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Abstract

A series of Cenozoic rifted basins developed in the northern margin of the South China Sea (SCS). Tainan
Basin is one of these rifted basins near Taiwan, lying in the outer margin. We have used reflection seismic data in
the deepwater areas and boreholes drilled in the shelf of the Tainan Basin to understand the tectonic and sedi-
mentary development in the northern SCS margin near Taiwan. Four key stratal surfaces (i.e., the base of the
Pleistocene Series, the base of the Pliocene Series, the 17 Ma maximum flooding surface [MFS], and a breakup
unconformity of approximately 30 Ma in age) and seven seismic facies (i.e., continuous- and parallel-layer seis-
mic facies, wavy seismic facies, chaotic seismic facies, U-shaped canyon-cut seismic facies, imbricated-layer
seismic facies, high-amplitude reflector package seismic facies, and extrusive volcanism seismic facies) are
recognized from seismic data with ages constrained by borehole stratigraphy drilled in the shelf. We have estab-
lished a model for Cenozoic tectonic and sedimentary development in the rifted northern margin of the SCS near
Taiwan. The occurrence of Paleogene fault-bounded grabens/half-grabens topped by a breakup unconformity and
draped by postrift sediments indicates that these deepwater rifted basins developed on the continental crust,
attesting that a thinned continental crust underlies the deepwater study area, rather than oceanic crust as reported
in some literature. Postbreakup extrusive volcanic bodies, of early Miocene age, were buried by thick deepwater
sediments. Fairly continuous stratal surfaces of 17 Ma MFS reveal that volcanic activities ceased to be active since
middle Miocene. A series of channel cut-and-fills is observed in late Miocene, Pliocene, and Pleistocene strata
beneath and to the south of the modern Formosa Canyon. Two distinct fields of deepwater sediment waves de-
veloped since middle Pleistocene are found lying to the west of modern deformation front/Manila Trench and to
the north and south of the Formosa Canyon, respectively.

Introduction

The rifting of South China started in Jurassic times (Li,
2000), whereas the South China Sea (SCS) oceanic
spreading occurred during the late Oligocene to mid-Mio-
cene (Taylor and Hayes, 1983; Briais et al., 1993; Barck-
hausen et al., 2014). Tainan Basin, a Tertiary rifted basin,
is one of the rifted basins that developed in the northern
SCS continental margin (Yang et al, 1991; Lee et al,
1993; Tzeng et al., 1996; Lin et al., 2003). The north-
eastern deepwater area of the SCS lies to the south of
the Tainan Basin. Sibuet et al. (2002) indicate that there
is a piece of oceanic crust lying beneath the northeastern
corner of the SCS. Magnetic evidence from this area sug-
gests that a plate boundary, called the Luzon Ryukyu
Transform Plate Boundary (LRTPB in Figure 1), could
be interpreted to divide the SCS oceanic crust to the west

from the distal Philippine Sea oceanic crust in the east
and beneath the northeastern corner of the SCS (Sibuet
et al., 2002; Hsu et al., 2004). However, crustal velocity
and grabens seen from high-quality reflection seismic
data suggest that continental crust lies beneath the
deep-water area in the northeastern corner of the SCS
(McIntosh et al., 2013, 2014; Lester et al., 2014).

Key stratal surfaces and unconformities in Cenozoic
strata (e.g., breakup unconformity) have been inter-
preted and correlated on reflection seismic data from
drilled stratigraphy at boreholes in the margin (e.g.,
Ocean Drilling Program (ODP), Integrated Ocean Drill-
ing Program (IODP, 2003-2013), and International
Ocean Discovery Program (IODP, 2013~) sites and hy-
drocarbon exploration wells in the Pearl River Mouth
Basin and the Tainan Basin) (Li et al., 2007, 2015;
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Yeh et al., 2010; Lester et al., 2014; McIntosh et al., 2014;
Li et al,, 2015). For example, we correlated the 17 Ma
maximum flooding surface (MF'S) from the shelf Tainan
Basin because this stratal surface is well-correlated in
the postbreakup stratigraphy beneath western Taiwan
and the Taiwan Strait as reported in Lin (2001). These
studies also pointed out that many buried grabens and
volcanos developed in early and middle Cenozoic. There
is an emergent volcano, herein called the Formosa sea-
mount, which stands out above the seafloor in the study
area (Figure 1), and age datings from the dredged basalt
show that the basaltic rock is of the age of approximately
21-22 Ma (Wang et al., 2012). However, there has been
no detailed study to constrain the age of other buried
volcanos, igneous rock, and other sedimentary features
in the northeastern deepwater region of the SCS.

The objective of this study is to understand the evo-
Iution of Cenozoic tectonic and sedimentary develop-
ment in the northeastern deepwater area of the SCS
near Taiwan. Analyses of seismic sequence and seismic
facies are carried out in this study. A Cenozoic tectonic
and sedimentary development model in the study area
is proposed by integrating these results.

