,
Jackson, McKenzie, & Priestley, 2000), others have
invoked significant flexural strengths in rift zones
(Ebinger, Bechtel, Forsyth, & Bowin, 1989; Van der
Beek, 1997; Weissel & Karner, 1989), based on gravity
studies of the flexural wavelength around the rift, as well
the presence of seismic activity deep in the plate (Foster
& Jackson, 1998; Jackson & Blenkinsop, 1993). A
general division can be made between the rifting of
thermally mature, cratonic continental lithosphere and
hot, young, orogenic or subduction-altered crust, repre-
senting strong and weak end members, respectively.

Here we examine a type example of rifting within arc-
type crust, within the South China Sea. We examine the
basin geometry and subsidence patterns in order to assess
the patterns of strain accommodation within the plate on
both conjugate margins. We use subsidence modeling to
constrain the flexural rigidity of the plate during
extension, and its relationship to the crust of neighboring
SE Asia.

2. Geologic setting

The South China Sea was formed by oceanic
spreading along a WSW-ENE axis during the Oligo-
Miocene during magnetic anomaly Chron 11 (~30 Ma)
in the eastern part of the basin (Briais, Patriat, &
Tapponnier, 1993; Lu, Ke, Wu, Liu, & Lin, 1987; Taylor
& Hayes, 1980). The origin of the extensional forces is
controversial and lies outside the study presented here.
Extension in the area is believed to have started in the
Late Cretaceous—Early Paleocene (Schliiter, Hinz, &
Block, 1996), and seems to have exploited the location
of a pre-existing Andean-type arc, located above a north-
dipping subduction zone along the south coast of China
(Hamilton, 1979; Jahn, Chen, & Yen, 1976). U-Pb
dating of the arc volcanic and intrusive rocks exposed in
Hong Kong (Davis, Sewell, & Campbell, 1997) indicates
that magmatic activity ceased after 140 Ma, although
“OAr/*Ar ages of granites from the Pearl River Mouth
Basin (PRMB) also suggest that some magmatism
continued into the Late Cretaceous—Paleocene (Lee
et al,, 1999). Thus, because 80 my is the approximate

duration for continental lithosphere to regain thermal
equilibrium after a tectonic or thermal event (McKenzie,
1978), the Paleocene activity implies that rifting in South
China Sea affected lithosphere that was hotter and
weaker than equilibrium.

Coring at ocean drilling program (ODP) Site 1148
near the COT (Fig. 2) shows that, following earlier
smaller extensional events, extension was active in that
location during the Late Oligocene and that bathyal water
depths (>500 m) existed along the COT at the time of
break-up (Clift, Lin, & ODP Leg 184 Scientific Party,
2001; Wang et al., 2000). Subsidence modeling in the
South China Sea is complicated by the existence of
significant topography along the margin prior to Oligo-
cene extension. Drilling on the Reed Bank adjacent to
the Dangerous Grounds margin (Fig. 1), which forms the
conjugate to the PRMB, has identified deep-water, clastic
sedimentary rocks of pre-Middle Eocene age (Taylor &
Hayes, 1980), indicating that there was a deep marine
trough in that region at that time. The situation is further
complicated by the collision of the southern Dangerous
Grounds shelf with Borneo and Palawan, resulting in a
partially filled flexural trough along the south edge of
that shelf (Hinz & Schliiter, 1985). Subsidence related to
this collisional deformation needs to be removed from
that resulting from the Oligocene extension for that latter
event to be understood.

3. Previous work

A number of different tectonic models have been
invoked to account for the extension leading to break-up
along the South China margin. While Schliiter et al.
(1996) have argued for the activity of both simple and
pure shear extension at different times during the break-
up of the margin, Su, White, & McKenzie (1989)
favored a pure shear model to explain subsidence in the
PRMB. Hayes et al. (1995) identified major normal faults
located close to the COT that appeared to penetrate the
entire crust and suggested a weak crust that may have
been entirely brittle, at least during the final stages of
break-up in this area. Clift & Lin (2001) used a one-
dimensional back-stripping subsidence analysis of well
data from the PRMB to suggest moderate preferential
mantle over crustal extension for that margin. Clift et al.
(2001) employed an instantaneous two-dimensional for-
ward modeling approach for interpreted reflection seismic
profiles across the PRMB, Beibu Gulf Basin and Nan
Con Som Basin (Fig. 1) to suggest that those basins that
directly abutted the oceanic crust of the deep basin here
have preferentially experienced lower crustal extension
along that contact. However, lack of data from both
margins prevented an investigation of whether a loss of
lower crust had occurred on both conjugate margins in
that study.
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Fig. 1. Bathymetric map of the South China Sea showing the principle geologic and physical features that define the basin, together with the locations of
multichannel seismic data considered in this study. COT, continent—ocean transition. Water depths in meters.

Lithgow-Bertelloni & Gurnis (1997) have suggested that
southeast Asia is underlain by a region of cold, dense mantle
asthenosphere formed by long-lived subduction in the
western Pacific. This material is sinking deep into the
upper mantle, causing dynamic subsidence, so that sedi-
ment-loading corrected depths to basement are as much as
1 km shallower than might be predicted from simple
stretching models. However, Wheeler & White (2000)
calculated the depth to basement in the region and after
removing the effects of lithospheric extension and cooling,
compared this prediction with that derived from Lithgow-
Bertelloni and Gurnis (1997) model. They concluded that
basin formation was largely controlled by rift tectonics and

that dynamically driven subsidence due to subduction is not
a factor in the South China Sea.

In this study we extended the previous subsidence
analysis by examining for the first time structural transects
through opposing conjugate margins using a two-dimen-
sional subsidence analysis technique (Clift et al., 2001).

