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Abstract

We develop a series of simple numerical models to explain the anomalous subsidence and deposition phenomena on the
northern continental margin of the South China Sea, in particular in the Baiyun Sag. The results suggest that a short-period high
rate deposition of around 17 Ma is related to a rapid subsidence event, which may be due to episodic emplacement of a dense
intrusion. Necking and gravity models indicate that in the basement of the Baiyun Sag, there is a dense zone that is 100-200 kg/
m® more dense than the surrounding country rock. Considering its high magnetic intensity and regional igneous activity, the
dense zone is thought to be related to a phase of basalt intrusion that may have taken place around 17 Ma. Thermal and
subsidence models indicate that a hot denser intrusion can cause significant subsidence immediately after the intrusion. The
subsidence rate then slows down with cooling, thus becoming consistent with the observed subsidence curves at around 17 Ma.
The results also indicate that the lithospheric strength under the Baiyun Sag is negligible, and that the high-velocity layer in the
lowermost crust may be not an original part of the pre-rift crust. Instead, it is thought to be underplated intrusion emplaced at
around 30 Ma when the continental margin broke up.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ocean basins. These margins often experience large
subsidence and develop oil and gas bearing sedimen-

Passive continental margins are associated with tary basins filled with important amounts of sedi-
continental rifting and the subsequent formation of ments. For example, the largest sediment thickness is
more than 10 km offshore eastern northern America

* Corresponding author. Fax: +86 20 8445 1672. (Chian et al., 1995) and South China (Pang et al.,
E-mail address: xbshi@scsio.ac.cn (X. Shi). 2004). It is commonly accepted that the main factors
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Fig. 1. (a) Underplated intrusion causing surface uplift (Watts, 2001). (b) Extension model of dike intrusion into lithosphere (Royden et al.,
1980). (c) Dense intrusion into crust, causing extension, and/(or no) surface uplift and erosion (upper), followed by quick subsidence (bottom).

responsible for the subsidence of rifted basins are
crustal thinning, lithospheric cooling and sedimen-
tary loading (Watts and Torne, 1992). Though these
three factors play together a key role in the subsi-
dence of passive continental margins, other factors,
such as inelastic yielding caused by loading (Burov
and Diament, 1995), and emplacement of dense
bodies (magmatic or phase changes), may also play
an additional role.

In addition to sedimentary loading, magmatic
bodies that have been intruded into the crust during
the rifting and post-rifting phases may enhance or
weaken subsidence, depending on the density of mate-
rial they replace, and should be taken into account.
Watts (2001) argued that an underplated body below
crust would result in buoyancy-driven uplift because
of its lower density than mantle material (Fig. la).
Royden et al. (1980) suggested a model that considers
cracking of the continental lithosphere and intrusion
of dikes or diapirs from the mantle (Fig. 1b). Replace-
ment of light crustal rocks by denser ultrabasic or
basaltic material results in initial rapid subsidence
and later long-term thermal subsidence. The high-
temperature dense crustal intrusion may also cause
uplift with or without coeval erosion depending on
the water depth. This uplift is rapidly relayed by
subsidence caused by denser intrusion and by the
removal of crustal material (Fig. 1c). This mechanism
(Fig. 1c) was employed by Ludmann and Wong
(1999) and Ludmann et al. (2001) to explain the
two magmato-tectonic uplift events and subsequent
subsidence centered on the Dongsha Rise (Fig. 2) at

Miocene/Pliocene boundary and within the lower
Middle Pleistocene.

Subsidence due to a normal load depends not only
on its load size and wavelength, but also on the
strength (7.) of the underlying lithosphere (Watts,
2001; Burov and Diament, 1995). T, estimates for
continental rifted margins are still a subject of active
debates, although it is generally accepted that rifted
margins have low strength. Recent studies confirm
that the rifted crust can be weak (i.e., effective elastic
thickness (7,) <10-11 km) (Watts, 2001; Cloetingh et
al., 1995; Watts and Stewart, 1998). However, it has
also been shown that some rifted margins are char-
acterized by high T, values (Watts, 2001). The west
Greenland Margins are associated with 7, values lar-
ger than 20 km, and the Atlantic Margin offshore of
Nova Scotia is associated with values of 20-60 km
(Keen and Dehler, 1997). One obvious geological
evidence that the rifts preserve some strength is the
presence of rift flanks that can remain flexurally
uplifted for more than 50 my after the rift phase
(Weissel and Karner, 1989; Braun and Beaumont,
1989; Chery et al., 1992). Wide rifted margins are
often characterized by several depressions alternating
with uplifted zones. Thus, if the lithosphere preserved
its strength during the rift and post rift phases, then the
subsidence of one tectonic unit may be influenced by
subsidence/uplift of the neighboring unit and even by
that of more distant units. Comparing results of 1D
Airy backstripping and 2D flexural backstripping,
Roberts et al. (1998) found that Airy models yields
overestimated values for stretching factor f.

