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Abstract

Continental rifting in the South China Sea culminated in seafloor spreading at ~30 Ma (Late Oligocene). The basin and associated margins
form a classic example of break-up in a relatively juvenile arc crust environment. In this study, we documented the timing, distribution and
amount of extension in the crust and mantle lithosphere on the South China Margin during this process. Applying a one-dimensional
backstripping modeling technique to drilling data from the Pearl River Mouth Basin (PRMB) and Beibu Gulf Basin, we calculated
subsidence rates of the wells and examined the timing and amount of extension. Our results show that extension of the crust exceeded
that in the mantle lithosphere under the South China Shelf, but that the two varied in phase, suggesting depth-dependent extension rather than
a lithospheric-scale detachment. Estimates of total crustal extension derived in this way are similar to those measured by seismic refraction,
indicating that isostatic compensation is close to being local. Extension in the Beibu Gulf appears to be more uniform with depth, a difference
that we attribute to the different style of strain accommodation during continental break-up compared to intra-continental rifting. Extension in
PRMB and South China slope continues for ~5 m.y. after the onset of seafloor spreading due to the weakness of the continental lithosphere.
The timing of major extension is broadly mid-late Eocene to late Oligocene (~45-25 Ma), but is impossible to correlate in detail with poorly

dated strike—slip deformation in the Red River Fault Zone. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Worldwide rifted margins have been classified into two
apparently distinct classes: (a) non-volcanic margins, such
as Iberia, Newfoundland and southern Australia, which 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 (e.g. Boillot, Beslier, Krawczyk, Rappin, &
Reston, 1995); and (b) volcanic margins, such as East
Greenland, Norway and NW Australia, with sharp COTs,
voluminous subaerially erupted basalts, and thick bodies of
gabbro underplated to the base of the original crust (e.g.
Eldholm, Skogseid, Planke, & Gladczenko, 1995; Kelemen
& Holbrook, 1995).

On non-volcanic margins, the nature of extension is still
poorly understood, with debate continuing about whether
simple or pure shear models are more appropriate in
describing the deformation. On the Iberian continental
margin, for example, low angle detachment faults have
been invoked to explain the exposure of lower crust
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and upper mantle rocks close to the COT (e.g. Reston,
Krawczyk, & Hoffman, 1995). Extension along non-
volcanic margins has generally been viewed as an extreme
end-member of the style of extension observed in intra-
continental rift basins. However, in practice, the style of
deformation recorded along rifted margins is often at
odds with simple models for rift basins. Although the
McKenzie (1978) model of crustal extension by pure
shear explains much of the faulting and subsidence seen
in intra-continental rifts such as the North Sea, the same
cannot be said of the Early Cenozoic deformation associated
with break-up in the nearby Northeast Atlantic. In this area,
Cenozoic faulting is relatively modest, and contrasts with
dramatic Cenozoic post-rift subsidence (Clift & Turner,
1998; Joy, 1992). These observations are incompatible
with pure shear deformation, but might be explained by
proposing that such a margin is on the ‘upper plate’ of a
simple shear system, such as those found in the Basin and
Range Province of western North America (Wernicke,
1985). Unfortunately, simple application of that model to
rifted passive margins has lead to an upper plate inter-
pretation being applied to opposing margins of the same
basin, e.g. Galicia (Sibuet et al., 1995) and Newfound-
land (Krawczyk & Reston, 1995). Direct application of
the simple shear model does not appear to be appropriate

0264-8172/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0264-8172(01)00037-X



930 P. Clift, J. Lin / Marine and Petroleum Geology 18 (2001) 929-945

- 24°N
-\
o
' K S 29
; e
3 . \
- \O
i ‘ Zhu-& Zhu2 N
;4//, :c(::. 88+ 20t e 2 /
s _» BGD a2 N TN
Bel'AB- / 2311 o0 -Zhu_-D(ri/v\/\
x - -8H1 27074
£ 23-41 L\ .
\
O
(6
o

e\
18°

IN

108°

100 km

Fig. 1. Bathymetric map of the South China Shelf showing the location of the well sites considered in this study. Existing, deep-penetrating, seismic refraction
profiles (Nissen et al., 1995a) are shown as dashed lines. Water depths in meters.

in the rifted margin environment (Driscoll & Karner,
1998).

In this paper, we document the timing, distribution and
amount of extension in the crust and mantle lithosphere,
respectively on the South China Shelf and in the adjacent
Beibu Gulf Basin (Fig. 1). By doing so, we are able to
examine the patterns of strain accommodation of similar
crust in different extensional settings, intra-continental rift
and passive margin. Documenting the age of extension
furthermore allows the timing of deformation in the South
China Sea to be understood in the context of associated
tectonic events in East Asia.

2. Geologic setting

The South China Sea was formed by oceanic spreading
along a WSW-ENE axis during the Oligo-Miocene (Briais,
Patriat, & Tapponnier, 1993; Lu, Ke, Wu, Liu, & Lin, 1987;
Taylor & Hayes, 1980). 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; Sewell & Campbell, 1997). Consequently, the litho-
sphere extended during formation of the South China Sea
may have still been cooling towards an equilibrium state
after the end of arc magmatism. Although U-Pb dating of
the volcanic and intrusive rocks in Hong Kong (Davis,
Sewell, & Campbell, 1997) indicate that magmatic activity
ceased after 140 Ma, new “’Ar/*Ar ages of granites from
the Pearl River Mouth Basin (PRMB) now suggest that
some magmatism continued into the Late Cretaceous—
Paleocene (Lee, Lo, Chung, Lan, Wang, & Lee, 1999).
Thus, not more than ~80-90 m.y. of lithospheric cooling
had occurred after the end of subduction, prior to the
onset of extension. 80 m.y. is the time estimated for the
continental lithosphere to regain thermal equilibrium
(McKenzie, 1978). In this case, it is likely that rifting
affected continental lithosphere that was hotter and weaker
than equilibrium.