4. Data sources
The subsidence analysis performed in this study is based

on seismic data from across the South China Shelf (Fig. 2)
and Dangerous Grounds (Fig. 1). These data were released by
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Fig. 2. Detailed bathymetric map of the South China Shelf and Beibu Gulf to show the location of the seismic profiles considered in this study, the location of
the seismic refraction profiles of Nissen et al. (1995), shown in bold dashed lines, and the drilling sites mentioned in the text. Water depths in meters.

agreement with the Chinese National Offshore Oil Company
(CNOOC), British Petroleum (BP Exploration plc), the
Philippine Department of Energy and the German Federal
Institute for Geosciences. The seismic data are of multi-
channel reflection type, usually 96 channel, and were
collected by a variety of different contractors mostly in
1979 and 1980. Most but not all of the data were depth
migrated during processing using the stacking velocities.
Only paper copies of the processed lines were available for
use in this study. The original data are not presented here
because at the scale of reproduction possible no crucial
features would be discernable. Although the stratigraphy of
the PRMB is well known, that on the Dangerous Grounds is
poorly known and for the purpose of this work we simply
divide the stratigraphy into seismically-defined pre-rift, syn-
rift and post-rift units. The division between syn- and post-
rift is the most important and is defined as those layers that
show clear growth into a fault zone, rather than draping
geometries. The age of the cessation of rifting is taken as
25 Ma from the published well data from the PRMB (Clift &
Lin, 2001; Su et al., 1989), and from ODP Site 1148 (Wang
et al., 2000). Although the basin was extended again at
~ 14 Ma (Clift & Lin, 2001) this was a minor event compared
to the Oligo-Miocene break-up and did not generate
significant accommodation space.
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Fig. 3. A schematic representation of the flexural-cantilever model for
lithospheric deformation showing assumptions of simple shear faulting in
the brittle upper crust and the assumed same amount of pure shear in the
lower crust and mantle (redrawn from Kusznir et al. (1991)).
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5. Flexural modeling based on measured upper crustal
extension

We have investigated the structure of the continental
shelf and COT along a series of transects on both PRMB and
Dangerous Grounds margins. We employ the flexural
cantilever model of Kusznir, Marsden, and Egan (1991) to
model the deformation and subsidence that would result
from the extension measured from normal faults identified
on seismic profiles (Fig. 3). In this approach we make no
attempt to replicate the basin morphology, but simply
extend continental lithosphere using the faults seen on the
seismic profiles and then predict what sort of basin this
would form after 25 my of post-rift subsidence. The
synthetic basin produced is based only on the flexural
cantilever model and the recognized extension across

A Profile 1212

the faults seen on the profiles. Misfits between model and
observation can thus be used to describe how the actual
deformation in the ductile lower crust and mantle differed
from the uniform pattern assumed by the model and
calculated from the brittle extension in the upper crust.
Five transects, 1212, 1554 and 1716 from the South
China Shelf and Lines SO-27-25 and SO-23-29 from the
Dangerous Grounds, were chosen because of their sub-
stantial length across the shelf and on to the continental
slope (Figs. 4-8). Line 1212 was chosen because it lies
close to one of the seismic refraction profiles of Nissen et al.
(1995), while Line 1554 was chosen so that results from the
flexural model can be compared with the results of Clift and
Lin (2001) backstripping work on the industrial wells
centered in the PRMB (Fig. 2). Line 1716 allows changes in
deformation along the margin to be traced further east than
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Fig. 4. (A) Interpreted seismic section crossing the PRMB long profile 1212. See Fig. 2 for location. Interpreted horizons are the pre-rift crystalline basement,
the top of the syn-rift and the seafloor. (B) Forward model predicted by the flexural cantilever model of Kusznir, Marsden and Egan (1991), resulting from
extension along the faults interpreted from the seismic profiles and assumed ductile flow in the lower crust and mantle. Sedimentation is set to fill the basin to
100 m of water; T, = 3 km; Erosion = 80% of subaerial topography (C) Forward model showing predicted post-rift sedimentation after 28 my. (D) Lateral
variations in the predicted extension for the whole crust, upper crust, lower crust assuming 15 km deep brittle—ductile transition, lower crust for 10 km deep
transition and mantle lithosphere. Solid dots and open circles represent estimates of crustal and mantle extension derived from nearby wells (Clift & Lin, 2001)

and projected on to the line of section.
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Fig. 5. Profile 1554. See Fig. 3 for explanation.

Line 1608, which was modeled in a similar fashion by Clift
et al. (2001).

Although the profiles often continue as far as COT, the
lack of data below 5s two-way-time meant that the
reflection data was no longer imaging the top of
the basement in the outer part of the margin, making
extension estimates impossible. Consequently, we focus our
basin modeling efforts on those portion of the profiles that
cross the shelf and upper slope.

We estimate the extension due to the faulting seen on the
seismic profiles by measuring not only the dip of each fault,
but also its heave (i.e. the horizontal extension across the
fault). Examples of the quality of the seismic data used are
shown in Fig. 9. Because of the difficulty of reproducing
entire profiles at a scale that is useful to the reader, we here
show examples from Profile 1716 showing the nature and
extent of faulting along part of that profile located close to
the coast (Fig. 9(A) and (B)), as well as over the outer
structural high (Fig. 9(C) and (D)), where no faulting is
apparent.

The flexural cantilever model of Kusznir and Egan
(1989) and Kusznir, Roberts, and Morley (1995) assumes
the deformation of the plate being divided between a brittle
upper crust, where simple shear along discrete faults is the
prime mode of strain accommodation, and a ductile lower
crust and mantle deforming in a sinusoid pure shear mode
(Fig. 3). Although a sinusoid is a simplification of the strain
distribution, this assumption does mimic the expected strain
distribution over long wavelengths in a plastic lower
lithosphere. The flexural cantilever model defines the base
of the lithosphere to be at the 1330 °C isotherm, with a
thickness of 125 km prior to extension. The model also
assumes instantaneous extension. Application of this
analytical method to rift systems, such as the North Sea
(Roberts, Yielding, Kusznir, Walker, & Dorn-Lopez, 1993)
and East Africa (Kusznir et al., 1995), as well as passive
margin basins (e.g. Jeanne D’ Arc basin, Kusznir & Egan,
1989) has achieved good matches of the rift architecture and
sedimentary fill, allowing the lateral variability in extension
to be modeled (Kusznir et al., 1995).
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Fig. 6. Profile 1716. Boxes in (A) show the locations of detailed seismic data shown in Fig. 9 See Fig. 3 for explanation.