Fig. 2. (a) Location of the northern margin of the South China Sea. (b) Drills and seismic lines around the Baiyun Sag. (c¢) Seismic section
Profile 1554 crossing the Northern Margin of the South China Sea (Wang et al., 1997). DS=Dongsha Rise, PY=Panyu Low Rise, SH=Shenhu
Rise, CS=Chaoshan Depression, BYS=Baiyun Sag, ZHU IlI=Zhu III Depression, ZHU I=Zhu I Depression, ZHU 11=ZHU II Depression,
TXB=Taixi Basin, TXNB=Taixinan Basin, PH=Penghu Rise. The triangles near Profile OBS93 are the locations of the probe heat flow data

(Nissen et al., 1995a).
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The South China Sea is one of the greatest marginal
seas of the west Pacific (Fig. 2). Its northern continen-
tal margin is dominated by extensional structures,
among which the Pearl River Mouth Basin is the
largest. The results of deep seismic sounding (Nissen
et al.,, 1995a; Yao et al., 1994, 2001) reveal a high
velocity layer in the lowermost crust (Fig. 3). The
nature of the high velocity layer is not clear. Though
Nissen et al. (1995b) suggested that the high velocity
layer presents a part of the pre-rift crust, Yan et al.
(2001) argued that it is an underplated intrusion, which
was emplaced after the cessation of seafloor spreading.

With the development of oil and gas exploration,
oil industry researchers become interested in the deep-
water regions. The Zhu II depression that presents
high oil potential, and specifically the Baiyun Sag,
attract some major attention. Pang et al. (2004) sug-
gested that thermal subsidence of the Baiyun Sag led
to a huge thick Cenozoic deposition of detrital matter,
thus the sag became a subsidence and deposition
center since the margin breakup. The mechanisms of
long-term deposition and localization of subsidence
center in the same sag remain enigmatic.

In this paper, we develop simple numerical models
of subsidence behavior of the wide northern margin of
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the South China Sea. Our approach is based on a
temperature dependent visco-elasto—plastic thin plate
model (Burov and Diament, 1992). To construct our
model, we use four long deep seismic sections across
the northern margin of the South China Sea, such as
the ESP-W, ESP-E (Nissen et al., 1995a; Yao et al.,
1994), the OBH (Qiu et al., 2001) and the OBS93
(Yan et al., 2001) (Figs. 2 and 3), of which, only
Profile OBS93 crosses the Baiyun Sag. Based on
the crustal structures derived from these data, we
attempt to provide new insights in the mechanisms
of the subsidence phenomena, lithospheric strength
and nature of the high velocity layer in this region.

2. Geological background

The northern margin of the South China Sea con-
stitutes a wide rifted continental margin (Fig. 2) that
spreads for 400 km between the limits of the
unstretched crust and the continent-ocean boundary
(COB). Since the Late Cretaceous, the northern mar-
gin has experienced multi-episodic rifting (Ru and
Pigott, 1986), and evolved into a small “Atlantic”,
non-volcanic (Yan et al., 2001; Qiu et al., 2003)
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Fig. 3. Four deep seismic structure profiles (a, ESP-E; b, OBS93; ¢, ESP-W and d, OBH ) whose locations are shown in Fig. 2.
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passive continental margin during seafloor spreading
of the South China Sea from 32 to 15.5 Ma (Taylor
and Hayes, 1983; Briais et al., 1993). Since then it has
experienced widespread thermal subsidence, empha-
sized by variation of heat flow along the northern
margin of the South China Sea that increases from
61 mW/m? on the shelf to 73-80 mW/m? in the slope
area (Shi et al., 2003). As a result, two sub-basins and
three rises trending NE-ENE, constitute the Pearl
River Mouth Basin. From north to south, these struc-
tures consist of the Northern Fault Terrace, the North-
ern Subsidence Zone including Zhu I and Zhu III
depressions, the Central Rise Zone including the
Shenhu Rise, Panyu Low Rise and Dongsha Rise,
the Southern Subsidence Zone including the Zhu II
and Chaoshan depressions, which straddle the shelf
and the slope, and the Southern Rise. These depres-
sions have received large amounts of Cenozoic sedi-
ments. In the northern subsidence zone, the largest
Cenozoic sediment thickness is up to 9 km in the Zhu
II depression, thicker than the 7 km in the Zhu I
Depression, while in the southern subsidence zone,
the largest Cenozoic sediment thickness of the Baiyun
Sag exceeds 10 km (Pang et al., 2004). After con-
tinental break-up and seafloor spreading in the late
Oligocene, and the whole thermal subsidence of the
northern margin since the Late Oligocene, seawater
transgressed the Central Uplift Zone, and entered the
northern subsidence zone in the Early Miocene. Since
this time, the Central Uplift Zone has received marine
sediments underlain by porous Upper Oligocene to
Lower Miocene quartz sandstones, which, in turn
overly the Mesozoic basement (Ludmann and Wong,
1999). In the Central Rise Zone, the Cenozoic sedi-
ment thickness is about 1-3 km, and increases
towards the depressions.

On the northern margin, a high velocity layer with
seismic velocities between 7.0 and 7.5 km/s has been
revealed within the lower crust on Profiles ESP-E,
OBS93 and ESP-W (Fig. 3), while Profile OBH,
which crosses the failed rift Xisha Trough, shows no
high velocity layer in its crustal structure. Profile ESP-
W also crosses the Xisha Trough, but is closer to the
broken margin.