Regional geologic setting
The study area lies to the west of the deformation
front and the Manila Trench of the Manila subduction
zone and to the east of the Dongsha Slope in a water
depth ranging from outer shelf in the north to approx-
imately 4000 m water depth in the south (Figure 1).
Morphologically, the study area is characterized by a
northeast-trending Dongsha Slope and an east-west-
trending Tainan Slope in the northeast and northwest,
respectively. The gradient of the slope is
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approximately 2%-3% with bathymetric
ridges and gullies running perpendicular
to the strike of the slope. In the south, it
is characterized by the base of the slope
and a deepwater area of 2600-3600 m in
depth with a gentle slope (less than
0.2°). A major submarine canyon, the For-
mosa Canyon (called the Taiwan Canyon
by Zhong et al., 2015), forms an approxi-
mate boundary between the Dongsha
Slope and the Tainan Slope. This canyon
turns to an east-west direction at the base
of slope and runs eastwardly to join the
north-northwest-trending Penghu Canyon
in the east, which lies along the deforma-
tion front. The confluence of the Formosa
Canyon and the Penghu Canyon then joins
southwardly to the Manila Trench, which,
again, lying in front of the north-north-
west-trending deformation front. To the
east of the deformation front, the area is
termed Kaoping Slope, pertaining to a
fold-and-thrust belt consisting of accreted
sediments above the decollement thrust
(Figure 1). Two types of sediment wave-
fields are observed at both sides of the
lower reach of the Formosa Canyon and
to the west of the Penghu Canyon (Dam-
uth, 1979; Gong et al., 2012, 2015; Kuang
et al., 2014). The upper slope, especially
the Formosa Ridge and the Jiulong Ridge,
is investigated in detail by the Taiwan Gas
Hydrate Research Team (e.g., Chen et al.,
2014; Liao et al., 2014).

A Paleogene-rifted basin, the Tainan
Basin, developed in the northeastern

A ——

D SCS margin in the north of the study

Figure 1. Bathymetry and tectonic features off southwest Taiwan. Tectonic el-
ements and sediment isopach of 3 km marked as a white dashed line in the Tai-
wan Strait are from Lin et al. (2003). The age of Formosa Seamount is from Wang

et al. (2012). Purple lines are the courses of submarine canyons.
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area. There are three tectonic elements
in this basin: northern depression, cen-
tral uplift zone, and southern depression
(Figure 1; Tsao et al., 1992, Lin et al.,
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2003). The northern depression, central uplift zone, and
a part of the southern depression lie in the shelf region
(Yang et al., 1991; Lee et al., 1993; Tzeng et al., 1996;
Tang et al., 1999; Lin et al., 2003), whereas the rest
of the southern depression lies in the slope region (Fig-
ure 1). A series of east-northeast-trending normal faults
developed in the shelf (Yang et al., 1991) with one major
north-dipping, graben-bounding fault lying in the upper
continental slope in the western part of the southern
depression (Li et al., 2007; Lester et al., 2012; Yeh et al.,
2012). However, Li et al. (2007) and Lester et al. (2012)
assume that this fault is the northern boundary of the
central uplift zone. Our data show that this fault is
not the northern boundary fault for the central uplift
zone, but a fault in the southern depression. Another
important fault is a south-dipping fault in the outer shelf
and near the shelf break in the eastern part of the Tainan
Basin (Lin et al., 2008). A seafloor fault scarp (approxi-
mately 50 m offset), rotated hanging-wall strata, and stra-
tal truncation beneath the upper slope indicate that this
emergent fault is a major and active growth normal fault
(Lin et al., 2003, 2008). Lin et al. (2008) divide the Tainan
Slope into an eastern and a western part with the fault
pertaining to the eastern part of the slope.

The Taiwan mountain belt has developed since ap-
proximately 6.5 Ma, and this collisional belt has overrid-
den the rifted continental margin (Lin et al., 2003).
A series of folds and thrusts extends from the subaerial
mountain belt to the submarine accretionary wedge on
the Kaoping Slope. The deformation front, which indi-
cates the western limit of the compressional structures,
delimits the accretionary wedge in the east and the in-
coming and subducting rifted continental margin in the
west. In the west, a bathymetric high of rhomboid
shape, called Dongsha Rise, separates the Tainan Basin
and the Pearl River Mouth Basin (Nissen et al., 1995;
Ludmann and Wong, 1999; Ludmann et al., 2001). The
SCS deep-sea basin locates to the south of the study
area and is floored by oceanic crust. The duration for
the oceanic spreading of the SCS as determined by mag-
netic anomalies is of late Oligocene to mid-Miocene age
(Taylor and Hayes, 1983; Briais et al., 1993; Barckhau-
sen et al., 2014).