Propagation of oceanic spreading towards the WSW
resulted in a V-shaped area of oceanic crust bounded to
the east by an east-dipping subduction zone running N—S
from the Philippine island of Mindoro to Taiwan, and to the
west by the termination of the rift close to the southern end
of Indochina. Extension prior to seafloor spreading
increased towards the rift axis and resulted in a series of
tilted fault blocks within a zone that would become the
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COT. In addition, a series of sedimentary basins was
generated, each separated from the main rift axis by blocks
of less extended crust. The PRMB, which is the focus of this
study, is the largest such basin on the northern margin of the
South China Sea. Interpretation of magnetic anomalies
places the start of seafloor spreading at ~30 Ma (anomaly
11) and finishing at ~16 Ma (Briais et al., 1993). Extension
on the South China Margin appears to have ceased by 28 Ma
(Clift, Lin, & ODP Leg 184 Scientific Party, 2001; Wang
et al., 2000), shortly after the onset of seafloor spreading.

2.1. Origin of extension

It is still unclear what the driving mechanisms for the
regional extension in the South China Sea are. In one set
of models, the southern margin of the South China Sea (i.e.
Dangerous Grounds, Reed Bank, North Palawan Block)
would have been displaced southward relative to mainland
China and Indochina along a major N-S trending transform
zone near the Vietnam margin (e.g. Holloway, 1982; Liu,
Wang, Yuan, & Su, 1985; Taylor & Hayes, 1983) during
a phase of southward subduction under Borneo. Some
influence has also been attributed to northward subduction
beneath the Philippines, driving a backarc type of extension
in the overriding plate (Taylor & Hayes, 1980). Wheeler and
White (1997), however suggested that, because the crustal
thicknesses derived from subsidence modeling of well
dataand from gravity modeling were similar, then basin
formation could be broadly considered as having been
controlled by rift tectonics and that dynamically driven
subsidence due to subduction (cf. Lithgow-Bertelloni &
Gurnis, 1997) was not a factor in the South China Sea.

An alternative driving mechanism for extension favors
southeastward lateral motion of Indochina and Borneo rela-
tive to a fixed China block (Peltzer & Tapponnier, 1988;
Tapponnier, Peltzer, & Armijo, 1986). A variety of radio-
metric dating and paleomagnetic studies have attempted to
test this theory (e.g. Burchfiel et al., 1997; Cung et al., 1998;
Packham, 1996; Wang, Lo, Lee, Chung, & Yem, 1998),
and although many recent studies indicate that the amount
of offset during the time of South China Sea extension is
insufficient to be the primary driving mechanism, the link
between opening of the South China Sea and motion on
the Red River Fault system remains controversial (e.g.
Harrison, Leloup, Ryerson, Tapponnier, Lacassin, & Wenji,
1996; Leloup et al., 1993). Because the timing of India—Asia
collision, the start of strike—slip faulting and the start of
rifting are all poorly constrained, any proposed link is highly
conjectural.

Whatever the extension-driving mechanism, it is clear
that rifting of the South China margin is linked to the Late
Oligocene propagation of an oceanic spreading center
between two continental areas, the South China margin
and the conjugate Dangerous Grounds/Palawan margin.
The passive margin sediments that accumulated during the
rifting process are best studied in the PRMB, where they

have been sampled by numerous petroleum exploration
wells. The eastern South China Sea appears to have started
spreading during Chron 11 time (30 Ma; Briais et al., 1993),
with clearer propagating geometry further towards the
SW. Thus, we may consider the timing of extension and
seafloor spreading adjacent to the PRMB to be effectively
synchronous along its length.

The sediments of the PRMB are typically continental,
alluvial at the base, and show a deepening upward into
shelf siliciclastic sediments. Detailed biostratigraphic
work coupled with lithologic variation has allowed the
subdivision of the section into nine separate formations
(Su, White & Mckenzie, 1989), whose exact definition is
not important to the analysis presented here. Thin Maas-
trichtian sediments are present locally, succeeded by
continental alluvial Paleocene to Early Eocene siltstones
and sandstones. From Early to Middle Eocene, dark
lacustrine shales were deposited, followed by Early
Oligocene coal-bearing swamp and littoral plain sedi-
ments. Soon after the major extensional episode during
the Eocene—Oligocene, sedimentation became submarine
throughout the basin. Recent drilling at Ocean Drilling
Program (ODP) Site 1148 near the COT (Fig. 1) revealed
bathyal syn-rift sedimentation during the Late Oligocene
(Wang et al., 2000). Drilling on the Reed Bank identified
deep-water, clastic sedimentary rocks of pre-Middle Eocene
age (Taylor & Hayes, 1980), indicating that there was
significant pre-rift relief along a N-S axis.