Though it was considered to be non-volcanic pas-
sive margin for the lack of the landward flood basalts
and seaward dipping reflectors (SDRs), the northern
margin of the South China Sea has experienced multi-

ple magmatic events during pre-rifting, rifting and
post-rifting phases. During the Jurassic and Cretac-
eous (Yansanian) periods, Southeast China has experi-
enced widespread magmatism. Cretaceous intrusive
rocks are dominantly granite and formed in four
major episodes during 136-146, 122-129, 101-109
and 87-97 Ma (Li, 2000). In the Pearl River Mouth
Basin, there are more than 50 wells that have encoun-
tered Pre-Tertiary basement, and 90% of the rocks are
Yansanian intermediate—acid igneous rocks, dated at
70.5-153 Ma (Li et al., 1998). During the Cenozoic,
there are also multiple magma activities. 16 wells
have encountered Cenozoic volcanic rock and tuff in
the Pearl River Mouth Basin, dated at 57.1-17.1 Ma
(Li and Rao, 1994). Combined with seismic profiles,
where seamounts can be identified, Li and Rao (1994)
divided the Cenozoic magmatism into three stages,
Late Paleocene—Oligocene (57.1-27.17 Ma), mainly
intermediate—acid rock, Early Miocene (24.3-17.1
Ma), mainly basalt, and Post-Miocene, mainly basalt,
with the occurrence of seamounts.

3. Tectonic subsidence

The Baiyun Sag, the main sag of the NE-SW
trending Zhu II Depression is conventionally subdi-
vided into three “subsags” Baiyun Main Subsag,
Baiyun West Subsag and Baiyun East Subsag. The
abnormal short-time high depositional rates have been
observed in seven commercial wells around the
Baiyun Sag (Fig. 2) and seismic sections (Wang,
2001), which indicates that there was a very short
period (around 17 Ma) during which the deposition
was very intensive. Thickness of sediments accumu-
lated during this period varies from 720 to 241 m
(uncompacted), with an average thickness of 452 m.
The average thickness of deposits in the four wells
located on the northern slope of the Baiyun Sag is
larger (574 m) than the thickness observed in the three
western wells. According to seismic data, the largest
sedimentary thickness during this period corresponds
to the center of the sag and may reach up to 1200 m
(Wang, 2001).

Of course, high deposit rate does not necessarily
mean high tectonic subsidence. Sediment deposition
rates may change because of far-field variations in
sediment supply, sea level or even delta lobe switch-
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ing. In order to derive tectonic subsidence from well- initial porosity and compaction factor) of different
log information, the effect of compaction, sedimentary sediment types (Sclater and Christie, 1980). The con-
loading, water depth, and sea level variations during tents of sandstone, shalely sandstone, shale and chalk
deposition must be treated with great precautions are estimated according to the lithological description
(Sclater and Christie, 1980). The first order estimates of well logs. The second order sea level reconstruction
for tectonic subsidence can be estimate from recon- of Haq et al. (1987) was used to estimate the global
structions of sedimentary cross-sections at different eustatic sea level. The paleo-bathymetry was esti-
times using backstripping techniques. Assuming that mated using the data of lithological paleo-geography
the lithosphere has negligible strength, the subsidence, (Wang, 2001). Another important parameter influen-
Y, of water-loaded basement at time ¢ is given by: cing the shape of tectonic subsidence curves is the age

P —p P of the strata. With the accumulation of various kinds
Yy==9 ( o s ) —SL <$> + Wy (1) of data including fossils data and data of sequential

Pm = P Pm = Pw stratigraphy, the dating of the post-rift sediments is
where S is the sediment thickness at time ¢ which now well-constrained, and can be compared with the
certainly have been decompacted when backstripped. results of ODP Site 1148 on the continental slope
Pm» Pw and pg are the densities of the mantle, water offshore the Pearl River Mouth Basin. Six dated
and decompacted sediment (average density), respec- sequences stratigraphic packages of 21 (now is

tively. SL is the height of mean sea level above (or thought to be 23.8 Ma)-17.5 Ma, 17.5-16.5, 16.5—
below) the reference surface. W is the water depth at 15.5, 15.5-13.8, 13.8-12.5 and 12.5-10.5 Ma have
time ¢ (Steckler and Watts, 1978; Watts, 2001). Eq. been recognized (Pang et al., 2004). Within the syn-

(1) indicates that the tectonic subsidence rate depends rift deposits, there are several unconformities, and
not only on the variations of S, ps, but also that of SL their ages, however, are poorly defined.
and Wj. The tectonic subsidence curves of Wells PY33-1-1
For decompaction, the variation of porosity ¢ is and LH9-4-1 are shown in Fig. 4, which indicates
taken to be a simple exponential decay with increasing that, around 17 Ma, corresponding to the high deposit
depth z, ¢(z2)=c¢ exp(—cz), where ¢q is the initial rate, there was a quick tectonic subsidence, and that
porosity at surface, and ¢ is the compaction factor. these subsidence rates are much larger than possible
Following Su et al. (1989) and Clift and Lin (2001), thermal subsidence rate estimated from common pure
we used commonphysical parameters (grain density, shear models (Jarvis and McKenzie, 1980). This
a b
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esozolc
ol PY33-1-1 Mesozoic LH19-4-1 Basement
s00k =" |Basement or % )
£ Jooof ol 5001 ]
3 1500} . 1000 / 1
2000 RS
= 1500} g
2500 / i
3000 Il Il Il Il 2000 Il Il Il
0 10 20 30 40 50 0 10 20 30 40
Age/Ma Age/Ma

