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ABSTRACT

The northern South China Sea (SCS) continental margin was proposed to be
an active margin during the Mesozoic. However, only a few papers discussed the
Mesozoic structural evolution in this region. Here, we provide information based on
the seismic profile interpretations with age control from biostratigraphic studies and
detrital zircon U-Pb dates of well MZ-1-1 in the western Dongsha-Penghu Uplift of
the northern SCS continental margin. The industrial seismic profiles reveal evidence
for structural inversion as represented by folds and high-angle reverse faults, formed
by reactivation of pre-existing normal faults. The inversion event likely started af-
ter the Early Cretaceous, and developed in Late Cretaceous, but ceased before the
Cenozoic. The areal extent of the structural inversion was restricted in the western
Dongsha-Penghu Uplift and was approximately 100 km in width. Based on the pa-
leogeographic reconstruction of SCS, the structural inversion was likely formed by a
collision between the seamount (volcanic islands) swarm of the current North Pala-
wan block (mainly the Calamian Islands) and the northern SCS continental margin
around Late Cretaceous.

1. INTRODUCTION

The Mesozoic evolution of the South China Sea (SCS)
continental margin, according to different models, e.g., Tay-
lor and Hayes (1980), Holloway (1982), Faure et al. (1989),
Li and Li (2007), and Li et al. (2012) can be summarized
as that the current northern continental margin of the SCS
experienced at least two tectonic regimes since the Late
Mesozoic: (1) the initial regime was an active margin char-
acterized by the development of continental arcs between
280 and 90 Ma; and (2) after 90 Ma the active subduction
ceased and a passive margin developed along with a series
of marginal basins.
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During the active margin regime, a Mesozoic subduc-
tion zone existed along the northern continental margin of
the SCS (Holloway 1982). In contrast, the passive continen-
tal margin regime experienced rifting and seafloor-spread-
ing from the Oligocene to the Middle Miocene, and a small
ocean basin was formed in the Cenozoic (Taylor and Hayes
1980, 1983; Briais et al. 1993). Thus, the mechanism for the
transition to a Cenozoic extensional setting is unclear be-
cause of complex Cenozoic tectonic events such as opening
of the SCS had completely transformed the Mesozoic con-
figuration (Taylor and Hayes 1980, 1983; Holloway 1982;
Li and Li 2007; Li et al. 2012). Detailed studies of the Me-
sozoic to Cenozoic tectonics in the northern SCS continental
margin have been hampered by the rarity or unavailability
of subsurface information. Generally, the collision events



892 Huang et al.

should have induced contractional features that are likely to
have been preserved in the Mesozoic strata in the northern
SCS margins. Here we compiled four regional geological
profiles perpendicular to the northern continental margin of
the SCS (Figs. 1 and 2; see Fig. 1 for the locations of pro-
files), showing that such Mesozoic contractional structures
do not appear in the four long regional geological profiles.
The four profiles have similar structural styles for the dis-
tribution of grabens and hosts that resulted from rifting and
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Cenozoic SCS seafloor spreading. Only the middle portion
of the B-B’ profile (close to the western Dongsha-Penghu
Uplift) shows different characteristics with a contractional
structure in the Mesozoic formation. This is critical to the
tectonics of this region but has not been discussed until
the drilling of well MZ-1-1 (Yan and Liu 2004; Shi and Li
2012; Yan et al. 2014). Therefore, in this study, we have fo-
cused on the western Dongsha-Penghu Uplift area and tried
to decipher the Mesozoic tectonic history of the northern
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Fig. 1. Regional topographic map of the northern South China Sea. The four blue lines (A-A’ to D-D’) are long geological profiles across the north-
ern continental margin of the SCS compiled from Ru and Pigott (1986), Clift and Lin (2001), Shi et al. (2005), and Zhou et al. (2008). The four
profiles are shown in Fig. 2. The red square shows the location of the multi-channel seismic profiles (black lines), well MZ-1-1 (green circle and
label), seismic profiles used in Figs. 4 and 7 (red lines) zoom in lower left. (Color online only)
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Fig. 2. Comparison of four long profiles across the northern continental margin of the SCS. The four long profiles from A-A’ to D-D’ across the
northern continental margin of the SCS from NE to SW are compiling from Ru and Pigott (1986), Clift and Lin (2001), Shi et al. (2005), Zhou et al.
(2008), and seismic profiles in this study. See Fig. 1 for locations of the profiles. Note that the igneous event of B-B” make it difficult to interpret
the continuous strata but still shows the different tectonic events (such as contractional structures, i.e., high-angle reverse faults, from the other three
profiles). The well MZ-1-1 (green dash line and label) is located around the high-angle reverse faults of B-B’. (Color online only)
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SCS continental margin.