2.2. Age control

Much of the sediment deposited on the shelf today is
derived from the Pearl River in the central part of the
shelf, or from the Red River in the westernmost areas,
although it seems likely that other larger rivers fed sediment
into the sea during the Cenozoic (Clift, Clark, Royden,
Burchfiel, & Whipple, 2000). Dating of the sediments is
well-constrained following marine transgression in the
Early Oligocene. Earlier ages within the syn-rift deposits,
however, are generally determined by palynological
methods, which provide a poorly defined Eocene—Oligocene
age. Consequently, the start and duration of the syn-rift
episode are not rigidly defined. The best date for the end
of active extension now comes from ODP Site 1148 on the
continental slope offshore the PRMB. Although the start
of rifting is not constrained here, reflection seismic and
sediment accumulation rate data suggest that active extension,
at least adjacent to the COT, was complete by ~28 Ma
(Wang et al., 2000).

3. Data sources

The subsidence analysis performed in this study is based
on well data from across the South China Shelf and Beibu
Gulf (Fig. 1). These data were released for research by
agreement with the Chinese National Offshore Oil
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Fig. 2. Cross section through the PRMB in the region of densest well coverage, showing the well developed shelf basin separated from the slope by a major

structural high.

Company (CNOOC) and BP (BP Exploration Operating). A
single multichannel seismic profile is provided here to
demonstrate the overall structure of the PRMB in the region
of greatest well coverage (Fig. 2). The most notable feature
is the presence of a large structural high between the PRMB
and the outer continental slope. The profile was interpreted
from a 96-channel seismic reflection survey that covers the
entire continental shelf.

The stratigraphy on the South China margin is
constrained by 30 wells for which lithologic and biostrati-
graphic data was also released. Twenty-one of the wells
penetrated to crystalline basement, while the remainder
bottoming in syn-rift alluvial clastic sediments of
Eocene—Oligocene age. Results from four wells, Bei-A,
Bei-B, Zhu-5 and Zhu-7, are derived from the work of Su
et al. (1989), and eight others located in the Beibu Gulf
Basin west of Hainan Island (Fig. 1) from the study of
Webb (1992). The original well data were not available
from these 12 wells. When determining ages for the sub-
sidence analysis described below, we follow the time scale
of Berggren, Kent, Swisher and Aubry (1995), using the
nannofossil and foraminiferal zone determinations from
well logs at each of the sites considered.

4. Subsidence analysis of well data

The drilled section at 30 wells on the South China Shelf
provides a unique data set from which tectonically induced
subsidence of the basement can be quantified by the tradi-
tional one-dimensional backstripping method. The residual
subsidence history of the basement, which is obtained
after correcting for the loading effect of the sedimentary
overburden, reflects different stages of the rifting process
(Sclater & Christie, 1980). Syn-rift subsidence represents
the difference between the basement subsidence due to
crustal thinning and uplift due to lithospheric mantle
thinning (Royden & Keen, 1980). In contrast, the post-rift
thermal subsidence generally reflects only the cooling and
thickening of the mantle lithosphere, although in cases of

high extension, heating and cooling of the lower crust may
also be a significant factor in driving post-rift subsidence.
By isolating and quantifying the amount of syn-rift and
post-rift subsidence respectively, estimates can be made of
both the mantle and whole crustal extension factors (Royden
& Keen, 1980).

A numerical backstripping method was used by which the
vertical motion of the basement at a given drill site was
tracked through time, while accounting for the loading
effects of sediment, as well as fluctuations in the global
eustatic sealevel (Sclater & Christie, 1980). The second
order sealevel reconstruction of Haq, Hardenbol and Vail
(1987) was used, despite ongoing controversy related to the
timing and especially magnitude of sealevel fluctuations.
Sealevel variability determined from isotopic studies (e.g.
Miller, Mountain, & Tucholke, 1985) is only about one third
of the magnitude estimated from sequence stratigraphy by
Haq et al. (1987). Consequently, our reconstruction may
overestimate the influence of falling sealevels, which
would result in overestimates of the amount of tectonic
subsidence. Because this change is over a long time period,
a poor correction for sealevel will affect the estimate of
the post-rift thermal subsidence more than the short-lived
syn-rift subsidence. The result of using Haq et al.’s (1987)
reconstruction may be to overestimate the amount of mantle
extension, which is the primary control on thermal sub-
sidence. Since mantle lithosphere extension alone produces
syn-rift uplift, the amount of crustal extension estimated
will also increase because additional extension will be
needed to balance the mantle driven uplift and match the
total amount of subsidence observed. The net effect of a
poor sealevel correction is to increase extension but not to
influence the relative amounts of crustal versus mantle
extension.

Although water depth is accounted for in the analysis, the
basement at each well is not unloaded for water. Recon-
structions are presented as water-filled basins in order to
allow direct comparison with the models of McKenzie
(1978) and Royden and Keen (1980). The input data were
lithology, age, and paleo-water depth, all of which were



P. Clift, J. Lin / Marine and Petroleum Geology 18 (2001) 929-945 933

ODP Site 1148
Porosity (volume %)

10 100
or —
200 |
2 400fF
£ C
= [
= C
] [
(@] L
600 F
Sclater and Christie E
800 F (1980) _

Fig. 3. Comparison of in situ sediment porosity determined by borehole
geophysical logging methods at ODP Site 1148 (Wang et al., 2000)
compared to the model prediction of Sclater and Christie (1980) based on
data from wells in the North Sea.

estimated by CNOOC and BP contractors and recorded on
standard oil industry well logs. There is no reason to
suppose that the quality of these data is poor, although
these data cannot be readily verified. Each log provides
an array of foraminifer and nannofossil, and sometimes
palynological biostratigraphic data and was converted to a
numerical age using the scheme of Berggren et al. (1995).
The greatest uncertainties lie in the use of palynology for the
predominantly continental syn-rift sediments, where nanno-
fossils and foraminifers are absent. The age assignments
based on these are often poor and consequently the duration
of rifting is often not well constrained. Since marine
transgression occurred quickly after break-up, the age of
the end of rifting is best known.