Fig. 4. (a) Observed and theoretical tectonic subsidence curves for Well PY33-1-1. Since the basement is not reached by Well PY33-1-1, thin
solid line presents tectonic subsidence based on the strata thickness estimated from seismic data. Thick solid line is the tectonic subsidence
based on the well log data. Theoretical tectonic subsidence curves, calculated with the finite extension model by Jarvis and McKenzie (1980),
are shown with short dashed line (for stretching factors f=1.9, crustal thickness 7,.=30 km, the duration of the stretching Az is 18 my), and with
long dashed line (for f=1.9, T,=30 km, and Az 25 my). (b) Observed tectonic subsidence curve for Well LH19-4-1 whose strata ages are
mainly based on foraminifer (Lin et al., 2004). The solid star and the open star represent the same surface, i.e., the breakup unconformity, but
assigned to two different ages (solid star for 25 Ma, and open star for 32 Ma), since the age for the breakup unconformity (probably ranging
from 32 to 25 Ma) is not certain.
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short-term quick subsidence suggests that during this
period, this region could experience another rifting
phase, just as suggested by Clift and Lin (2001) and
Lin et al. (2003) for the young quick subsidence
events revealed on the northern margin of the South
China Sea. Such a quick subsidence could also be
caused by a quite specific event such as a dense
intrusion.

4. Necking method and results

To investigate the factors that could have contrib-
uted to the subsidence of the Baiyun Sag, we used a
thin plate model of the lithosphere. During the rifting
phase, localized thinning (necking) occurs around the
level of maximum strength of the lithosphere (called
“depth of necking”, Z,..) (Braun and Beaumont,
1989) that remains roughly horizontal. If Z .. is
deeper than the CD (compensation depth). In this
case the restoring isostatic force is directed upward
and tends to return the lithosphere to the level of the
CD. However, the strength of the lithosphere prevents
this process, which results in formation of an over-
deepened basin. When Z,,.. is shallower than the CD,
the resulting basin is “underdeepened” (Kooi and
Cloetingh, 1992; Keen and Dehler, 1997). For differ-
ent stretching factors, various combinations of Z.x
and T, will generate different basement topographies.
Therefore, our main goal here is to find an optimal
combination of Z ., and 7, that will provide the best
fit to the basement topography. The initial subsidence
S immediately after rifting can be estimated as (Weis-
sel and Karner, 1989):

S = 'VZneck (2)

where y=1—(1/p) is the crustal thinning factor
(Davis and Kusznir, 2002), and f is the stretching
factor (McKenzie, 1978). f is defined as the ratio of
the initial crustal thickness to the observed crustal
thickness. This initial basement subsidence is subse-
quently flexurally modified due to the presence of a
vertical load. Because we have no detailed time-
dependent data for the loading history, we follow
the approach of Keen and Dehler (1997) that consists
in subtraction of the effect of the present total vertical
load to estimate the depth of basement before loading.
This depth is obtained assuming that the initial sub-

sidence S is superimposed on the flexural deflection
w(x):

< (060 i) )+ (reo )

+ PmgW(x) = q(x) = gsw + g + gm — qo 3)

where x is horizontal coordinate, D is flexural rigidity,
D(x)=ETe*(x)/12(1 —v?), where E is Young modulus
and v is coefficient of Poisson, T is fiber force, g is
acceleration due to gravity, ¢, is the normal load
including sediment and seawater load above the actual
basement, ¢, is the load due to thinned crust estimated
as p.g T(1—7), where p. is the density of the crust,
T, is the initial crustal thickness. ¢, is the load due to
the mantle material replacing of the thinned crust from
below (estimated as p @y (T — Zneck)» o 1S the weight
of an isostatically compensated column referred to the
depth of compensation in remote oceanic lithosphere.
In this study, we ignore the horizontal force 7(x), and
assume E=8 x 10'° Pa, v=0.25 (Burov and Diament,
1995).

Fig. 5 shows the crustal structure of the Profile
OBS93 published by Yan et al. (2001). Based on this
structure, we used the necking method to calculate
the location of the basement under the loading. The
results of Yan et al. (2001) indicate a high-velocity
layer (V,=7.1-7.4 km/s) lying in the lowermost
crust and supposed to be the underplating material.
The stretching factor f§ along the profile can be quite
different whether or not the high velocity layer is a
part of the initial crust (Fig. 5). If the high velocity
layer was a part of the initial crust, the shape of the
basement can be very different from the observed
basement in the case of strong lithosphere (Fig. 6a),
and as the strength decreases, the calculated base-
ment approaches the prediction for t local compensa-
tion, which is close to the shape of the observed
basement. If the high velocity layer was not a part of
the initial crust, the shape of the calculated basement
is similar to the observed basement even in the case
of strong lithosphere. For this reason, the following
experiments use larger f#’s. Except for the continen-
tal crust, the densities for different surface and sub-
surface units were deduced from direct gravity
modeling. The density of the continental crust was
set to 2800 kg/m’, except for the experiments shown

in Fig. 6(f).
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layer (solid line) or not (dashed line) along Profile OBS93. (b) The simplified crustal structure of Profile OBS93 published by Yan et al. (2001),
who recognized the buried volcano. The solid circles numbered represent the location of the OBSs and their numbers. Indicated velocities are in

units of km/s.