This study uses new industrial seismic data, detrital
zircon U-Pb geochronology and the MZ-1-1 drilling results
to discuss the depositional history and tectonic evolution of
the northern SCS continental margin during the Mesozoic.
We used the data to determine the possible cause for the
tectonic inversion in the Dongsha-Penghu Uplift. In doing
so, we hope to offer a better interpretation of the tectonic
evolution in the northern SCS continental margin and also
to provide better constraints for future hydrocarbon explora-
tion in the deep-water area.

2.STUDY AREA AND REGIONAL GEOLOGY

A brief overview of the complex geological history,
according to previous studies (Hilde et al. 1977; Holloway
1982; Taylor and Hayes 1983; Zheng 1985; Letouzey and
Sage 1988; Williams et al. 1988; Liidmann and Wong 1999;
Dong et al. 2008, 2009; Wang and Li 2009), of the study
area around SCS can be divided into three stages (Table 1):
(1) pre-rift stage (during Mesozoic), (2) syn-rift stage (from
Mesozoic to the middle Oligocene), and (3) post-rift stage
(after middle Oligocene). During the pre-rift stage, the South

China margin is thought to be an active continental margin.
After the pre-rift stage, rifting accompanied by uplift and
erosion of the rifted margin lasted from the Late Cretaceous
to Early Oligocene. The SCS developed into the post-rift
stage after the middle Oligocene and is further subdivided
into the drifting stage and a post-drift stage (Liidmann and
Wong 1999).

The SCS seafloor spreading occurred during the drift-
ing stage from the middle Oligocene to the Middle Mio-
cene. The beginning of the drift phase, oriented north-south,
is marked by a major breakup unconformity (BUU; Zhu et
al. 1999; Zhou et al. 2006; Wang and Li 2009; Table 1).
Marine magnetic anomalies in the SCS were identified to
be from anomalies 11 to 5d (Taylor and Hayes 1983). This
interpretation was modified as anomalies 11 to 5c accord-
ing to a later study by Briais et al. (1993). Therefore, this
drifting phase was placed from the end of the Early Oli-
gocene through to the beginning of the Middle Miocene
(30 - 16 Ma, anomalies 11 to 5c¢), if the anomalies are cal-
ibrated with the new geomagnetic time scale by Gee and
Kent (2007). With the cessation of seafloor spreading, the
deep SCS Basin and its adjacent continental margins started
to subside as a consequence of the thermal relaxation of the

Table 1. Seismic stratigraphy, lithology, sea-level curve and major tectonic events of the
study area (summarized from Haq et al. 1987; Zhu et al. 1999, 2012; Pang et al. 2005; Li et

al. 2009). (Color online only)
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oceanic lithosphere during the post-drifting stage (Taylor
and Hayes 1983; Liidmann and Wong 1999; Wang and Li
2009; Table 1).

The distribution of middle to late Mesozoic
(150 - 90 Ma) granites in the northern SCS continental mar-
gin is well documented and indicates that granitic magma-
tism was active form the Jurassic to Cretaceous periods at a
convergent setting (e.g., Li 2000; Chen et al. 2008, 2010; Li
et al. 2012). Meanwhile, Chen et al. (2010) reported a series
of volcanic rocks including rhyolite, dacite, and andesite
dated from 100 - 55 Ma along the SE coastal range of China.
They suggested that the magmatism was continuous from
the Late Cretaceous to the Paleocene. During the Cenozoic,
in the area surrounding the SCS, Cenozoic magmatic rocks
are reported from South China to Hainan Island and the In-
dochina Peninsula (Barr and MacDonald 1981; Chung et al.
1994; Nguyen et al. 1996; Lee et al. 1998).

The published seismic profiles from the northern SCS
(Zhou et al. 1995, 2006, 2008) indicate that the Mesozoic
basement and the Cenozoic sediment and formation were
separated by seismic reflection T, (~66 Ma; Table 1). For
the geological evolution of the SCS margin in the Ceno-
zoic, the seismic reflector T, (~30 Ma) separated the syn-rift
stage from the post-rift stage around the middle Oligocene.
In addition, the seismic reflection T, (~16 Ma) in the post-
rift stage separates the drifting stage from the post-drifting
stage around the Middle Miocene (Table 1).