The physical parameters of each sediment type, in terms
of density, porosity and compaction characteristics, were
taken from Sclater and Christie (1980), based on measure-
ments from the North Sea basin. Although there is only
modest variability in the compaction of sandstones with
depth, shales may depart significantly from the predictions,
especially at shallow depths and if they become over-
pressured (Falvey & Middleton, 1981). Fortunately, in situ
borehole geophysical logging data from ODP Site 1148 on
the South China slope now show that the muddy sediments

in this region do follow closely the compaction history
predicted by Sclater and Christie (1980). Fig. 3 shows that
the only significant deviation between porosity data and
model are in the thin uppermost stratigraphic levels and at
the level of the break-up unconformity in Hole 1148A
(Wang et al., 2000). In the latter case, the discrepancy is
related to the presence of deformation below the unconfor-
mity and to an unusual major slump unit overlying. Under
normal burial conditions, the sediments of the South China
margin appear to follow the Sclater and Christie (1980)
model closely.

4.1. Isostatic equilibrium

The one-dimensional backstripping method developed
by Sclater and Christie (1980) assumes local isostatic
compensation that is a reasonable approximation only
where the lithosphere is weak, or where the applied sedi-
ment load is widely and evenly distributed. Studies of
extensional sedimentary basins such as the North Sea (e.g.
Barton & Wood, 1984) have indicated that the lithosphere
beneath sedimentary basins is very weak (effective elastic
thickness <5 km) during the rifting and early post-rift
period. Karner and Watts (1982) showed that the rifted
continental crust of the Coral Sea and Lord Howe Rise
still only has an elastic thickness of 5 km, even though
rifting was completed at 60 Ma. In a backstripping and
forward modeling study of the Gabon passive margin of
west Africa, Watts and Stewart (1998) demonstrated that
low effective elastic thicknesses (7, < 10 km) provided
the best match to the observed stratigraphy during the rift
and early post-rift periods. Thus it is likely that a young
passive margin such as South China had and still retains a
low flexural rigidity.

Data from South China Sea now show that this area is also
weak and consistent with other rifted margins. Seismicity
under the South China Shelf is now shallower than ~15 km
(Harvard Catalogue), again suggestive of low strength
(ductile rheology) in the lower crust and mantle lithosphere
(Maggi, Jackson, McKenzie, & Priestley, 2000), contrasting
with strong cratons with deep earthquakes and high T,
(Foster & Jackson, 1998). Although flexural rigidity
measurements in the East Africa rift show much higher
T, (Ebinger, Bechtel, Forsyth, & Bowin, 1989; Petit &
Ebinger, 2000), this system located within a craton is an
inappropriate analogue to an arc rift setting. South China
Sea is likely more similar to the modern Gulf of California
or the Woodlark Basin. The Maastrichtian—Paleocene
magmatism under the PRMB that shortly pre-dates rifting
(Lee et al., 1999) require that the lithosphere would have

Fig. 4. Sediment-unloaded, tectonic subsidence reconstructions for the basement of the South China Shelf at a series of petroleum exploration wells. Basement
depths are calculated using the backstripping routine of Sclater and Christie (1980). Vertical heights of the bars show the uncertainties in the paleo-water depth
of deposition. Poorly constrained age assignments, usually palynology-derived, are marked by question marks. Gray-shaded regions show the interpreted
active rift periods. Vertical dashed lines are epoch boundaries from the timescale of Berggren et al. (1995). All wells penetrate to pre-rift crystalline basement

unless marked ‘Basement not penetrated’.
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been thermally young and weak during Oligocene break-up.
Furthermore, although the upper mantle is generally strong
in oceanic lithosphere, in continental arc settings, it is likely
to be very weak because of the abundance of water, whose
presence would be expected to dramatically lower the
viscosity and thus strength (Hirth & Kolhstedt, 1996). The
total effect is to concentrate strength in the South China
margin upper crust, closely approximating the local isostatic
balance required by the one-dimensional method.

Two dimensional flexural modeling of the subsidence in
the PRMB has demonstrated that flexural rigidity during
rifting must have been low to account for the narrow and
deep geometries of the sub-basins within the shelf (Fig. 2).
T, estimates of 5 km or less were found most appropriate for
modeling these basins (Clift et al., 2001). One important
conclusion derived from the two dimensional modeling
was that extension of the crust was strongly partitioned
between the brittle faulted upper crust and a ductile lower
crust, that was preferentially lost. Consequently, measuring
extension across seismically imaged faults is not a good
measure of total crustal extension, which must rather be
derived from the accommodation space created. Drilled
sections are an effective way of accurately measuring this
space. The detachment between lower and upper crust
contrasts with the situation in rifts located within cratonic
lithosphere where anomalies between subsidence predicted
from faulting and that measured in structural profiles is
negligible (e.g. Gulf of Suez; Steckler, Berthelot, Lyberis,
& Le Pichon, 1988).