For the case of local compensation, the model
suggests that the location of the basement is the
same for all tested parameter combinations and is
shallower than the observed basement under the
Baiyun Sag. Based on previous studies (e.g., Kooi
and Cloetingh, 1992; Keen and Dehler, 1997), one
can predict that deeper Z,..x will produce deeper
basins, which is confirmed by the experiments
shown in Fig. 6b. Assumption of a larger Z,. can
provide a good match with the observed basement,
but the rift shoulders will be higher than actually
observed. In fact, Z,. depends on the rheological
properties of the lithosphere, therefore on its thermal
structure before rifting (Kooi and Cloetingh, 1992;
Cloetingh et al., 1995). Since the South China and
the northern margin of the South China Sea have
experienced widespread thermal events, the assump-
tion of a large Z,..« seems unreasonable. For a fixed
value of Z .., the sag becomes wider and shallower
with increasing 7, (Fig. 6¢ and d). If one assumes a
thicker initial crust (and consequently larger f3), the
resulting basin will be shallower for the same Z.

and T, values, because of a larger upward restoring
force (Fig. 6e). For the assumed density range, we
could not match the observed basement of the Baiyun
Sag. Even though one can increase the density of the
continental crust, the assumption of higher density
will result in mismatch between the predicted and
observed basement in other areas (Fig. 6f). This sug-
gests the existence of unaccounted denser bodies
below the sag than country rock.

5. Gravity modeling

To test the presence of dense bodies, the satellite-
derived marine free-air gravity anomalies along Pro-
file OBS93 have been extracted from the data sets
published by Sandwell and Smith (1997). The data
along Profile OBH across the Xisha Trough are in
good agreement with the free-air gravity data col-
lected during SO49 cruise (Shi et al., 2002).

For the model, the Cenozoic sedimentary cover
was sub-divided into two density units defined
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Fig. 6. (a) Calculated basement geometries for opposite cases as to the presence of the high velocity layer in the initial crust. Thick crust
indicates that the high velocity layer is a part of the initial crust, while thin crust indicates that the high velocity layer is not a part of the initial
crust. (b) Calculated basements for different values of Z,.ck (45, 35, 25 and 5 km) when 7,=15 km. (c) Calculated basements for Z, ., =25 km
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basements for different initial crustal thickness T, (30, 40 and 50 km). (f) Local compensation assuming different crustal densities CD. Indicated
densities are in units of kg/m>. Solid line represents the observed basement.

according to the seismic structure shown in Fig. 5.
The crust was initially divided into three horizontal
layers based on the velocity model of Yan et al.
(2001). A simple eight-unit density—depth model,
involving a water layer, two units for Cenozoic sedi-
ments, upper crust, middle crust, lower crust, high
velocity layer and upper mantle was used assuming
densities converted from the velocity model using the
velocity vs. density relationship of Ludwig et al.
(1970). To avoid edge effects, the profile has been
extended for more than 200 km from each side. The

forward modeling (Figs. 5-7) is based on a semi-
automatic 2.5D gravity and magnetic modeling pro-
gram, “‘Saki’’ from the U.S. Geological Survey. The
preferred density structure is shown in Fig. 7.

The gravity modeling suggests that the observed
gravity anomaly cannot be explained by a simple
layered density structure. The best fitting model
requires laterally varying density structure, increased
density of the basement (2700 kg/m®) under the
Baiyun Sag, and lower densities of the surrounding
blocks (2600 kg/m®). Yan et al. (2001) have identi-
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Fig. 7. (a) Observed (solid line) and calculated (dashed line) free-air gravity anomaly. (b) Density—depth structure of Profile OBS93. Indicated
densities are in units of 10° kg/m®.
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Fig. 8. Satellite-derived marine free-air gravity anomaly map of the Baiyun Sag (thick solid curve) and surrounding area. Profiles OBS93,
C1554, C1536, C1500 are shown with thick solid lines.
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Fig. 9. The observed (solid line) and computed (dashed line) base-
ment (assumption of local isostasy).

fied a buried volcano in the basement high at the
south of the Baiyun Sag (Fig. 5). The results of
Wang et al. (1997), who modeled profiles 1500 and
1554 (see Figs. 2 and 8 for locations) across the
Baiyun Main Subsag using free air gravity and
magnetic anomaly data jointly, show that the base-
ment of the Baiyun Main Subsag also consists of
denser materials with densities ranging from 2800-
2860 kg/m® under the sag, while the densities of the
southern and northern basement range from 2530 to
2650 kg/m’. Combined with the analysis of mag-
netic data, Wang et al. (1997) suggested that the
dense materials correspond to a combination of
granite and basalt. The gravity anomaly of the
Baiyun Sag (Fig. 8) consists of the northern gravity
high zone and the southern low zone with the same
trend as the sag, while the dense bodies discovered
by Wang et al. (1997) and in our study lie under-
neath the gravity anomaly characterized by gradual
change of the amplitude from high positive values at

i
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the north to low negative values at the south. This
suggests a presence of a large continuous dense
zone under the sag that has the same trending as
the sag. We note that the densities of Wang et al.
(1997) are higher than our estimates, which can be
explained by differences in the methods used, but
also by different proportion of basalts below the
Main Subsag, which may be higher than for the
Eastern Subsag (Profile OBS93). Based on the
above-derived density structure and using the neck-
ing method, we recomputed the theoretical basement
location for Profile OBS93 (Fig. 9). We found that
under the assumption of local isostasy, the calcu-
lated basement geometry could match the observed
one as well, which also signifies that the lithosphere
under the Baiyun Sag may have very low strength.