Data and methods

To identify the tectonic and sedimentary develop-
ments in the SCS near Taiwan, borehole data, and reflec-
tion seismic data were collected in the northeastern SCS.
Data from two hydrocarbon exploration boreholes, A-1
and JA-1, and seismic profiles across these two bore-
holes are from CPC Corporation, collected in the outer
shelf of the western Tainan Basin (Figure 2). Two grids
of reflection seismic data collected as part of the Taiwan
Integrated Geodynamic Research (TAIGER) project and
the Taiwan Gas Hydrate Research Project, respectively,
are used in this study. The large-offset seismic data
(MGL0905 seismic data in Figure 2), which were col-
lected by using R/V Marcus G. Langseth in May 2009
under the scope of the TAIGER project. The streamer

length is approximately 6000 m with 468 hydrophone
channels at a 12.5 m group spacing. The source is a
6600 in.? array consists of four subarrays of mixed air
guns. The shot interval is fixed at 50 m. Other multi-
channel seismic (MCS) data were collected by using
R/V Ocean Researcher I in 2012 (MCS994, MCS1000,
and MCS1014) and 2013 (MCS1046) as part of gas hy-
drate studies funded by the Central Geological Survey,
Taiwan. The acquisition parameters for these MCS
data are as follows: 1500 m streamer length and 108 hy-
drophone channels with 12.5 m group spacing. The
source is approximately 1000 in.® array and consists
of three air guns. Both seismic grids of MGL0905
and MCS data were processed using the ProMax
and Echos softwares at the Institute of Oceanography,
the National Taiwan University.

There are four key stratal surfaces: base of the Pleis-
tocene Series, base of the Pliocene Series, mid-Miocene
MFS, and the breakup unconformity, being recognized in
this study, and we are able to correlate them from the
shelf to the deep-sea region in the northeastern SCS mar-
gin. Analyses on seismic facies were also performed on
these seismic data. With the help of sequence correla-
tions and seismic facies analyses, we are able to propose
a tectonic and sedimentary development model for the
Cenozoicrifted continental margin of the northeastern
SCS near Taiwan.

Results
Tectonic and sedimentary features

Volcanic seamounts (Figures 3, 4, and 5), grabens
(Figure 6), paleocanyon features (including lateral
accretion [Figure 7] and canyon cut-and-fill features [Fig-
ure 8)), and sediment waves (Figure 8) commonly appear
in the study area. A series of buried volcanic seamounts
lie in the eastern part of the study area and near the Pen-
ghu Canyon/Manila Trench. The heights of these buried
seamounts are more than 500 m (0.5 s two-way travel-
time [TWT], Figure 4) above the surrounding basement.
Features flanking the seamounts interpreted as relating
to volcanic activities (e.g., lava flows and sills), shown as
low-frequency and high-amplitude reflectors, are also
found. However, a small group of emergent volcanic sea-
mounts stands a little distance away south of the For-
mosa Canyon and surpasses the seafloor over 1000 m
(Figure 3). The cone-shaped volcano, volcanic sills,
and lava-flow characteristics can be clearly identified
on seismic profiles in the proximal area of this seamount
group. Grabens are also observed in the deepwater area
with thick graben infills. The Oligocene breakup uncon-
formity separates the underlying graben infills, inter-
preted as Paleogene syn-rift sequences, from overlying
younger postbreakup cover sediments. Most of the gra-
bens are confined by graben-bounding normal faults on
one or both sides of grabens and the horst features can
also be observed (Figure 6). However, tilted reflectors
and divergent reflections of graben infills show that a
few grabens are affected by normal faulting and episodic
faulting activities (Figure 6).
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A series of canyon cut-and-fill features are present
under the deepwater area near the Formosa Canyon
and Penghu Canyon/Manila Trench (Figure 8). The U-
shaped and eroded valleys are contained with infills
showing parallel and chaotic reflections. A series of
shingled reflections are observed beneath modern For-
mosa Canyon (Figure 7). Sediment wavefields are also
observed on the seafloor to the north and south of the
lower reach of the Formosa Canyon in the study area.
Stratal thickness for these sediment waves is more
than 100 m.

Seismic facies of the Neogene strata

According to characteristics of seismic reflectors,
seven major seismic facies are identified for the Neo-
gene strata (Table 1; Figures 3-8): (1) seismic facies
A: continuous and parallel reflection configuration,
(2) seismic facies B: wavy and continuous reflection
configuration, (3) seismic facies C: chaotic reflection
configuration, (4) seismic facies D: U-shaped and can-
yon-cut reflection configuration, (5) seismic facies E:
shingled reflection configuration, (6) seismic facies F:
high-amplitude reflector packages (HARP) reflection
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Figure 2. Shaded relief map with contours off southwestern Taiwan. Colored solid lines represent grids of seismic data used in
this study. Key stratal surfaces correlating from A-1 and JA-1 boreholes in the shelf to MGL0905-05. Yellow lines show the location
of figures. Stratigraphic correlation from boreholes A-1 and JA-1 to MGL0905-05 line can be found in Figure 9.
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configuration, and (7) seismic facies G: discontinuous,
high-amplitude and low-frequency reflection configura-
tion. The seismic facies and their interpretations are de-
scribed below.

Seismic facies A: Continuous and parallel reflection
configuration

Seismic facies A appears widely in the Neogene
strata (Figures 3-8). It generally shows good continuity

and parallel reflectors in the seismic profile. The ampli-
tude is relatively strong in the shallow section and be-
comes weaker for deeper reflections due to amplitude
attenuation with increasing depths. The low-amplitude
and continuous reflectors are interpreted as hemipela-
gites accumulated from suspension, whereas the higher
amplitude and continuous reflections may result from
interbeds of hemipelagites and coarser grained turbi-
dites deposited in the channels and overbanking areas
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NE 131
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[ SeismicfaciesA I SeismicfaciesB WM Seismic facies C
... SeismicfaciesD [ ] Seismicfacies F [ Seismic facies G

Mid-Miocene MFS ——— Breakup unconformity

Figure 3. Seismic section and its interpretation of MGL0905-04, showing the volcano group in the central part of the study area.
This volcano group and its lateral equivalents (lava flows and sills) are shown as low-frequency, high-amplitude reflections in this
profile. Possible conduits of extrusive volcanic lavas beneath the volcanos are also drawn. Part of the Formosa Canyon infills is
also revealed in this profile. Red rectangular displays the buried and emergent volcano group. See Figure 2 for profile location.
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analogous to similar reflection configurations that have
been drilled during IODP Expedition 349, for example,
at site U1431 (Li et al., 2015).