4.2. Paleo-water depths

Estimates of paleo-water depth are often a significant
source of uncertainty when attempting backstripping sub-
sidence analysis. On the South China shelf, however, most
of the wells now lie in around 100 m of water. Well logs
show continental or shallow marine facies throughout the
column, constraining water depths to no more than 200 m,
since the end of rifting. Uncertainties in the elevation of
continental sediments are higher because there is no upper
bound known. However, comparison with modern rift
systems (e.g. Gulf of Suez, Gulf of Corinth) suggests that
the elevation of syn-rift basins is rarely more than ~200 m
above sealevel, a suggestion supported by the transgression
of marine sediments over even the fault block highs shortly
after the end of extension (see below). With such high
resolution data, the uncertainties introduced from this
source are minor in sediment columns typically 2—-3 km
thick, thus allowing the restored level of the basement to
be accurately determined.

5. Results of backstripping

The results of the backstripping analysis are shown in
Fig. 4 (South China Shelf) and Fig. 5 (Beibu Gulf). The
interpreted crust and mantle extension factors are presented

Table 1
1-D backstripping results from wells in the PRMB

South China Shelf wells Oligocene Mid Miocene

B2 Crust B2 Mantle B3 Crust 33 Mantle

Baodao 6-1-1 1.28 1.36 - -
Yangjiang 21-1-1 <1.21 >1.33 1.04 1.04
Yangjiang 23-1-1 <1.23 >1.36 1.04 1.04
Yangjiang 23-2-1 1.27 1.32 1.03 1.03
Kaiping 9-1-1 <1.36 1.6 - -
Kaiping 1-1-1 <1.34 >1.57 - -
Panyu 27-1-1 1.34 1.43 1.05 1.05
Panyu 27-2-1 1.38 1.41 1.07 1.07
Panyu 33-1-1 1.38 1.38 1.08 1.08
Zhu D 1.35 1.44 1.05 1.05
Enping 18-3-1 1.30 1.30 1.04 1.04
Hanjiang 15-1-1 1.02 1.21 - -
Enping 17-3-1 1.30 1.25 1.03 1.03
Enping 12-1-1 1.33 1.34 1.04 1.04
Zhu-1 1.21 1.25 - -
Zhu-2 1.28 1.37 - -
Zhu-4 1.29 1.33 - -
Zhu-5 1.28 1.30 - -
Zhu-C 1.38 1.48 1.05 1.05
Zhu-7 1.48 1.54 1.05 1.05

in Tables 1 and 2, respectively. At each well, the subsidence
history was split into a number of discrete extensional
events, marked by a significant steepening of the tectonic
subsidence rate. Extension of the continental crust results in
short-lived, often rapid syn-rift subsidence and a longer
lasting increase in the rate of the thermal subsidence.
Provided the age resolution of the stratigraphy is sufficient,
these events should be apparent in the reconstructed
basement subsidence history, if they are not clear from the
seismic profiles through the well sites. Syn-rift sequences
identified in seismic profiles (Fig. 2) show a fanning pattern
against the active fault scarp. In order to highlight changes
in the rate of tectonic subsidence, we join each dated
subsidence control point at its mid point to provide a visual
image of the vertical motion of the basement through time
(Figs. 4 and 5).

Table 2
1-D backstripping results from wells in the Beibu Gulf

Beibu Gulf wells ~ Paleocene—Eocene Oligocene
B1 Crust B1Mantle B2 Crust (2 Mantle

Bei-A 1.31 1.31 - -
Bei-B 1.35 1.37 - -
BG-A 1.36 1.36 1.24 1.23
BG-B - - 1.17 1.19
BG-C - - 1.43 1.43
BG-D - - 1.21 1.25
BG-E 1.1 1.1 1.29 1.21
BG-H - - 1.45 1.61
BG-1 - - 1.235 1.27
BG-J 1.24 1.3 1.09 1.06
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Fig. 5. Sediment-unloaded, tectonic subsidence reconstructions for the basement in the Beibu Gulf.
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For most wells on the South China Shelf, three rifting
episodes are noted at 45-55, 45-25 and ~12-14 Ma, with
the second being generally the larger. At two wells Kaiping
1-1-1 and Panyu 33-1-1, an additional event at 5 Ma was
recognized. In Beibu Gulf, the extensional event at 55 Ma is
seen to dominate. Due to the poor dating of syn-rift deposits,
it is not possible to demonstrate a time transgressive nature
to the rifting, which may have been synchronous along
the margin. Rifting was mostly completed by 25 Ma in the
PRMB, shortly after the proposed onset of seafloor
spreading in the adjacent basin (Briais et al., 1993), and
close to the inferred 28 Ma break-up unconformity at
ODP Site 1148 (Clift et al., 2001). Extension in the Beibu
Gulf also appears to have continued at least locally until
~25 Ma. Following the cessation of spreading at ~16 Ma,
the margin experienced a later minor extensional phase
(B=1.03 — 1.08) that caused some reactivation of older
fault lineaments, and a small amount of subsidence,
recorded as a minor increase in the rate of basement
subsidence at ~12-14 Ma. Localized minor deformation
starting at 5 Ma may extend to the present day, manifest
as slight offsets of the seafloor by reactivated faults.

5.1. Estimating mantle extension

Because we are trying to assess the applicability of simple
versus pure shear models for margin extension, we cannot
assume that crustal and lithospheric mantle extension are
equal (cf. McKenzie, 1978). Instead, we shall determine
whether uniform extension is appropriate by independently
determining crustal and mantle extension. Mantle extension
beneath each well is estimated from the equations of
McKenzie (1978) based on the rate of tectonic subsidence
after the cessation of active rifting. Models of instantaneous
extension predict a significant slowing in the rate of sub-
sidence at the end of active rifting, which may be recognized
on reconstructed subsidence histories or from interpretation
of growth faulting on seismic profiles. On the subsidence
reconstructions presented in Figs. 4 and 5, each extensional
event is numbered 1, 2, 3 or 4. We denote event 1 to be
rifting during the Paleocene—Eocene, event 2 in the
Eocene—Oligocene, event 3 in the mid Miocene, and
event 4 to be late Miocene—Pliocene. Where seismic data
is lacking and no strong changes in subsidence rates are
apparent, then the division between syn-rift and post-rift
periods is likely to be subjective. This is probably the single
greatest uncertainty encountered in estimating mantle
extension.