5.1. Flexural rigidity

The flexural strength of the lithosphere is considered to
lie at the top of the plate in this extensional model. We
choose an effective elastic thickness (7.), of 3 km for our
forward models. In terms of estimating the total amount of
subsidence that would be generated through extension along
the identified faults, the results presented here will be
substantially correct regardless of the precise 7, chosen for
this region, although the basin geometries will differ with
T.. To determine the effect of 7, on the fault-generated
topography we use profile 1554 as an example. A series of
forward models of the profile were generated using a range
of T, 1, 3, 5, 10 and 15 km but the same degree of extension
(Fig. 10). Although the total subsidence predicted by all the
profiles is lower than that observed, it is clear is that as 7,
increases the ability of the forward model to reproduce the
observed basement geometry on the scale of individual half
graben declines. In particular, we note that while the
observed basement geometry is marked by deep, narrow
half graben, those models in which 7, is large are incapable
of matching this, because of the need to compensate
extension over broad regions. Forward modeling therefore

supports the use of a T, value of 1-3 km in the South China
Sea during active extension, based on the ability to
reproduce the basement geometry on the scale of individual
half graben.

The modern flexural rigidity of the Dangerous Grounds
margin can be estimated through consideration of the
flexural trough (Palawan Trough) formed by the collision of
that margin with the Palawan and Borneo active margin to
the south. Loading of the southern edge of the Dangerous
Grounds has created a flexural trough whose geometry is
controlled by the modern flexural rigidity (Figs. 7 and 8).
Because of the thermal recovery of the mantle lithosphere
since the end of extension, the modern value of 7. must
represent a maximum for the syn-rift value. Greater values
for T, result in wider flexural basins with greater degrees of
uplift in the flexural forebulge. Determining the size of the
flexural forebulge is difficult in this setting because of the
amplitude of the rifted basement topography compared to
the size of the forebulge. The section for profile SO-23-30
published by Hinz and Schliiter (1985) shows that there is
no appreciable forebulge uplift in this area, implying very
low T, for the modern Dangerous Grounds. The width of the
flexural trough at ~50 km can be used to calculate the T,
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Fig. 7. Profile SO-23-29. See Fig. 3 for explanation. Note that no dated wells lie close to this profile, so that the stratigraphy can only be divided in pre-, syn- and

post-rift.

using a simple flexural model, yielding a value of ~8-—
10 km for the modern plate. Karner and Watts (1982)
demonstrated that older passive margins have higher values
of T, and inferred that margins strengthen through time. T
was thus likely less than 8-10km during the rifting,
consistent with the low values used in the forward models
presented here.

In a similar fashion Lin and Watts (2002) have used the
flexure of the South China margin under the Taiwan fold
and thrust belt to estimate flexural rigidity at the extreme
eastern edge of the Chinese margin. Their study yielded
modern 7T, values for the South China margin of 13 km in
that area. Following the same argument used in the
Dangerous Grounds, the syn-rift values for 7. would be
<13 km, and thus potentially compatible with the 1-3 km
estimated from the PRMB, or the <8-10km in the
Dangerous Grounds. White (1999) noted that for rifts

where extension exceeded 30% T, ranged from 1 to 11 km,
with a mode of 5—6 km. In the subsequent modeling, we use
a uniform T, of 3 km as a reference for all profiles. The T, of
3 km used here is more than 1-2 km estimated from the
Basin and Range (Buck, 1988) and is comparable to 3 km
estimated for East Africa (Kusznir et al., 1995). We
emphasize that although the predicted basin geometries on
the scale of individual half graben will differ for different T,
our main conclusions on the importance of lower crust and
upper mantle ductile flow can be reached using higher
assumed T, values.

5.2. Other evidence for low strength in the south china
lithosphere

The flexural cantilever model has been criticized by
some workers for underpredicting the elastic thickness of
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the continental crust compared to estimates based on gravity
and seismic data, and for over-estimating the amount of rift
flank uplift, most notably in the Baikal Rift (van der Beek,
1997). Van der Beek (1997) instead argues in favor of either
crustal necking models, such as that employed on the Gabon
margin by Watts and Stewart (1998), or detachment faulting
models as being better predictors of the extensional
deformation of the continental crust. However, because
necking models do not incorporate faulting they cannot
account for the footwall uplift of individual faults, and
consequently tend to underpredict rift flank topography
(Roberts & Kusznir, 1998).

The sharp change from a brittle upper crust to a ductile
lower crust that characterizes the flexural cantilever model
provides a reasonable simulation of the rapid drop in
mechanical strength with depth predicted for a quartz-
dominated crust. Such a strength drop is a consequence of
increasing in temperature with depth resulting in a change in
the style of crustal deformation from brittle failure above to

creep below (Carter, 1976). However, as noted by van der
Beek (1998), the model does not account for upper mantle
strength and so is least applicable to rifts in cold cratonic
areas (e.g. Baikal, East Africa) and works best in areas
where the strength in the lithosphere is focused in the crust
(e.g. Aegean Sea, Western USA; Maggi et al., 2000). In the
case of the South China margin, the tectonic setting, coupled
with what we know of the flexural strength, support the idea
of strength being concentrated in the upper brittle part of the
plate (Maggi et al., 2000). In particular, the fact that the rift
exploits a recently active arc would suggest that the mantle
lithosphere in this area would be thin and weak due to the
residual heat (Draut, Clift, Hannigan, Layne, & Shimizu,
2002). The presence above a subduction zone also allows
the possibility of trace amounts of volatiles derived from the
oceanic slab. The presence of even low percentages of water
in the mantle is known to significantly reduce the mantle
viscosity (Hirth & Kohlstedt, 1996), reducing the ability of
that level of the plate to support flexural loads. The arc
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Fig. 9. Examples of the seismic data used to make the sections shown in Figs. 4—8. (A) Landward portion of Profile 1716, with (B) interpreted section. The lack
of obvious faulting across the outer structural high is shown in (C) the original reflection data and (D) the interpreted section, also along Profile 1716.

setting is in stark contract to the dry, and strong olivine
rheology known from oceanic lithosphere (Kohlstedt &
Goetze, 1974).