Seismic facies B: Wavy and continuous reflection
configuration

Seismic facies B has developed since the late Qua-
ternary and underlain the seafloor to the north and south
of the lower reach of the Formosa Canyon and to the
west of the Penghu Canyon/Manila Trench. In some pla-

ces, this seismic facies mostly overlies seismic facies C
or F (see below; Figures 3, 4, 5, 7, and 8). This seismic
facies is interpreted as deepwater sediment waves sim-
ilar to those found in many other places in the world
(e.g., Ediger et al., 2002; Lewis and Pantin, 2002; Lom-keil
et al., 2002; Mosher and Tomson, 2002; Wynn and Stow,
2002). The sediment waves are high-amplitude reflectors
and can be divided into two sediment wavefields accord-
ing to the wavelength and reflector continuity (Gong
et al., 2012, 2015; Kuang et al., 2014). The wavelength
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Figure 4. Seismic section of MCS1046-11 (a) and its interpretation (b). This seismic profile shows buried seamounts in the south-
east of the study area lying in the distal margin and in front of approaching accretionary wedge. The abundant HARP facies indicate
thick turbidites in this region. Red rectangular outlines the buried seamounts. The arrows indicate the displacement direction of
the faults. Profile location is shown in Figure 2.
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is approximately 2000—4000 m measured from bathymet-
ric map and wave height is up to 40 m as seen from seis-
mic sections. Gong et al. (2012, 2015) interpret that the
sediment waves are mainly the product of oceanic bot-
tom currents and modulated by sediment gravity flows.
Kuang et al. (2014) interpret these sediment wavefields
as aresult of downslope moving turbidity currents. Alter-
natively, we interpreted that the sediment waves in the
study area most likely result primarily from sediment
gravity flows originated from the Tainan Slope or the

overbanking turbidity currents from the Formosa Can-
yon or the Penghu Canyon, a view in line with Kuang et al.
(2014). The direction of the downslope gravity flows can
be determined by the bedform geometry and the upslope
migration of the crest point of the sediment waves.

Seismic facies C: Chaotic reflection configuration

Chaotic seismic facies is widely observed in the
deepwater northeastern SCS margin, and it appears as
discontinuous and transparent because of mid to low
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Figure 5. Seismic section and its interpretation of MCS1046-08, showing sediment waves and buried volcanic edifice near the
Manila trench. The small buried volcano is characterized by seismic reflections of lava flows. Red rectangular displays the buried
volcano and lava flows. Profile location is shown in Figure 2.
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seismic amplitude. Seismic facies C exists predominantly
in the Pliocene and Pleistocene strata along the base of
slope (Figures 4, 5, 7, and 8) and in the canyon cut-and-
fill features (Figures 3 and 8). It shows a spatially limited
and sheetlike geometry in the canyon infills and a more
widespread, irregular shape with erosional base in the
Pliocene and Pleistocene strata along the base of slope.
This seismic facies is interpreted as mass transport

deposits (MTDs) accumulated by sediment gravity flows
or slide and slump processes.

Seismic facies D: U-shaped canyon-cut reflection
configuration

U-shaped canyon-cut seismic facies mostly appears
in late Miocene and Pliocene strata in the southeastern
part of the study area (Figures 3 and 8). The U-shaped
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Figure 6. Seismic profile of MGL0905-10 showing grabens in the southwestern corner of the study area. Thin blue lines in the
graben in (b) are the unconformities that are identified in the Paleogene graben. The Paleogene graben was resulted from rifting
events with multiple normal faults. Red rectangle outlines the Paleogene graben. Profile location is shown in Figure 2.
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canyon erosional surface cuts the strata up to 400 m
deep with infill sediments characterized by interbedded
MTD (seismic facies C) and turbidites (seismic facies F;
see below). This seismic facies probably shows the en-
trenched channel or leveed channel of paleocanyons on
the paleoslope.

Seismic facies E: Shingled reflection configuration

Seismic facies E of shingled reflections appears in the
Miocene and Pliocene strata and encased in between
more flat-lying layers in the western part of the study

area (Figures 5 and 7). However, a stacked series of
multiple shingled layers exist beneath or near the mod-
ern Formosa Canyon. These shingled layers are inter-
preted as the lateral migrating and depositional bank
of submarine channels.