Interpretation of reconstructed subsidence histories in
terms of an instantaneous rift episode is clearly only an
approximation, given that the observed syn-rift sedi-
mentation probably continued for 10-15 m.y. Jarvis and
McKenzie (1980) demonstrated, however, that for rifting
events of duration less than 20 m.y., the assumption of an
instantaneous rifting event does not introduce significant
errors into the calculation of mantle extension from the

post-rift subsidence. In any case, since the duration of
extension is only poorly known from the palynology of
the syn-rift sediments, it is simply not feasible to accurately
correct for lithospheric cooling during active extension.
Consequently, this approximation was used in determining
extension factors. In practice, this assumption has yielded
results that are compatible with other independent data sets
(e.g. igneous geochemistry, seismic refraction data). As
noted below, total crustal extension estimates from the
PRMB are close to those determined by seismic refraction
methods (Nissen, Hayes, Bochu, Weijun, Yongqin, &
Xiaupin, 1995a,b).

Fig. 6 shows an idealized subsidence history to demon-
strate how the amount of mantle extension is determined. In
the case of simple one stage extension, the degree of mantle
lithospheric thinning is derived from the amount of sub-
sidence (h,) that has occurred in time 7, since the cessation
of active extension. The amount of subsidence during active
extension (h;) is controlled by both mantle and crustal
extension. The degree of crustal extension can be extracted
once the mantle extension has been determined from the
amount of post-rift subsidence. In the case of two or more
rifting events (Fig. 6(B)), the amount of mantle extension in
the first event is calculated in the same fashion, i.e. from the
amount of subsidence (h,) that has occurred in time 7.
However, the amount subsidence that occurs following the
second rift event reflects not only the subsidence induced by
extension during that second event, but also residual mantle
thinning from the first event. Thus the amount of mantle
extension during the second rift event reflects the amount
of extra subsidence, hs — h5 (i.e. the difference between the
total amount of thermal subsidence following the end of the
second rifting event and the amount of thermal subsidence
that would be predicted to have occurred during that period
if the second event had not occurred), recorded during time
T, (Fig. 6(B)).

5.2. Estimating crustal extension

The crustal extension during any given extensional event
can be determined through quantifying the total amount of
subsidence during the syn-rift period, assuming instan-
taneous rifting. We also assume that all post-rift subsidence
is thermally driven, following the models of McKenzie
(1978) and Royden and Keen (1980). In the simple, single
stage extension example (Fig. 6(A)) the amount of syn-rift
subsidence (k) reflects the net effect of subsidence due to
crustal thinning and a local, instantaneous isostatic response
and uplift due to thinning of the dense mantle lithospheric
root. Because the amount of mantle lithospheric extension
can be estimated from the rate of post-rift thermal sub-
sidence, as shown in Section 5.1, we can estimate the
amount of uplift that this would have caused at the time
of rifting. Consequently, the difference between the
predicted uplift and the measured subsidence must be
caused by crustal extension, which can then be estimated
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Fig. 6. Schematic subsidence reconstruction showing how the mantle and crustal extension factors are calculated for: (A) a single rifting event, and (B) in the

case of a second event.

by assuming local isostatic equilibrium. In cases where
extension follows an earlier extensional event (Fig. 6(B)),
the additional mantle extension is calculated in the manner
discussed above, and the same procedure is repeated
using the observed syn-rift subsidence during the second
event (hy).

5.3. Middle Miocene extension

Water depth estimates are a minor concern in estimating
crustal extension on the South China Shelf for the Oligocene,
but are significant for the Mid Miocene (event 3:
~12-14 Ma) and for the Late Miocene—Pliocene (event 4;
~5 Ma). The subsidence reconstructions normally show
event 3 to be associated with a drop in unloaded basement
level of 100-200 m, similar to the degree of water depth
uncertainty. As a result, the uncertainty in estimating exten-
sion during event 3 is large, although we can confidently
constrain the maximum extension to be small, <10%. The
same is true of event 4, where the amount of subsidence is
even smaller and extension can only be loosely defined as
being close to 2% at Kaiping 1-1-1 and Panyu 33-1-1
(Fig. 1). The slight increases in thermal subsidence rate
caused by events 3 and 4 are beyond the resolution of the
water depth uncertainties, so that the mantle extension
cannot be meaningfully estimated. Consequently, we opt
to treat events 3 and 4 as a uniform extension episodes,
whose magnitude is estimated solely from the amount of
syn-rift subsidence.

5.4. Interpretation of structural setting

When interpreting the reconstructed subsidence histories
for each well, it is necessary to consider its structural
position because wells situated on the hanging wall of a
fault block will tend to show more syn-rift sedimentation
than those on the footwall (Sawyer, 1986). Even when
flexural rigidity is low, it has been shown that faulting
will have significant effect on the sedimentation history at
a given site (e.g. Kusznir & Egan, 1989), in contrast to the
simplified pure shear model of McKenzie (1978). On
the other hand, post-rift thermal subsidence will tend to be
similar for wells on the footwall and hanging wall because
the mantle lithosphere deforms over long wavelengths.