6. Thermal and subsidence model

Though it is impossible to determine the time
when the dense intrusion was emplaced into the
crust, it is important to constrain the extent and
duration of the impact of this intrusion on the sub-
sidence of the sag if the emplacement took place
during the formation of the basin. To answer this
question, we employed a simplified thermal model,
where we assumed that the lithosphere was stretched
instantaneously at 60 Ma with stretching factor
defined as the ratio of the initial crustal thickness
(30 km) to the present crustal thickness. The litho-
sphere is allowed to cool down during the period

(b)

L+ 4 | I S | I ST BT M
0 100 200 300 400
Distance/km

Fig. 10. (a) The assumed 30 km wide basaltic dike material is evenly distributed over a 90 km wide crustal column. For convenience, the 30 km
wide dike with initial temperature 1000 °C was emplaced in the middle of the region at 17 Ma. (b) The entire 90 km wide shaded crustal column
is emplaced by dike. P1 and P2 are the locations for subsidence curves shown in Fig. 11.
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Table 1

Parameters used in the thermal and subsidence model
Symbol Value
Model thickness, a 100 km
Temperature of the asthenosphere, 7' 1300 °C
Thermal conductivity, & 2.5 Wm/°C

2.5%10° J/mK
2.5%10% kg/m®
2.6 x 10° kg/m®
2.7%10% kg/m®
2.85 % 10% kg/m?
3.0x 10° kg/m®
3.0 x 10° kg/m®
2.95% 10° kg/m®

Volumetric heat capacity, p X ¢

Cenozoic sediment density, pg

Upper crust density (at 0 °C), p.,
Middle crust density (at 0 °C), pca
Lower crust density (at 0 °C), pc3

High velocity layer density (at 0 °C), pes
Mantle density, pcm

Basalt density (at 0 °C), pep

between 60 and 17 Ma, since the abnormal quick
subsidence took place around 17 Ma, and we
thought it was related with an intrusion event (see
Discussion and conclusion). At the end of this period,
we introduce an instantaneous hot basalt intrusion into
the model and let the thermal relaxation to continue.
The density of the igneous basalt is about 2950 kg/m’
(Turcotte and Schubert, 1982), while the densities of
the country rock and of the dense body are about 2600
and 2700-2720 kg/m?, respectively (Fig. 7b). There-
fore, we assume that the dense body is composed of
the igneous basalt and of the country rock in the
proportion 1:2, so the igneous basalt could have
contributed to about a third of the 90 km wide
dense body (Fig. 7, not including the southern buried
intrusion, which has been thought to be emplaced
lately (Yan et al., 2001) (Fig. 10a). The assumed
total width of the imposed central basaltic dike is
thus 90:3=30 km.

In the thermal model, we employed a 2D unsteady
thermal diffusion equation:

AT 2T 9T
Pt <8x2 - 8x2> “

where p is the density of the rock, c is specific heat, T’
is temperature, ¢ is time, k is thermal conductivity.

Parameters used in the thermal and subsidence model
are shown in Table 1.

The initial and boundary conditions are similar to
the uniform extension model (McKenzie, 1978). We
assumed that the following initial conditions:

T(x,z) =T 0<z(x)<zo(x) — o/ p(x)

) 5

z0(x) — o/ B(x)<z(x)<zo(x)

where z is depth measured upward from the base of
lithosphere assumed to be 100 km thick; zo(x) is the
location of the upper surface. Because the exact time
of intrusion is unknown, we ignore the related sedi-
mentation, so zy(x) corresponds to the depth of the
basement. The boundary conditions are:

T(x,z0(x)) =0

T(x, 0) = Tl

For convenience, the imposed 30 km wide dike with
initial temperature 1000 °C was emplaced in the
center of the dense region at 17 Ma (Fig. 10). It is
noteworthy that the simplified model conditions can-
not exactly reproduce the observations. Our model did
not include some detailed features such as, multi-
episodic rifting (Ru and Pigott, 1986; Zhou et al.,
1995a,b; Clift and Lin, 2001) and the margin breakup
at about 30 Ma. Our purpose, however, was designed
primarily to understand for how long the basalt intru-
sion could disturb the temperature field, and thus to
evaluate the temporal influence of the intrusion event
on the crustal subsidence. Fig. 11a shows the calcu-
lated temperature field at different times. As can be
seen, the thermal perturbation produced by the intru-
sion rapidly decreases, so that its influence on the
temperature field is important only during the first 5
my following the intrusion. 10 my after the intrusion,
the perturbation becomes negligible. We also consid-