Seismic facies F: HARP reflection configuration

The HARP seismic facies is typified by parallel, high-
amplitude, continuous reflectors. It exists widely in
the northern SCS margin with repeating occurrences
(Figures 3-8). The total thickness of this seismic facies
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Figure 7. Seismic section and interpretation of MGL0905-10 showing features of lateral accretion and grabens in the central part
of the study area. Lateral accretion features reveal development of paleochannels in this region during late Miocene. Red rectangle
shows reflections interpreted as lateral accretions of channel. Profile location is shown in Figure 2.
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in the eastern part of the study area is more than that in
the western half. We interpreted this seismic facies as
sheetlike turbidites brought about by frequent turbidity
currents since the early Miocene.

Seismic facies G: Discontinuous, high-amplitude, and
low-frequency reflection configuration

The reflection signature of this seismic facies gener-
ally appears as high-amplitude, discontinuous, and

low-frequency reflectors with some concave downward
diffractions at the base (Figures 3-5). However, the
transparency is very different in the emergent volcano
group (Figure 3). The reflectors of emergent volcanos
are characterized by very good transparency, whereas
others reveal clear reflectors. This feature may be
caused by the energy dissipation on the steep slope of
the cone-shaped volcanic body. This seismic facies is
interpreted as resulting from extrusive volcanics, lava
flows, and volcanic sills.

a) CDP ganp 10000 11000 12000

sw MGL0905-27

13000 Stratigraphic correlation

ne 7 Four key stratal surfaces, the base
of Pleistocene strata (approximately
1.8 Ma), the base of Pliocene strata (ap-
proximately 5.3 Ma), the mid-Miocene
MFS (approximately 17 Ma), and the
breakup unconformity are well-corre-
lated in the rifted margin of the north-
eastern SCS (Figure 9). The northern
depression, the central uplift zone, and
a portion of the southern depression
are developed beneath the shelf. The
Oligocene-Miocene strata overlie directly
above the Mesozoic basement in the
central uplift zone and in the northern
depression, whereas Paleogene syn-rift
sediments are found in a Paleogene half-
graben in the southern depression. A
major half-graben of up to 2 s TWT in

b) 030;9400 10000 11000 12000
' MGL0905-27

Base of Pleistocene strata

——— Breakup unconformity

ve=9.26@1500m/s[™

Base of Pliocene strata
top of Mesozoic basement
| Seismic facies A EEE Seismic facies B HEEEM Seismic faices C
...~ SeismicfaciesD [ SeismicfaciesG [ SeismicfaciesF
[ Paleogene grabenal sediments Il Mesozoic basement

13009 .1 sediment thickness is found lying be-
neath the upper Tainan Slope (Li et al,,
2007, Lester et al, 2012; Yeh et al.,
2012, Figure 9). The footwall of the
north-dipping graben bounding fault is
a structural high, presumably underlain
by Mesozoic sequences, which is directly
covered by Quaternary sediments on its
top (Figure 9). Within the graben infills
key stratal surfaces and strata termi-
nate against this graben bounding fault.
Seismic characteristics of these key sur-
faces can still be correlated on both
sides of this structural high, however
(Figure 9).

In the deepwater area, reflectors for
the base of Pleistocene and base of Plio-
cene are correlatable in most of the study
area whereas reflectors for the mid-Mio-
cene MFS and breakup unconformity
cannot be correlated in some parts of
the northern SCS margin (Figure 10).
The distribution of spatially continuous

Pliocene and Pleistocene bases indicates

Figure 8. Seismic section of MGL0905-27 revealing the canyon cut-and-fill and
sediment wave features in the eastern part of the study area. Panel (a) is unin-
terpreted profile and (b) is an interpreted section. Canyon-cut feature truncates
the bases of Pliocene and Pleistocene bases with canyon fills showing HARP and
chaotic seismic facies. Sediment waves lie above the base of Pleistocene. See
Figure 2 for profile location.
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less tectonic activity during the Pliocene-
Pleistocene. Disappearance of these two
surfaces is only due to canyon erosion or
due to a high-standing emergent volcano
group (Figure 10). The Oligocene break-
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up unconformity separates the underlying and tilted breakup unconformity cannot be clearly identified in
Paleogene syn-rift sediments from the overlying Neo- some parts of the northern SCS margin if the seismic
gene postbreakup strata (Figure 9). However, the data quality is poor.

Table 1. Description of seismic facies and their interpretation.

Seismic facies Seismic expression Interpretation
Seismic facies A: Parallel reflectors, Pelagic/hemiplegic
Continuous and intermediate to low sediments (low-
parallel reflection amplitude, good amplitude reflections)
configuration continuity interbedded with

overbanking turbidites
showing higher
amplitude reflections

Seismic facies B: Wavy and high Lateral migration and
Wavy and continuous amplitude reflectors, vertical accretion of
reflection good to intermediate deepwater sediment
configuration continuity waves caused by

oceanic bottom currents

or sediment gravity
flows
Seismic facies C: Chaotic, low amplitude, MTDs such as slumps
Chaotic reflection discontinuous and and debris-flow deposits
configurations uneven reflection
signals
Seismic facies D: Abrupt termination of a Submarine canyon
U-shaped canyon- series of reflections due incision and erosion
cut reflection to erosions
configuration
Seismic facies E: Shingled reflectors Lateral accretion of the
Shingled reflection  enclosed at its base and  depositional flank of
configuration top by more gently submarine channels
dipping strata
Seismic facies F: Parallel/semiparallel,  Turbidites deposited in |
HARP reflection high-amplitude, and the channels or
configuration good continuity overbanking areas
reflectors
Seismic facies G: High-amplitude and low-  Extrusive volcanics,
Discontinuous, high-  continuity reflectors, lava flows, and sills
amplitude, and low- sometimes its top related to extrusive
frequency reflection  showing cone-shaped volcanic activities
configuration feature, refractions tend
to occur at the base of
rocks
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Sediment thickness and sedimentation rates