Drilling at Panyu 27-1-1 and 27-2-1 (Fig. 1) shows that,
despite being situated close together, these wells have quite
different stratigraphies and thus reconstructed subsidence
histories. Panyu 27-1-1 is located on the footwall of an
apparent normal fault and has only accumulated post-rift
sediments since ~25 Ma. In contrast, well Panyu 27-2-1
is located on the edge of the hanging wall and penetrates
some, but not the maximum thickness, of the syn-rift
stratigraphy (Fig. 7). The basal part of the section drilled
at Panyu 27-2-1 has been lost due to faulting. The hiatus at
Panyu 27-1-1 during rifting may reflect subaerial erosion at
that time followed by transgression after the cessation of
extension. The post-rift period at Panyu 27-1-1 is not
preserved in its entirety because of the finite period of
time between the end of rifting and transgression of the
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Fig. 7. Interpreted cross sections of multichannel reflection seismic data at the location of wells Panyu 27-1-1 and 27-2-1. Panyu 27-1-1 is located on the
footwall to a major normal fault so that the well does not penetrate syn-rift sediment. In contrast, well 27-2-1, which is located off the crest of the fault block

does cut some of the interpreted Eocene—Oligocene syn-rift.

fault block, although this is short. Thus, estimates of the
mantle extension based on the rate of post-rift subsidence
at Panyu 27-1-1 will tend to underestimate the degree of
extension because the record of the earliest and most rapid
phase of subsidence is missing. However, the well, like
many on the South China margin, penetrated pre-rift crystal-
line basement, so that no errors are introduced due to
compaction of sediment beneath the base of the drilled
section. Seismic data suggests that, although Panyu 27-2-1
did not penetrate basement, it did sample a significant part
of the section. Fig. 7 shows that a complete syn-rift section
is located away from the fault that cuts out the basal part
below the drilled section. If this complete section had been
drilled, then a higher value for crustal extension would have
been derived. Seismic data demonstrate that very little of the
post-rift cover seen at Panyu 27-2-1 is missing at 27-1-1
(Fig. 7), so that the estimate of mantle extension derived
from the preserved cover is close to the real value.

The observation that the tops of fault blocks are
submerged soon after the end of active rifting if an impor-
tant one. It demonstrates that none of the rift system was
elevated far above sealevel during active deformation. The
fact that the syn-rift fill in the basin was continental and was
then transgressed just before the adjacent fault blocks and
just after the end of active extension suggests that the rift
basins were almost full of sediment at that time. This is
important because the method of estimating -crustal
extension described above is principally dependant on the
thickness of the syn-rift section. Unfilled accommodation

space would lead to significant underestimates of crustal
extension, but the seismic data indicate that this is not likely
to be a major issue in the PRMB, especially for those basins
close to the coast. The same is not true for the continental
slope.

A minimum value of mantle extension during event 2 at
Panyu 27-1-1 can be established at ,,nqc = 1.43, where 3
is defined by the ratio of mantle thickness prior to extension
to that after extension. This value is somewhat less than, but
consistent with, the peak values of B,,,0c = 1.8 reported by
Su et al. (1989) for a pseudo-well in the basin center, i.e. one
that does take into account the full syn-rift sequence. The
Buantle €Stimate in turn can be used to estimate a maximum
value of crustal extension at B, = 1.34, based on the
degree of extension needed to provide a space for the
preserved volume of syn-rift sediment. The subaerial
exposure at Panyu 27-1-1 implies that the uplift generated
by mantle thinning and footwall uplift was at least as great
as the subsidence caused by crustal thinning. Otherwise, the
basement would have subsided below sealevel, resulting in
sedimentation rather than the hiatus seen. The initial phase
of rapid Eocene sedimentation and subsidence at Panyu
27-2-1 can be interpreted as a syn-rift episode, which
was interrupted by a hiatus. The lack of initial post-rift
subsidence is not predicted by a simple rift model but can
be explained if Panyu 27-2-1, which is in the hanging wall
of the first normal fault, was later uplifted due to motion on a
second normal fault on which Panyu 27-2-1 is located in the
footwall.
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6. Discussion
6.1. Subsidence in Pearl River Mouth Basin

The combined seismic and well data allow us to limit
major extension in the PRMB to prior to 25 Ma. Many of
the wells show renewed, mild extension at 12—14 Ma,
which may correlate in part with the observed reactivation
of faults, disrupting the main post-rift sequences (Fig. 7).
The amount of this extension ranges 3-8% (B=
1.03 — 1.08), based on uniform pure shear models (e.g.
McKenzie, 1978) and does not significantly perturb the
rate of post-rift subsidence. The even smaller and spatially
limited extension event 4 seen at 5 Ma at Kaiping 1-1-1 and
Panyu 33-1-1 also has little effect on the overall subsidence
history, but can be related to a phase of dextral strike—slip
shearing along this margin recognized by Chamot Rooke
and Le Pichon (1999) and Wilson, Rais, Reigber, Reinhart,
Ambrosius and Le Pichon (1999). This deformation appears
to be related to motion the right-lateral Red River Fault and
was initiated at this time, continuing to the present day, so
explaining the slight deformation of very young sediments,
or even the seafloor, around some faults (e.g. Fig. 7). This
deformation does not generate significant accommodation
space or sharply increase thermal subsidence rates across
the basin and thus does not introduce significant errors into
our subsidence calculations.