Although the basin geometries indicate low 7, values
during and after rifting it can be argued that these values
might reflect strength in the upper crust only, with the
influence of a strong mantle lithosphere being hidden by
detachment between the two in the weak lower crust.
However, recent finite element modeling of extending
continental lithosphere now suggests that for most
geological environments the brittle upper crust does not
behave independently of the mantle lithosphere, regard-
less of the strength of the lower crust (Behn, Lin, &

Zuber, 2002). This implies that the basin geometries seen
around the South China Sea reflect the total strength of
the lithosphere, and not just a weak upper crustal layer
acting independently of a strong mantle lithosphere. The
low T, values implied by the forward modeling (Fig. 10)
thus account for the strength in the mantle, as well as the
crust, and constrains the entire plate to being weak
during continental break-up.

Further support for the use of low values of T, is
provided by two-dimensional inverse modeling of the
basin stratigraphy in the central PRMB by Bellingham
and White (2000). In this approach the age structure and
thickness of the stratigraphy was used to estimate
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Fig. 10. Forward flexural-cantilever model of profile 1554 28 my after rifting showing sensitivity of the model to variations in elastic thickness (A) 7, = 1 km,
(B) T, =3 km, (C) T, = 10 km, (D) T, = 15 km, (E) modern interpreted structure.

temporal and lateral variations in strain rate. The inverse
solutions were seen to be most geologically realistic
when T, values close to zero were used. With higher T,
values anomalous periods of extension are predicted for
which no other geologic or geophysical evidence exists.
We conclude that 7, in the South China Sea probably did
not exceed 3—5 km during the main Oligocene phase of
extension.

5.3. Limitations of crustal ductile deformation in models

The flexural cantilever model assumes the same amount
of ductile extension in the lower crust and mantle
lithosphere as there is brittle extension in the upper crust.
The model distributes the ductile deformation in a
sinusoidal fashion over any given wavelength, typically
100 km, below the brittle—ductile transition (Fig. 3; Kusznir
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et al., 1991). The 100 km wavelength is preferred because
widths of 75-150 km are required to produce forward
models that match the observed basin geometries and
stratigraphies in most rifts. Observations in the Gulf of Suez
rift demonstrate regional doming due to mantle lithosphere
extension which is significantly broader than the narrow
zone of faulting in the rift axis. Such a model implies a depth
of total crustal necking in the middle of the crust at <15 km.
This necking depth is shallower than the values of 15—
20 km that has been used in rifted margin settings to explain
the seismically-determined shape of the Moho and the size
of the rift flank uplift (Janssen, Torne, Cloetingh, & Banda,
1993; Kooi, Cloetingh, & Burrus, 1992), but is consistent
with 7.2 km predicted by Watts and Stewart (1998) for the
Gabon passive margin. A relatively shallow depth of
necking is appropriate for modeling the unloading of such
a weak rifted margin. If actual necking is significantly
deeper in the crust than we assume then our forward models
will tend to underpredict the amplitude of rift flank uplift of
the PRMB for any given elastic thickness (7).

5.4. Syn-rift subsidence

The predicted syn-rift stratigraphy and rift architecture
using the flexural cantilever model for each of the four
profiles analyzed are shown in Figs. 4—8(B). The predicted
geometry of the basement is determined by extending a
synthetic crustal section with a 15-km-thick brittle upper
layer along each of the faults identified on the seismic
sections. Planar fault geometry with an angle of 30° to the
horizontal was assumed. Although the angles measured
from the reflection seismic data ranged from 25 to 65°, the
largest faults that accounted for most of the extension
tended to have dips at the lower end of that range (Hayes
et al., 1995). An original crustal thickness of 32 km was
used, because this is the thickness of the crust close to the
coast, away from the basin center, as measured by seismic
refraction methods (Nissen et al., 1995). The resultant
synthetic basin was filled with sediment to sea level in the
case of the South China margin models. For the Dangerous
Grounds margin, only 50% of accommodation space was
filled in order to match the thicknesses of syn-rift sediment
imaged. After filling with sediment the model section was
then allowed to isostatically adjust, assuming a 7, of 3 km.
Erosion was also applied to the subaerially exposed
topography, with 80% of exposed terrain being removed
prior to isostatic re-adjustment. The modeled profiles from
the northern South China Sea margin show two or more sub-
basins between the unrifted continental crust and an outer
rise whose geometry changes markedly along strike. These
model basins correspond to the center of the PRMB. No
outer high is noted in the Dangerous Grounds models.

Using the flexural cantilever model and the degrees of
upper crustal extension, the calculated whole crustal
extension reaches B... of ~1.18 along Profile 1212, 1.37
along Profile 1554, 1.60 along Profile 1716, 1.20 along

Profile SO-27-25 and 1.20 along Profile SO-23-29, less than
predicted from the total amount of subsidence (Figs.
4-8(D)), or from the seismically determined crustal
thickness close to Profile 1212. The implications of this
mis-match are discussed below.

The modeled sections assume instantaneous extension
while in reality extension lasts 9—19 Ma (Clift et al., 2001).
This simplification introduces errors into the modeled
sections because of the cooling of the lithosphere that
occurs during the active extension. However, Jarvis and
McKenzie (1980) have demonstrated that for extension
lasting <20 my, the instantaneous extension model is not
significantly different from one adjusted for the rift-
duration. In any case slower extension will tend to reduce
the post-rift subsidence and increase syn-rift subsidence, but
should not strongly affect the total accommodation space or
geometry of the basin, which are the principle data sets used
in this study to compare model and observation.