The stratigraphic thicknesses are derived from the
results of key stratal surface correlation. We performed
a time-depth conversion using a velocity function ob-
tained from hydrocarbon exploration wells in the
Tainan shelf and the ODP Site 1148 in the SCS basin
(Lin et al., 2014). The thicknesses and nominal sedimen-

tation rates for Pleistocene (1.8 Ma to present day),
Pliocene (5.3-1.8 Ma), and middle to late Miocene
(17-5.3 Ma) are calculated and shown in Figure 11.
The results show that the areas with the thickest sedi-
ments (the depocenters) lie at the northeast corner
of the study area since mid-Miocene. The stratigraphic
thickness and averaged sedimentation rates for these
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Figure 9. (a) Stratigraphic correlations on profile MGL0905-05 in the shelf to the deepwater region in the study area. Dashed
rectangles in both panels show the same profiles. See Figure 2 for profile location of MGL0905-05. (b) Seismic stratigraphic
correlation from borehole A-1 to MGL0905-05. (¢) Seismic stratigraphic correlation from JA-1 borehole to MGL0905-05 section.
Locations for these seismic lines and boreholes can be found in Figure 2.
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three periods reveal different tectonic features. The
middle to late Miocene strata thin southwardly, where-
as the Plio-Pleistocene strata thins southwestwardly.
The stratigraphic thickness and its thickness trend
indicate that the northern SCS margin is probably a
north-south-dipping continental slope during middle
to late Miocene. In the Pliocene and the Pleistocene,
the increasing sedimentation rate and clockwise-shifted

thickness trend may indicate the influence of approach-
ing Taiwan accretionary wedge and mountain belts.

Discussion
Cenozoic stratigraphy

Four key stratal surfaces have been correlated in
the study area (Figure 9). These key seismic surfaces
are correlated from the boreholes in the Tainan Basin
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Figure 10. Color-coded line segments showing TWT of breakup unconformity (a), mid-Miocene MFS (b), base of Pliocene (¢), and
base of Pleistocene (d).
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beneath the shelf (Figure 9) and from ODP drilling in the
distal margin to the west of the study area (Figure 12).
The Pleistocene sequence is characterized by strong seis-
mic reflectivity, whereas the Pliocene sediments reveal
weak reflectivity (Figures 9 and 12b). The middle to late
Miocene strata show rather low-frequency features com-
pared with the Pliocene sediments. The features of Pleis-
tocene to upper Miocene sequences can be correlated
with the sequence drilled at ODP Site 1148 (Li et al.,
2015). The identification of these key stratigraphic hori-
zons is similar to those by Li et al. (2007).

Paleogene grabens and underlying continental
crust

The breakup unconformity divides the underlying Pa-
leogene syn-rift sediments and the overlying late Oligo-
cene to Recent postbreakup sequence beneath the
Taiwan Strait (Lin et al., 2003). Stratigraphic correlations
show that the breakup unconformity also exists in the
deepwater area of the rifted continental margin. This
key surface is also present in the western part of the
northern SCS margin as seen on TAIGER seismic data

(e.g., Figure 10 of Lester et al. [2014] and Figure 4 of Mc-
Intosh et al. [2014]). The Paleogene grabens (Figures 6—
8) developed on the top of the Mesozoic basement are
well-identified on the seismic profiles. The rift geometry
indicates episodic rifting activities during the Paleogene
(Figure 6). Paleogene-rifted grabens developed in the
northern SCS margin show a characteristic continental
crust beneath the margin, indicating that the margin is
arifted continental margin rather than floored by oceanic
crust. Recent studies also suggested shallower Moho be-
neath this area and indicated a thinned continental crust
beneath the rifted continental margin (Lester et al., 2014;
McIntosh et al., 2014).

Early postbreakup extrusive volcanic events
Seismic interpretation reveals many groups of vol-
canic bodies, shown as emergent or buried seamounts,
lava flows, and sills developed in the deepwater area of
the northern SCS margin (Figures 3, 5, and 6). There
should be conduits for lava injecting from deep mantle
through the rifted crust to shallow sub-bottom near the
seafloor (Figures 3 and 4). However, the quality of our
seismic data is not good enough to ob-
serve features related to magmatic dikes

a) mid- to late Miocene b)