The identification of late stage motion on pre-existing
faults seen in reflection seismic profiles confirms that
some extension post-dated the main rift phase. Sedimenta-
tion in the central PRMB, and especially on the slope, was
more rapid after 12 Ma, which could account for some of the
observed basement subsidence, shown in the reconstructed
histories. This is because the sediment can act as a load,
depressing the margin landward of the depocentre.
Although sediment loading at any given well is corrected
for, apparent tectonic subsidence could occur if compensa-
tion was not perfectly local and isostatic and if the margin
was loaded heavily on the slope. However, since flexural
rigidity is low in South China, it is unlikely that such a load
could depress the shelf to a significant extent. In any case,
loading cannot account for the rapid steps in the recon-
structed tectonic subsidence history. Rapid sedimentation
after 12 Ma postdates the onset of enhanced subsidence at
14 Ma and pre-dates the event at 5 Ma, and would cause a
gradual increase in subsidence as the size of the sediment
load built up. This contrasts with the well-defined rapid
steps in the subsidence history that could only be accounted
for by a rapidly emplaced load or by tectonic extension.

Estimates of whole crust and mantle lithospheric
extension prior to continental break-up across the South
China Shelf are shown in Fig. 8. Several features of the
deformation are noteworthy. The calculated extension of
both crust and mantle increases towards the shelf edge,
but is also high in the center of the PRMB, as sampled by
Zhu-C, Zhu-5, Zhu-7 and Enping 12-1-1. Maximum whole

crustal extension at any given place in the PRMB is
estimated to be greater than 48%, based on the modeling
of the reconstructed subsidence histories, as discussed
above. This is compatible with an earlier study by Su et al.
(1989), Westaway (1994) and Wheeler and White (1997)
who estimated total crustal extension in the center of the
PRMB of the South China Shelf to be 80%. Nissen et al.
(1995a) obtained a similar value from seismic refraction
data. On a regional scale, B 1s typically smaller than
Bmante- This observation is an important clue that uniform
pure extension is not operating in the formation of the South
China margin, in contrast to the earlier conclusions of Su
et al. (1989) and Wheeler and White (1997). At the simplest
level, our result from the one dimensional backstripping
on the South China Shelf would be compatible with the
location of this area on the upper plate of a simple shear
system, but could be caused by depth dependent extension
of the style proposed by Driscoll and Karner (1998).

The continuation of continental extension to 25 Ma after
the onset of seafloor spreading at 30 Ma along the South
China Margin is an important new observation. It has a
direct analogue in the Woodlark Basin of the Solomon
Islands where active extension continues after the passage
of the well-defined spreading axis (Goodliffe, Taylor, &
Martinez, 1999; Mutter, Mutter, & Fang, 1996). In this
area, extension is also affecting a region that had been an
active magmatic arc in the recent past, and is flexurally
weak. Such a situation is not known in rifts located within
strong cratonic crust, such as the Red Sea, whose margins
are too strong to distribute strain over broad areas, but which
favor focusing this along spreading axes.

6.2. Subsidence in Beibu Gulf

Wells from the Beibu Gulf show different subsidence
histories to those in the main part of the South China
Shelf. Based on the dates of Su et al. (1989), the extension
near these wells pre-dates that on the South China Shelf.
Although the onset of rifting is not well defined, the end of
rifting interpreted from a decrease in the rate of basement
subsidence seen at Bei-B is much older (~43 Ma) than
the estimate for the wells on the shelf. At each of the
Beibu wells, the inferred crust and mantle extension are
approximately similar, suggesting that a uniform mode of
extension was operational in this region. Extension lasted
for ~15 m.y. and resulted in 30-37% of extension (3 =
1.30-1.37), less than the highest extension factors seen in
the central PRMB.

7. Conclusions

The principle conclusion of the backstripping study
undertaken here is that in the PRMB mantle extension
exceeded crustal extension prior to the onset of seafloor
spreading. However, the same is not true of the Beibu
Gulf Basin, where extension is closer to being uniform.
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Fig. 8. (A) Map showing variations in crustal extension determined from one-dimensional backstripping of wells in the PRMB, immediately prior to the onset
of seafloor spreading at 30 Ma. (B) Variations in mantle extension () derived from the observed rates of thermal subsidence since 28 Ma.

This pattern suggests that the mode of extension during margin would be needed to demonstrate that a simple
intra-continental extension is different from that operating shear system, of which the PRMB formed the upper plate,
during continental break-up. A similar study would be was not operating here. However, although they are not the

required on the conjugate Palawan—Dangerous Grounds same magnitude, it is noteworthy that there is a correlation
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between increasing and decreasing mantle and crustal
extension. This pattern is not compatible with a simple
detachment system, but is more suggestive of a depth-
dependent extension mechanism. The apparent uniform
preferential loss of lower crustal material on both sides of
the Nan Con Som Basin located ahead of the propagating
rift tip in the SW corner of the basin (Fig. 1) further argues
against the application of a simple shear model to this
system (Clift et al., 2001)

The good agreement between crustal extension estimates
derived from seismic refraction studies in the PRMB
supports our conclusions and furthermore indicates that
the local isostatic compensation assumption must be close
to being correct in this area.

Early Paleocene rifting is documented in the Beibu Gulf
and the PRMB, but is followed by stronger Oligocene
extension in the latter prior to continental break-up. The
timing of rifting is poorly constrained over much of the
basin (~45-25 Ma) and makes a detailed and convincing
correlation with either the poorly dated age of India—Asia
collision (Rowley, 1996) or the onset of strike—slip
faulting along the Red River Fault (e.g. Harrison et al.,
1996) impossible.
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