Fig. 11. (a) The temperature fields at different times before and after the intrusion of a 30 km-wide 1000 °C dike, without Cenozoic sediment in
the case of Fig. 10a, and the water-loaded subsidence of P1 and P2. (b) The temperature fields 5 my after the intrusion of 90 km-wide 1000 °C
dike, without Cenozoic sediment (in the case of Fig. 10b), and the water-loaded subsidence of P1 and P2. (c¢) The temperature fields at 0.1, 5 and
10 my after the intrusion of 90 km-wide 1000 °C dike, with Cenozoic sediment, and the water-loaded subsidence of P1 and P2. The dashed-
dotted line is the calculated subsidence curve of P1, and the solid line is the average subsidence of the 90 km wide column P2, the dashed line
shows the subsidence of P2 if without intrusion. The locations of P1 and P2 are shown in Fig. 10.
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(a) 30 km wide dike and no Cenozonic sediment
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ered the case with a 90 km-wide dense body repre-
senting a large basalt dike (Figs. 10b and 11b). The
result is similar to the previous experiment. The
excess heat decays mostly in the first 5 my after
intrusion. Some differences exist in the case when
the basement is covered by Cenozoic sediments
(Fig. 1lc). Since we do not have any quantitative
information on sedimentary deposition and timing of
the basalt intrusion, we simply assume that the dike
was covered by Cenozoic sediments, which should
have strengthened the effect of thermal blanketing.
Because of the thermal blanketing by the sedimentary
cover, the heat decay is delayed but, nevertheless,
after 10 my, the influence of the dike on the tempera-
ture field becomes negligible.

We have computed the average water-loaded sub-
sidence for the dense body (90 km in width) caused by
30 km wide and 90 km wide intrusions (Fig. 10) under
the assumption of Airy isostasy. The density structure
(Fig. 7b) shows that the significant difference between
the intrusion and country rock lies in the upper crust,
therefore, the following calculated subsidence (Fig.
11) was primarily caused by the emplacement into
the upper crust. Fig. 11 indicates that the subsidence
should be very rapid immediately after the intrusion
during the first 5 my, and then it slows down. The real
subsidence rate may depend on the time-dependent
response of the lithosphere. The average subsidence
caused by the intrusion can reach 180 m (in the case
of Fig. 11a), 490 m (Fig. 11c) and 520 m (Fig. 11b). If
all space available for deposition was filled by sedi-
ment with density of 2.5 % 10° kg/m’, the sediment
thickness caused by the intrusion would be 500-1500
m. Thermal blanketing, which may delay the subsi-
dence, has little effect on the subsidence rate (Fig.
11b). When the subsidence is caused by the emplace-
ment in the whole crust, not just in the upper crust, the
subsidence would be much larger, and even the air-
loaded subsidence can reach 270 m (in the case of Fig.
11a) or 830 m (in the case of Fig. 11b).

7. Discussion and conclusion

The abnormal short-time high depositional rate and
quick subsidence took place (Fig. 4) in the Baiyun
Sag around 17 Ma. Gravity modeling also reveals a
dense body in the basement of the Baiyun Sag (Fig. 7;

Wang et al., 1997), which is also confirmed by our
necking model (Fig. 6). Combined with magnetic and
gravity modeling, Wang et al. (1997) suggested that
the dense body correspond to a combination of granite
and basalt. The dense body could not be detected
directly from seismic observations (Fig. 5), most
probably because of deep buried basement and low
identification of wide angle profile.

Although it is impossible to tell exactly when the
basalt was emplaced into the basement, the basic
magmatism dated by 17 Ma was discovered in the
area. Between 2401 and 2842 m in depth, except for
thin stratified lime at the top and on the bottom, Well
BY7-1-1, located near the Baiyun Sag, has encoun-
tered thick basalt and basalt ash tuff, and the K—Ar
ages of the samples located at 2429 and 2432 m are
17.1+2.5 and 20.2+3.0 Ma, respectively (Li and
Liang, 1994; Zou et al., 1995b). Wang (2001) sug-
gested that some potential oil and gas bearing struc-
tures such as BY7-1 and BY6-1 were developed by
the eruption of basic magma. Xia and Zhou (1993)
identified a belt of high magnetic anomalies that
appears in the Penghu Islands, the Dongsha Rise,
the Zhu II Depression and continues westwards to
the Shenhu Rise. These high magnetic anomalies are
the indication for basic rocks, and in the Penghu
Islands, alkali tholeiitic basalt and alkali basalt of
16.2-8.2 Ma have been observed (cf. Xia and Zhou,
1993; Yu, 1997). Ho et al. (2000) suggested that the
Leiqiong area, which includes the Leizhou Peninsula
and the northern part of the Hainan Island, was the
largest province of exposed basalts in southern China.
“OAr/**Ar and K/ Ar dating indicate that volcanism in
the Leiqiong area may have taken place in late Oli-
gocene and gradually increased in tempo toward the
Miocene and Pliocene, and were most extensive dur-
ing Pleistocene, and declined and ended in Holocene.
These evidences show that during Miocene, there is
no doubt that basaltic magmatism took place on the
northern margin of the South China Sea. Though we
cannot exclude that the short-term quick subsidence
was caused by a possible new phase of extension, it
would be difficult to circumvent the similarities
between the observed subsidence curves (Fig. 4) and
the predicted subsidence curves (Fig. 11) for intrusion.
We believe that the emplacement of denser intrusion
(Fig. 1b and c) may be responsible for some episodes
of subsidence, perhaps for the episode of quick sub-
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sidence in the Baiyun area. Indeed, Ludmann et al.
(2001) have suggested that the two uplift and erosion
events on the Dongsha Rise (see Fig. 2 for location)
that took place at the Miocene/Pliocene boundary and
at the end of the lower Middle Pleistocene and were
followed by subsequent quick thermal subsidence
since the Last Glacial Maximum at an average rate
of 15 m/ka, are due to magmato-tectonic events,
similar to the model shown in Fig. lc. Thus, the
rapid subsidence observed at around 17 Ma in the
Baiyun Sag could be linked to an intrusion event of
dense material.