Pliocene

and vent complexes. We suggest that
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the postbreakup extrusive volcanic ac-
tivities occurred in early Miocene and
ceased to be active in mid-Miocene by
the following pieces of evidence: (1) lava
flows and sills are observed beneath the
stratal surface of mid-Miocene MFS
(17 Ma). Although the extrusive volcanic
bodies are covered by the mid-Miocene
MFS in the deepwater area, lava flows
and sills are also buried by early Mio-
cene sediments (Figures 3-5). (2) Age
datings from an emergent volcano reveal
that the volcanics were erupted approx-
imately 21-22 Ma (Wang et al., 2012). The
volcano group may develop since early
postbreakup at approximately 30 to 21—
22 Ma in age. The features of buried sea-
mounts, lava flows, and volcanic sills in
the southern part of the northern SCS
margin near the Penghu Canyon/Manila
Trench are consistent with the features
of the emergent volcano group. This sug-
gests that extensive extrusive volcanism
occurred in the northern SCS margin
during early postbreakup and probably

ceased to be active by the end of the early

Figure 11. (a) Sediment thicknesses and averaged sedimentation rates during
middle to late Miocene (17-5.3 Ma), (b) Pliocene (5.3-1.8 Ma), and (c) Pleisto-
cene (1.8 Ma to present-day). The trend of the thickness (magnitude shown on
the right side of scale bar) and the averaged sedimentation rate (magnitude
shown on the left side of scale bar) reveal a shelf-break perpendicular trend dur-
ing mid- to late Miocene and a clockwise-shifting trend during the Pliocene and
Pleistocene. This feature probably shows the Taiwan Orogen developing at
northeast of study area since the Pliocene epoch. Thin black lines are locations
of interpreted seismic profiles. The thick black dashed line shows the deforma-
tion front of Taiwan accretionary wedge.
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Miocene Epoch. In the shelfal Tainan Ba-
sin and southern Taiwan mountain belts,
postbreakup basaltic rocks are mostly
early to middle Miocene in age (Sung
et al,, 2000) with the rare exception of
late Miocene occurrences, such as some
basalts in the Penghu island (Juang and
Chen, 1992). The ages of igneous activ-

- —
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ities in our study area are in agreement with our sugges-
tion for the postbreakup extrusive volcanic activity was
active being primarily during early Miocene and probably
ceased to be active in mid-Miocene.

Formosa canyon system and sediment waves

Canyon features, including lateral accretion and
canyon cut-and-fill, are evident in the Neogene strata
(Figures 3, 7, and 8). Seismic data show that the largest
canyon system lies beneath or near the modern For-
mosa Canyon. The canyon infill is characterized by seis-
mic facies E, indicating lateral accretion in the western
part of the northern SCS margin, and showing as a
proximal paleocontinental slope. In the eastern half of
the study area, the canyon base erodes into the upper
Miocene strata, indicating that the canyon has devel-
oped after the late Miocene (Figure 8). The canyon in-
fills are characterized by interbedded strata of chaotic
and HARP seismic facies (Figure 8), suggesting that
large amounts of sandy sediments are accumulated in
the canyon. The canyon cut-and-fill feature reveals de-
velopments of a submarine fan, leveed channels, and
entrenched channels, relating to base-level changes on
the lower continental slope during late Miocene and
Pliocene.

Two sediment wavefields of distinct morphologic
features are observed lying to the west of modern de-
formation front/Manila Trench and to the north and
south of Formosa Canyon, respectively. These two sedi-
ment wavefields are classified by their wavelengths and
seismic reflection patterns (Gong et al., 2012, 2015;
Kuang et al., 2014). The base of the sediment wavefields

in northern SCS margin shows that these fields have de-
veloped since early to middle Pleistocene (Figures 4, 6,
and 8). Some sediment wavefields are buried or found
outside of the aforementioned sediment wavefields in
the northern SCS margin (Figures 3 and 7). These sedi-
ment wave strata may have started their development in
late Pliocene or early Pleistocene. The sediment wave-
fields are mainly originated from downslope-moving
supercritical turbidity currents (Kuang et al., 2014;
Zhong et al., 2015).

Tectonic development of the Cenozoic rifted
margin

Our stratigraphic correlation and seismic interpreta-
tion help to outline the tectonic and sedimentary features
in the northern SCS continental margin offshore south-
west Taiwan (Figure 13). Before the oceanic spreading
of the SCS commenced at approximately 30 or 33 Ma
(Barckhausen et al., 2014), continental rifting resulted
in a series of normal faults with horst-and-graben fea-
tures (Figure 13). The grabens were filled with syn-rift
sediments. A half-graben is observed to lie beneath the
Jiulong Ridge in the Tainan Slope (Lester et al., 2012;
Liao et al., 2014) for example. Seismic-facies analyses
indicate that early postrift sediments, which overlie
the breakup unconformity, are all deepwater facies (see
Figures and 6, 7, 8, 9, and 12). This indicates that there
was a phase of rapid tectonic subsidence following the
continental breakup or incipient seafloor spreading at 30
or 34 Ma. This phase of early postrift rapid subsidence
during the late Oligocene to early Miocene is observed
in the Tainan Basin (Lin et al., 2003), and it is interpreted
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Figure 12. (a) Seismic sections and stratigraphics correlations between MGL0905-10 (this study) and seismic section crossing
ODP Site 1148 (c) as reported in Li et al. (2015). Seismic facies can be well-correlated on both sides of basement high shown in
MGL-0905-10. Profile location is shown in Figure 2. (b) A magnified seismic section showing seismic features to the southwest of
the basement high. Key stratal surfaces and characteristics for each sequence can be easily observed in this section. (c) Seismic
section showing features of Cenozoic sequences crossing ODP Site 1148. The surface, Tpp (Pliocene-Pleistocene boundary,
2.568 Ma), in (c) is based on new Geological Time Scale 2012 (Gradstein et al., 2012), whereas the base of Pleistocene strata
in this study followed old definition of base of Pleistocene (1.8 Ma) as reported in the well-completion reports of boreholes
A-1 and JA-1 (see Fig. 2).