5.5. Post-rift subsidence

The synthetic basins generated using the flexural
cantilever model were then modified to incorporate the
effects of post-rift subsidence, allowing direct comparison
of the forward models and the interpreted profiles. The
forward model employed assumes that the amount of post-
rift thermal subsidence is controlled by the degree of ductile
mantle lithospheric extension (Royden & Keen, 1980).
Because the present South China Shelf typically has less
than 100 m water depth landward of the shelf break, and
because cored sediments in the PRMB show shallow water
facies since the Oligocene (Clift and Lin, 2001), we forward
modeled each synthetic section from this region assuming
that a water depth of 100 m has been maintained since the
end of extension at ~25 Ma. We know from well data that
shallow marine (i.e. <250 m) conditions have prevailed on
the shelf since initial transgression early in the post-rift
thermal subsidence period, interspersed with occasional
hiatuses, most notably at 11 Ma during the sea-level low-
stand of that time (Haq, Hardenbol, & Vail, 1987; Miller,
Fairbanks, & Mountain, 1987).

The assumption of constant shallow-water conditions is
incorrect for the Dangerous Grounds, and because we have
no drilling data to constrain paleo-water depths our forward
model for those transects is less well controlled. Instead we
chose to fill 50% of the accommodation space provided by
the rifting because this amount of sedimentation produces
sequence thicknesses close to those observed. Each model
section was thus loaded with syn-and post-rift sediments,
which are allowed to compact due to burial loading. In
modeling sediment compaction, we used the cored lithol-
ogies identified from the wells, assuming that porosity can
be described as an exponential function of depth (Ruby &
Hubbert, 1960), ¢ = ¢, e~ % where ¢ is porosity, Z depth
below sealevel, ¢ the porosity at the sediment surface, and
C a controlling constant. For the lithologies of shale, sand
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and limestone, we used values of 63, 49 and 70%,
respectively, for ¢y, and 0.51, 0.27, and 0.71 km™! for C,
based on physical property measurements made at ODP
wells in the South China Sea (Wang et al., 2000).

The modeling results in Figs. 4—8(C) are compared to the
interpreted seismic sections of Figs. 4—8(A), with several
important differences apparent. The total amount of
predicted subsidence based on the flexural cantilever
model and the associated post-rift subsidence is far less in
all cases than observed. The forward models predicts that
the outer rise that separates the PRMB from the continental
slope should still be at sealevel (Figs. 4—6(C)). This
prediction is in contrast to the observation that the outer rise
is buried under ~ 2 km of post-rift sediment on profile 1554
(Fig. 5(A)), and under ~ 1 km in profiles 1212 (Fig. 4(A))
and 1716 (Fig. 6(A)). Basement depths across profiles SO-
27-25 and SO23-29 are also shallower than observed, with
the mis-fit increasing towards the COT.

Thus, it is clear that the flexural models based solely on
the degrees of upper crustal brittle faulting and the assumed
accompanying ductile but uniform extension at depth
greatly underpredict the amount of post-rift thermal
subsidence. This mis-match is especially severe on the
oceanward side of each margin profile. Although some of

the brittle faulting may not be imaged on the seismic profiles
due to lack of fine-scale resolution, this alone will not
account for the mis-match. Walsh, Watterson, and Yielding
(1991) predict that as much as 40% of extension may not be
imaged in reflection profiles. However, unless this missing
extension was all concentrated over the outer structural high
to the PRMB this will not help account for the mismatch.
There is no reason to suspect that data quality or
interpretation accuracy systematically decreases towards
the continental slope. Fig. 11 shows a forward model for
profile 1554 in which extension across each fault was
artificially increased by 40%. This model assumes that the
‘missing’ extension is located in the regions where faulting
has already been identified. The result of this correction is to
increase the depth of the individual basins and thickness of
the cover, but does not resolve the subsidence mis-match,
which is largely the result of significant subsidence being
observed in areas where there is no or little faulting.
Although the missing 40% could hypothetically be placed in
new faults near but not on the identified major faults this
will not significantly change the amount of subsidence due
to ductile lower crustal thinning, or due to postrift thermal
subsidence which are both distributed over 100 km
wavelengths around each fault.

A Line 1554 + 40% additional upper crustal extension

Depth (km)

w

Depth (km)

15kmBDT 10 km BDT

Zhu-4
Zhu-2
Zhu-C
Zhu-7
Zhu-5

Zhu-D
27-2-1
27-1-1
33-1-1

Fig. 11. (A) Forward flexural-cantilever model of profile 1554 28 my after rifting to show that even increasing extension by 40% across the section does not
resolve the subsidence mis-match across the outer structural high. (B) Observed geometry of modern section. (C) Lateral variations in the predicted extension
for the whole crust, upper crust, lower crust using the increased values for upper crustal extension. Solid dots and open circles represent, respectively, estimates
of crustal and mantle extension derived from nearby wells projected on to the line of section.
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5.6. Sensitivity to sea-level variation

The sensitivity of the basin models to the modeling
parameters chosen can be quantified in order to assess
whether variation in these values could account for some of
the misfit between predictions and observations along the
five profiles across the South China Sea margins. Sensitivity
to T, has been discussed above in Fig. 10. Variation in T,
would not generate subsidence across the entire section in the
fashion required, but only change basin morphology locally.

In many subsidence studies no attempt is made to correct
for fluctuations in eustatic sealevel, because current
predictions of rates and magnitudes of eustatic sealevel
remain controversial and would produce unlikely saw tooth-
like subsidence curves when taken into account (Wood,
1982). Although short period sea-level fluctuations pre-
dicted by reconstructions like Haq et al. (1987) are difficult
to account for, longer term variations may be incorporated
without producing geologically impossible rifting histories.
Haq et al. (1987) predict sealevel in the Early Cenozoic
being about 150 m higher than today. However, predictions
based on oxygen isotope work indicate sealevel during the
Early Cenozoic only 30—50 m above modern levels (Miller,
Mountain, & Tucholke, 1985), values supported by
sequence stratigraphic studies of Atlantic passive margins
(Clift, 1996; McGinnis, Driscoll, Karner, Brumbaugh, &
Cameron, 1993). By accounting for Haq et al. (1987) sea-
level reconstruction we see that the principal effect on the
forward model section is to increase the elevation of the
section at the present day, thus merely compounding rather
than resolving the subsidence mis-fit.