There are several large sedimentary basins developed
during the Cenozoic along the margins of the SCS. The ba-
sins are characterized by episodic rifting, clockwise rotation
of the rifts, a westward younging of the breakup unconfor-
mity, and intensifying crustal extension to the east (Zhou
et al. 1995). In the study area, the Pearl River Mouth Basin
(PRMB), the Chaoshan Depression, the Tainan Basin, and
the Dongsha-Penghu Uplift are the four major geological
units and are adjacent to each another (Figs. 1 and 2, B-B’
profile). The geological evolution of the PRMB can be di-
vided into three main phases by subsurface geological data
(Feng and Zhang 1982; Jin et al. 1984; Guong et al. 1989;
Yu 1994; Dong et al. 2009). The first phase is basement
rifting and basin subsidence from the Late Cretaceous to the
middle Oligocene. The subsidence was dominated by the
deposition of the terrestrial Shenhu, Wenchang, and Enping
formations during the rifting phase (Table 1). After the mid-
dle Oligocene, with the advent of seafloor spreading, the sea
encroached onto the continental margin and a marine paleo-
environment was established (Li 1984; Wu 1988; Guong et
al. 1989; Feng et al. 1992). During the second phase, the
faulting, subsidence and deposition occurred within the sub-
basins from the middle Oligocene to the Middle Miocene
(Wang et al. 2003). Subsequent to the third phase was the
subsidence and filling of the entire basin since the Middle
Miocene (Wang et al. 2003). The Chaoshan Depression, lo-
cated in the southwest of the study area, is regarded as a

relict Mesozoic basin with one well drilling report (Wang
et al. 2003). The Tainan Basin located in the northeast of
the study area has good potential for petroleum. Reflec-
tion seismic and well data suggest that the Tainan Basin is
a Cenozoic rift basin filled with sediments from the Upper
Oligocene to the Quaternary that deposited unconformably
on the Mesozoic terrestrial sediments. In most seismic sec-
tions, there is no clear acoustic basement. However, there
is a sharp angular unconformity below the Cenozoic strata.
The angular unconformity represents a stratigraphic hia-
tus between the Late Cretaceous and the Early Oligocene
(Lee et al. 1993; Tzeng 1994; Lin et al. 2003; Li et al. 2007,
2008). The Dongsha-Penghu Uplift is a basement high lo-
cated in the northwest of the study area and is subparallel to
the continental margin. South of the uplift, the Tainan Ba-
sin and the Chaoshan Depression extend from the northeast
to the southwest. The Dongsha-Penghu Uplift connects the
Peikang basement high to onshore Taiwan (to the north) and
has the same features as an outstanding positive magnetic
anomaly belt (Tzeng 1994; Huang et al. 2004; Fig. 2).

3.DATA AND METHOD

This study used more than 7000 km of multi-channel
industrial seismic profiles from the western Dongsha-Pen-
ghu Uplift (Fig. 1). Seismic data in SEGY format come from
two sources, Chinese Petroleum Corporation, Taiwan (CPC,
Taiwan), and Tainan-Chaoshan Petroleum Operating Com-
pany (TCPOC). Seismic reflections are correlated with well
data from MZ-1-1 (Hao et al. 2001; Yan and Liu 2004; Yan
et al. 2014; Fig. 3) and interpretations of nearby seismic pro-
files by Zhou et al. (1995, 2006, 2008) and Zhu et al. (1999).
Drilling and logging data of well MZ-1-1 were acquired by
industrial standards and are provided by TCPOC. We com-
piled the seismic stratigraphy, lithology, sea-level curve and
major tectonic events of the study area from the literature
(global sea-level curve from Haq et al. 1987; the geologi-
cal time scale from Gradstein et al. 2012; other information
from Zhu et al. 1999, 2012; Li et al. 2009; Table 1). The
procedures for determining stratigraphy from seismic data
involve seismic sequence analysis, seismic facies analysis,
and interpretation of lithofacies and depositional environ-
ments (Vail 1987). The working procedures to separate the
seismic sequences are based on defining the genetic reflec-
tion packages (referred to as seismic sequences and seismic
systems tracts) by identifying discontinuities on the basis of
reflection termination patterns. These are used to determine
the depositional environment from the characteristics of the
seismic reflections (Vail 1987). This study also collected the
cutting samples from the well MZ-1-1 for the detrital zir-
con U-Pb dating to better constrain the sedimentation ages
of well MZ-1-1. The youngest age given by detrital zircon
U-Pb dates may be used to indicate the oldest possible age
for the timing of deposition of the strata (Bowring et al. 2006;
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Gehrels et al. 2006). The detrital zircon ages can be used in
conjunction with the bio-stratigraphy results to constrain the
formation timing of the strata. Based on the interpretation of
the seismic profiles and the age control from well MZ-1-1
(Fig. 3 and Table 2), we have summarized the depositional
history and the temporal and spatial extents of the Meso-
zoic structural inversion. In addition, the interpretation will
be discussed for tectonic implications and will be used to
propose a regional tectonic evolution model.