Interpretation / August 2016 SP61


http://library.seg.org/action/showImage?doi=10.1190/INT-2015-0209.1&iName=master.img-033.jpg&w=500&h=200

Downloaded 07/06/16 to 216.63.246.110. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

to result from rapid cooling from a thermal perturbation
during late syn-rift stage (Lin et al., 2003). This hypoth-
esis was later supported by numerical modeling (Shi
et al., 2008). In view of the breakup unconformity being
always covered immediately by deepwater facies and the
suggested rapid tectonic subsidence during the early
postrift phase, we interpret that the rate of tectonic sub-
sidence increases rapidly toward the distal rifted margin.
Therefore, a sigmoidal bathymetric profile has devel-
oped since the early postbreakup stage. Postbreakup
extrusive volcanic activity was vigorous in the early Mio-
cene, leading to the development of many groups of ex-
trusive volcanos in the southern part of the northeast
SCS margin (Figure 13). The extrusive volcanic activities
largely ceased to be active by middle Miocene. Formosa
Canyon system started to develop by late Miocene. The
drainage of the Formosa Canyon may be obstructed by
the distribution of extrusive volcanic bodies or buried
seamounts (Figure 13). During the Pliocene, the central
uplift zone of the Tainan Basin was an isolated high
(probably a shallow and submerged area or subaerially
exposed, Tzeng et al., 1996). Sandy sediments were
blocked by this high and the Formosa Canyon served
as the main sediment conduit to transport terrestrial and
coarse-grained sediments to the deep sea. Submarine
fans may develop in the distal part of the study area

(Figure 13) with sediments delivered from the Formosa
Canyon and perhaps other canyons from the northeast
of the margin. In response to the westward advance
of the Taiwan orogenic/accretionary wedge during the
Pleistocene, flexural normal faults started to develop
near the Manila Trench due to plate flexure for the
subducting plate. The sediment wavefields also started
to develop in the early or middle Pleistocene (Figure 13).
In the late Pleistocene, Formosa Canyon drainage
shifted eastward and converged into the Manila Trench

(Figure 13).

Conclusions

A Cenozoic tectonic and sedimentary development
model in the rifted northern continental margin of the
SCS near Taiwan is proposed by integrating reflection
seismic and borehole data. The conclusions of this study
are as follows:

1) The stratigraphic correlation from the shelf
reveals that four key stratal surfaces, the base of
Pleistocene, base of Pliocene, mid-Miocene MFS,
and breakup unconformity, are well-correlated in
the northeast SCS. The reflection pattern of the
Pleistocene, Pliocene, and late Miocene sediments
can also be consistently correlated with those ob-

served at ODP site 1148.
2) The spatial distribution of strati-

. Mesozolc basement | continental crust
———————————————————

1. Mesozoic ~ early Paleogene
(early syn-rifting & half graben development)

3. Early ~ middle Miocene
(post break-up, extrusive volcanics)

4. Late Miocene

5. Pliocene
(post break-up, canyon development)

= Breakup unconformily = Paleo Formosa Canyon
= = Postulaled shelf break
Extrusive volcanic body and sills e Sediment wave
Neogene sediments o Paleogene strata
I Subaerial region Submarine fan

(post break-up, canyon, channel,
and fan development)

6. Pleistocene ~ Present day
(canyon & sediment wave development)

graphic thicknesses and averaged
sedimentation rates derived from
seismic stratigraphic correlations
indicate the paleogeography and
depocenters for each period. The
northern SCS margin is a southeast-
dipping continental slope during
middle to late Miocene, whereas the
clockwise-shifted thickness trend
indicates the influence of Taiwan ac-
cretionary wedge during the Pliocene
and Pleistocene when the accretion-
ary wedge gradually approaching the
study area.

3) The northeast SCS margin off south-
west Taiwan develops on a rifted
and thinned continental crust. Many
features, such as Paleogene grabens
and graben bounding faults, and the
shallower Moho surface in the south-
ern part of the northern SCS margin
as reported in the literature, suggest
the nature of the continental crust
beneath the distal margin.

4) The margin is dominated by horst
and graben due to continental rifting
before the SCS oceanic spreading.
The breakup unconformity separates

Figure 13. Schematic drawings showing the Cenozoic tectonic and sedimentary
development of the northern SCS continental margin in the study area.
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the underlying syn-rift sediments
and the overlying postbreakup strata.
Extrusive volcanic activity was vigo-
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rous in the early Miocene and probably ceased
to be active by middle Miocene. Formosa Canyon
started to develop in late Miocene and gradually
evolved to the modern configuration. Submarine
fans may have developed in the southeastern
margin during the Pliocene. Finally, two sediment
wavefields have developed since early or middle
Pleistocene.
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