6. Estimating crustal and mantle extension

Although the parameters of the extension model can be
changed to vary the ratio of syn- and post-rift sediment, our
synthetic sections based on this model and the observed
faulting are unable to match the total sedimentary
thicknesses measured in the seismic profiles. Along the
PRMB profiles the mis-match between the cantilever model
and observation is especially poor over the structural outer
rise, where the lack of faulting in the upper crust indicates
no upper crustal extension, but where significant post-rift
subsidence has occurred. The same is true of the oceanward
portion of the Dangerous Grounds profiles. The fact that
there is significant post-rift subsidence close to the COT
requires large-scale thinning of the crust, and in the absence
of shallow crustal faulting implies that there must be
preferential lower crustal thinning during active extension
to account for the accommodation space created.

Once a model section has been generated it can then be
compared with the modern observed section, allowing
mismatches to be identified and interpreted in terms of
departures of the extension patterns from that input and
assumed by the model. Estimates of changing extension

with depth in the plate can be made by considering different
aspects of the subsidence history. Extension in the upper
crust is estimated by summing the extension of the
seismically observable faults, which forms the input to the
flexural-cantilever forward model. Extension of the mantle
lithosphere is estimated through the amount of post-rift
thermal subsidence, after correcting the loading effects of
the sediments and water, using the compaction parameters
of Sclater and Christie (1980). Post-rift subsidence is
normally considered to be purely thermally driven, i.e.
due to conductive cooling and thickening of the lithosphere
alone (McKenzie, 1978). Cooling of the crust represents a
small fraction of this total effect, so that post-rift subsidence
can be used as a proxy for mantle cooling and extension.
Since water depth has been in the shallow shelf range since
the end of rifting we use a value of 100 m as an average
water depth. Uncertainty on the water depths will not
seriously affect the mantle extension estimate because the
sediment thicknesses are significantly greater than this
value.

Total crustal extension is estimated from the amount of
syn-rift subsidence, again after correcting for the sediment
and water loading effect, as well as uplift driven by mantle
thinning during rifting. Given the predicted background of
mantle-driven uplift (calculated from the amount of post-rift
subsidence) it is possible to calculate how much total crustal
extension is needed to produce the net amount of subsidence
observed. The shallow marine paleobathymetries of the syn-
rift strata in the basin provide confidence that the syn-rift
extension estimates have low uncertainties. Once total
crustal extension has been derived from the total degree of
accommodation space produced by rifting, the degree of
lower crustal extension may be calculated by subtracting the
upper crustal extension from the total crustal extension.

The combination of well and seismic data on the PRMB
margin allows the degree of extension experienced by the
mantle, and the upper and lower sections of the crust to be
estimated. This comparison is especially instructive where
refraction seismic information is available to independently
constrain the total crustal thickness. In particular, profile
1212 lies close to deep-penetrating refraction profiles of
Nissen et al. (1995), allowing comparison of two indepen-
dent data sets. Along profile 1212 (Fig. 4(D)), the maximum
upper crustal extension measured from faulting is
Bupper crust = 1.18, while the total crustal extension
measured from the maximum accommodation space on
the profile and from nearby wells indicate total crustal
extension of B, = 1.4 (Clift & Lin, 2001). Seismic
refraction data give a modern crustal thickness of 22 km
under the PRMB in this region, which when compared with
the assumed original crustal thickness of 32 km yields a
maximum L. = 1.45. Our estimates of total crustal
extension derived from subsidence data are comparable to
those from seismic refraction work. The upper crust appears
to be always less extended than the total crust. This pattern
of relatively small upper crustal extension is in accord with
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the study of Westaway (1994) who calculated that the
PRMB reaches a maximum Sypper cruse Of 1.3, despite a total
crustal extension of B, of 1.8.

6.1. Depth of faulting

As described above, given the total amount of crustal
thinning, derived from the amount of accommodation space
provided across the margin, and an estimate of the extension
in the brittle upper crust, it is possible to calculate the
amount of extension required in the lower crust for a mass
balance to be achieved. For this calculation we must assume
a depth to the brittle—ductile transition. For continental
lithosphere with a quartz-dominated rheology and a
geothermal gradient of 15-18 °C/km, this transition is
usually estimated as lying between 10 and 15 km (Zuber,
Parmentier, & Fletcher, 1986), a range supported by the
observed depth of seismic activity in most rifts (Bufe,
Horsh, & Burford, 1977; Kusznir and Park, 1984), although
seismicity is noted at >25 km in rifted cratons, such in the
East African and Baikal rifts (Foster & Jackson, 1998;
Jackson & Blenkinsop, 1995). In the case of the South China
lithosphere its history as an active margin during the
Mesozoic makes comparison with the cold, thick litho-
sphere of a craton inappropriate, and so we consider the
brittle—ductile transition to lie at 10—15 km at the start of
extension. Given the measured geothermal gradient of
83 °C/km at ODP Site 1148 (Clift et al., 2001) the transition
may in fact be somewhat shallower than even 10 km. We
use 10—15 km as the depth to the brittle—ductile transition.
Although this seems to be at odds with the reflection seismic
observation of faults cutting the entire crust (Hayes et al.,
1995), it is noteworthy that of the five penetrating faults
recorded, all but one occur in regions where the crustal
thickness is <15 km, implying that extension has proceeded
so far in these places that the ductile lower crust has been
completely removed. Extension could therefore initially
have been ductile in the lower crust, until the point that this
layer was preferential extended to zero thickness. At that
stage the brittle upper crust lay directly on the Moho,
producing the relationships observed by Hayes et al. (1995).
This scenario would be consistent with the extensional
models of Pérez-Gussinyé, Reston, Phipps, and Morgan
(2001), who showed that as extension proceeds ductile weak
zones within the crust become thinner until the entire crust
is affected by brittle faulting. The rate at which brittle
faulting advance depends on the heatflow, extension rate
and original crustal thickness. In this study we calculate
extension in the lower crust for both depths of faulting of 10
and 15km in order to assess the range of reasonable
extension values at this crustal level (Figs. 4—8(D)).