The subsidence caused by dense intrusion might
be just an episode of the long-term subsidence history
of the Baiyun Sag. Regional isostasy indicates that
the sedimentary cover on the neighboring rises such
as the Shenhu Rise and the Dongsha Rise may have
increased the subsidence of the Baiyun Sag. However,
the degree, in which the normal loading of the
uplifted areas has contributed to the subsidence,
depends on the strength of the lithosphere. The litho-
sphere under the northern margin of the South China
Sea may be very weak. Our necking models suggest
that the lithosphere under the Baiyun Sag has indeed
a very low strength. Clift et al. (2002), who employed
a flexural cantilever model, have suggested a quite
low flexural rigidity so that 7, in the northern margin
of the South China Sea probably did not exceed 3-5
km during the main Oligocene phase of extension.
Bellingham and White (2000) also found that the
smallest misfit between the observed and calculated
stratigraphic record can be obtained for 7, less than 2
km. Lin and Watts (2002) employed a direct flexural
model to estimate the flexural rigidity of the Taixi
forland basin, and obtained a 7 value of 13 km for
the area, and they attributed the low 7, values to the
underlying passive margin sequence, which is
affiliated with the northern margin of the South
China Sea.

The high velocity layer in the lowermost crust is
generally interpreted either as magmatic underplating
resulting from partial melting of the upper mantle
during rifting on the volcanic margins (e.g., White
and McKenzie, 1989), or as partly serpentinized peri-
dotites of the upper mantle exhumed in the continen-
tal breakup zone on non-volcanic passive margins
(such as West Iberia margin, Whitmarsh et al,
2001). On the northern margin of the South China

Sea, the high velocity layer has been discovered from
the shelf to the slope along the seismic lines ESP-E,
ESP-W and OBS93 (Figs. 1 and 3). Our necking
models suggest that if the high velocity layer was a
part of the initial crust, the shape of the basement
could be very different from the observed basement in
the case of strong lithosphere (Fig. 6a), whereas if the
high velocity layer was not a part of the initial crust,
the shape of the calculated basement would be similar
to the observed basement even in the case of strong
lithosphere. Nevertheless if the lithosphere has a neg-
ligible strength, the predicted basement topography is
similar in both cases to the observed basement.
Unfortunately, the lithosphere in the study area is so
weak that necking models cannot effectively discri-
minate between the two cases. We prefer to the case
in which the high velocity layer is not a part of the
initial crust because in this case the predicted base-
ment topography is similar to the observed basement
independently of whether the lithosphere is strong or
not. In this case, there is no high velocity layer in the
lowermost crust along the Profile OBH (Figs. 1 and 3;
Qiu et al., 2001), which indicates that not all the crust
on the northern margin of the South China Sea has a
high velocity layer in their lower part, and that the
high velocity layer may not be an original part of the
crust. The most likely explanation for the develop-
ment of the high velocity layer on the northern margin
of the South China Sea seems to be magmatic/under-
plating (Yan et al., 2001), rather than serpentinized
peridotites. First, the typical serpentinized peridotites
observed at the West Iberia Margin correspond to the
continent/oceanic transition, while the high velocity
layer has also been discovered on the shelf of the
northern margin of the South China Sea. Second, the
development of the latter would need great amounts
of water and lower temperature conditions. Indeed,
the thickness of the crust overlying the high velocity
layer on the shelf is larger than 10 km, which makes it
difficult for large volume of water to pass through
(Yan et al., 2001). If the high velocity layer were due
to underplating, this would have disturbed the iso-
static balance of the region, leading to a buoyancy-
driven uplift (Fig. la; Watts, 2001). For example,
Mjelde et al. (2002) suggested that the high velocity
layer on the V@ring Margin was intruded during the
last rift phase Late Paleocene/Early Eocene rift per-
iod. During this period, the initial subsidence was
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followed by 1.2 km uplift and erosion, and the break
up occurred here in Early Eocene. On the northern
margin of the South China Sea, a great amount of
intrusion (underplating) may have caused widespread
uplift and an erosion event. In our case, the margin
scale uplift event, and the related unconformity pre-
sent a breakup unconformity event developing during
the continental margin breakup (Ru and Pigott, 1986;
Zhou et al., 1995a,b). This suggests that the wide-
spread underplating took place in the period of margin
breakup. The facts that the profile OBH (Figs. 1 and 3)
that crosses the failed rift, the Xisha Trough, has no
high velocity layer in its lower crust, and that the profile
ESP-W (Figs. 1 and 3) that also crosses the Xisha
Trough, but closer to the broken margin, has a much
thinner high velocity layer than the two profiles ESP-E
and OBS-93 (Figs. 1 and 3), which cross the broken
continental margin, also support the idea that the high
velocity layer was emplaced when the margin broken
up. The large scale intrusion (underplating), but with-
out seaward dipping reflector sequences (SDRS), is a
characteristic feature of the northern margin of the
South China Sea. The mechanism for these phenomena
is, however, still not clear. Based on the presence of
igneous activity, passive continental margins are gen-
erally classified either as volcanic or non-volcanic.
However, the divide between these two end members
may not be as distinct as it is commonly assumed, and
there may be some transitional margins just like the one
observed on the northern margin of the South China
Sea (Clift et al., 2001).
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