6.2. Evidence for lower crustal flow

The location of wells within, and seismic profiles
through, the PRMB allows the maximum mantle extension

in the basin center to be estimated independently. B ante
does not exceed 1.8 (Clift & Lin, 2001; Su et al., 1989),
which is less than that inferred for Biower crust if the brittle—
ductile transition is assumed to be at 15 km depth, but about
the same if 10 km is a more reasonable estimate for Profile
1554 (Fig. 5). There is no reason why the lower crust should
not extend more than the lithospheric mantle, since its
quartz-dominated lithologies makes it weaker at typical
lower crustal temperatures and pressures, compared to the
olivine-dominated upper mantle (Kirby & Kronenberg,
1987; Kohlstedt & Goetze, 1974; Sonder & England, 1989).
Modeling by Hopper and Buck (1998) shows that lower
crustal flow might be expected for a range of heatflow
values when the continental crust is 30 km thick, and when
quartz is the dominant mineralogy, as is likely here. Finite-
element theoretical models of passive margin formation
(e.g. Baltimore Canyon Trough; Sawyer & Harry, 1991)
have predicted an oceanward flow of lower crustal material
from under opposing conjugate margins. If this flow did
occur then this material must be present oceanward of the
extended upper crust and mantle, and implies a weak, low
viscosity lower crust.

Along Profile 1554 (Fig. 5), no seismic refraction data is
available, but estimates of the total crustal extension may be
made from the total accommodation space. In order to
directly compare the extension estimates based on modeling
of seismic sections with those derived from drilling data
(Clift & Lin, 2001), the mantle and whole crustal extension
estimates from nearby wells are projected along strike on to
the section in Fig. 5. In calculating Biower cruse across the
PRMB there is no attempt to conserve the original volume
of lower crust. Instead our calculations only require that the
lower and upper crustal extension in any given place results
in a net extension equal to that derived for the total crust. As
a result lower crust can be lost from the section if it extends
more than the upper crust.

Upper crustal extension in the central PRMB along
Profile 1554 rises t0 Byppererust = 1.13, reaching a maximum
Bupper crust = 1.31 in a major half graben adjacent to the
structural outer rise (Fig. 5(D)). Analysis of the tectonic
subsidence at the nearby wells implies maximum total crust
Beust = 1.45 near the outer structural high, and B =
1.32—-1.38 in the central basin. Since Bypper crust = 1.31
under the outer rise, this implies Biower crust Of at least 1.60 in
order to conserve mass, assuming that the faulting only
affects the upper 15 km. In this case Bjower cruse Value is close
t0 Bmande values derived from modeling the backstripped
histories at each well (Bpange = 1.65; Clift & Lin, 2001).
Well control is insufficient to make such detailed compari-
sons along profiles SO-27-25 and SO-23-29 on the
Dangerous Grounds margin. Here extension estimates
must be derived from the thicknesses of the syn- and post-
rift strata, together with the water depth. The reliability of
such estimates is less than that derived from the PRMB, but
the overall pattern of extension is similar to that seen along
the other profiles.
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6.3. Implications for strain accommodation on conjugate
margins

The estimates of extension discussed above are not in
agreement with a pure shear model of continental extension
in which all levels of the plate are extended to the same
degree (McKenzie, 1978). Although the greater extension in
the lower crust and mantle relative to the upper crust raises
the question as to whether the South China Shelf (Figs. 4—6)
might represent the upper plate in a simple shear system, the
Dangerous Grounds profiles eliminate this as a possibility.
Earlier studies of the rift architecture on Dangerous Grounds
margin indicate that there is a consistent northward-dipping
sense to the listric faulting, some of which seems to shallow
into sub-horizontal detachment surfaces (Schliiter et al.,
1996). This geometry was interpreted to represent typical
characteristics of a lower plate to a simple shear system. Our
subsidence modeling demonstrates that this interpretation is
not self-consistent, since this margin also experiences
preferential lower crustal extension that increases towards
the COT. The result from Dangerous Grounds is consistent
with the earlier results from Nan Con Som Basin and the
South China margin by Clift et al. (2001) in showing
uniform preferential thinning of the lower crust adjacent to
the COT.

The fact that both conjugate margins have experienced
preferential lower crustal thinning means that the lower

A

Extension landward of the
inflexion point

3.0

crust removed from under one margin is not located under
the opposing margin. The density difference with the mantle
precludes this material from flowing landward under the
thicker crust of the continental interior, and instead favors
its loss and incorporation into the oldest ‘spread’ oceanic
crust. Clift et al. (2001) showed that lower crustal thinning
occurred in the Nan Con Som Basin, positioned ahead of the
South China Sea propagating spreading axis during the
Miocene. Thus, although lower crustal material could not be
lost from both conjugate margins without the onset of
seafloor spreading, as there would be nowhere for the
ductile crust to flow to, this process does seem to slightly
pre-date the spreading itself. Evidence for the flow of lower
crustal material into the oldest oceanic crust should be
identifiable by shallower than normal basement depths close
to the COT and the geochemical contamination of the pure
mid ocean ridge basalt character. At this time we do not
have data to test these model predictions. It is noteworthy
that in the Beibu Gulf Basin, which is not adjacent to COT
(Fig. 1), Clift et al. (2001) did not find any evidence for
basinwide loss of lower crust using the same methodology.
We can thus infer that our conclusion of lower crust loss
along the margins of the South China Sea, adjacent to the
COT, is not simply the product of our methodology or the
nature of the crust in southern China.

The strain measured across both conjugate margins
is consistent with a depth-dependent extension, or both
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Fig. 12. (A) Comparison of the amount of extension at different levels in the continental lithosphere landward of the inflexion point beyond which extension
rapid increases towards the COT. (B) Comparison of the distance from the inflexion points to the oldest oceanic crust for the four profiles considered in this

study.
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the landward-dipping detachments and preferential lower
crust thinning proposed by Driscoll and Karner (1998).
Comparisons of the different degrees of extension at
different lithospheric levels along each of the five transects
considered here are shown in Fig. 12. The diagram only
considers those portions of the profiles that lie landward of
the inflexion point beyond which extension rises rapidly
towards the COT (Figs. 4—8). Maximum degrees of upper
crustal extension vary from Bypper cruse Of 1.2—1.4 for all
sections. Mantle extension exceeds total crustal extension in
all sections, independently confirming the results of the
backstripping study of Clift and Lin (2001). The Dangerous
Grounds profiles and the eastern PRMB profiles show the
greatest preferential thinning of the lower crust compared to
the upper crust.

A Prfile 1212 B

Profile 87D-106

There is also a systematic change in extensional style
from west to east along the South China margin, with Profile
1212, which lies at the western end of the PRMB, showing a
relative short distance between inflexion point and COT,
and only moderate preferential thinning of the lower crust.
In contrast, the eastern PRMB show generally greater
distances between inflexion point and COT, and a marked
preferential thinning of the lower crust.

7. Viscosity of the lower crust
The overall shape of the rifted margin can be used to

infer the viscosity of the lower crust. Many workers have
proposed that in regions of high heat flow the low viscosity
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Fig. 13. Predicted topographic profiles for crust assuming a viscous lower crustal channel 15 km thick and with variable viscosity, labeled in units of Pa s.
Model from Clark and Royden (2000). Arrows indicate arbitrarily defined reference points on the basement surface that help define the overall slope of the

margin, outside the local influence of small scale basins and blocks.
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of the lower crust allows it to flow and so equilibrate lateral
pressure gradients (Bird, 1991; Block & Royden, 1990;
Wdowinski & Axen, 1992). Such flow acts to reduce
variation in topography and crustal thicknesses. The long
wavelength topographic gradient can thus be used to infer
the viscosity of the lower crust. We here compare our
margin profiles with the model of Clark and Royden (2000)
in which flow in the lower crust is modeled as a 15-km-thick
channel. Although Wernicke (1990) suggested a range of
5-25km for such lower crustal channels, 15 km is
appropriate given estimates of the ductile layer under the
South China Margin (10-15km) and the total crustal
thickness (~30-18 km). The predicted basin profiles for a
variety of viscosities are shown in Fig. 13 against the South
China Sea margins modeled above, as well as one profile
from the western part of the margin, south of Hainan (Profile
87D-106; Fig. 2), and the long profile 1608 modeled by Clift
et al. (2001). Palawan profile SO-23-29 is not considered
because the rough basement surface, shorter length and
probable flexural deformation at the southern end make
comparison difficult. Ideally the basement topography
would be averaged over wider areas of the margin in
order to filter out short wavelength features created by local
faulting, but this is not practical unless many seismic
profiles were available to be interpreted. Averaging the
margin profile is preferred because we wish to compare the
overall slope of the margin in different places and the model
profiles, which are necessarily smooth. In Fig. 13 we
highlight the tie points which we consider to best represent
the gradient of the margin without being strongly affected
by local block faulting, although the choices of such tie
points are not unique.

The bathymetry in Fig. 2 provides a general guide to how
modern lower crustal viscosity varies because areas of low
viscosity and high heatflow are unable to support steep
topographic gradients over geological time-scales. In this
case, the steep margin slopes south of Hainan contrast with
the gentle slopes towards the east, suggesting more viscous
lower crust under Hainan than in the main PRMB, Indeed
the very existence of Hainan, representing a body of unrifted
crust in a region where equivalent crust to east and west
along the margin is extended, is suggestive of a more rigid
block in an environment of otherwise more fluid lower crust.

Estimates of the lower crustal viscosity during rifting can
be assessed by looking at the long-wave length slope to the
basement topography. While faulting generates many small
wavelength sub-basins that are not predicted by the
viscosity model, the overall slope of the basement between
the landward structural high and the unfaulted outer rise in
the PRMB does permit the effect of lower crustal viscosity
to be determined. Mirroring the overall topography of the
seafloor, the western South China margin basement shows
steeper slopes and thus higher viscosities of 10~10*' Pa s.
In the central and eastern South China margin, and the
Dangerous Grounds, viscosities are much lower and range
between 10'® and 10'° Pa s. This is a relatively low figure,

comparable to the 10'® Pa s estimated by Clark and Royden
(2000) for the eastern margin of the Tibetan Plateau. This
result is compatible with the model of a weak lower crust to
the South China Margin derived from the subsidence
modeling, discussed above. Furthermore, it suggests that
South China Margin should be considered as part of larger
system of weak lower crust that underlies much of Tibet and
southern China.

8. Conclusions

Forward modeling of basin geometry based on the
faulting in the brittle upper crust alone on the South China
and Dangerous Grounds conjugate margins is incapable of
reproducing the observed basement topography. Present-
day flexural deformation of the Dangerous Grounds into the
Palawan Trough indicates modern values of 7. not
exceeding 10 km, while a T, of 13 km is preferred for the
South China Shelf close to Taiwan (Lin & Watts, 2002).
Flexural rigidity is presumed to have been less during active
extension, prior to ~25 Ma. Whatever value of T, is used
the uniform extension assumption within the extension
model used here means that forward models of both margins
do not predict sufficient subsidence to match observations
on either conjugate margin, especially towards the COT.
This prediction does not change even if faulting below the
resolution of seismic techniques is accounted for. Our
results demonstrate preferential extension of the lower crust
on both margins extending as much as 80 km from the COT,
especially in the eastern part of the South China margin and
under the Dangerous Grounds. Lower crustal thinning by
flow from over both conjugate margins towards the oceanic
crust of the South China Sea is predicted. This flow must
have taken place just prior to and during the offset of
seafloor spreading. The low overall modern slope of the
South China Sea passive margin and its pre-rift basement
implies that lower crustal viscosities are low and were low
during continental break-up (10'® and 10'® Pa s), except in
the region of Hainan Island. The western South China
margin represents a harder viscous block within a region of
weak, flowing lower crust. Thus the South China Sea can be
seen to be part of a greater weak crustal zone in eastern Asia,
forming an offshore extension of the crustal flow docu-
mented on the eastern flank of the Tibetan Plateau.
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