4. RESULTS
4.1 Lithology

The geological description of lithologies and deposi-
tional environments of MZ-1-1 can be divided into 6 sec-
tions (Fig. 3). And three distinct tectonostratigraphic units
(I, 11, and III) can be identified from seismic profiles across
the northern continental margin of the SCS, featuring differ-
ent reflection patterns and internal structures (Table 2). The
tectonostratigraphic units I, II, and IIT (from old to young)
are separated by two major sequence boundaries (T, kg and
T, + T,; Fig. 4). Based on seismic facies recognition and the
drilling results from well MZ-1-1 (Li et al. 2007, 2008; Shi
and Li 2012; Yan et al. 2014), we infer that these tectonos-
tratigraphic units correspond to distinct tectonic and depo-
sitional environments. Tectonostratigraphic units I to III are
from the Jurassic pre-rift stage with a granitic acoustic base-
ment and littoral to neritic to abyssal sediment deposition,
the Cretaceous pre-rift stage is mainly paralic to terrestrial
sedimentary facies, and the post-rift stage with mainly ma-
rine sedimentary facies, respectively (Sangree and Widmier
1978; Vail 1987; Vail and Wornardt 1991; Liidmann and
Wong 1999; Li et al. 2007, 2008).

Tectonostratigraphic unit I is the Mesozoic [Early Cre-
taceous to Jurassic(?)] acoustic basement formed during
the pre-rift stage including two distinct reflection patterns.
The major one is a chaotic reflection pattern with slightly
variable frequency, low-moderate intermediate intensity,
and low continuity. The other one is a parallel reflection
pattern with slightly variable frequency, high intensity and
high continuity (Table 2). Based on the igneous rock sample
from the bottom of well MZ-1-1, the dominant rock type at
the acoustic basement is most likely Mesozoic granite (Li et
al. 2007, 2008; Shi and Li 2012; Yan et al. 2014). The par-
allel reflection pattern may be interpreted as a sedimentary
formation (Sangree and Widmier 1978). The parallel reflec-
tion pattern can be correlated with the Early Cretaceous
sedimentary formation based on the biochronology (Hao et
al.2001; Yan and Liu 2004; Yan et al. 2014) and detrital zir-
con ages from the cuttings of well MZ-1-1. The lower sec-
tion of tectonostratigraphic unit I appear to be granite and
diorite (Fig. 3). The middle section of tectonostratigraphic
unit I represented the grey to black laminar mud stone and
silt stone interbedded with sand stone, limestone, and oolitic

limestone, and mud stone is rich in organic clast (Fig. 3).
The upper section of tectonostratigraphic unit I represented
the radiolarite interbedded with basalt, grey to black laminar
mud stone and silt stone (Fig. 3). Tectonostratigraphic unit
I experienced an anticline-shaped basement high due to the
reverse faulting and a strong erosional surface that is indi-
cated by a major unconformity T;xex (Fig. 4). The uncon-
formity (T, kex) formed near the Early Cretaceous and Late
Cretaceous boundary (with moderate-strong amplitude and
a moderate-good continuous reflection pattern) and sepa-
rates the lower and middle seismic units (Table 2).

Tectonostratigraphic unit II (pre-rift stage of Late Cre-
taceous) is characterized by subparallel, locally chaotic and
wavy internal reflection patterns, with variable frequency,
highly variable intensity and intermediate to high continuity
(Table 2), which is typical of non-marine deposits (Sangree
and Widmier 1978). Based on the cutting analysis from well
MZ-1-1, the lower section of tectonostratigraphic unit I are
basic extrusive rocks with secondary rhyolites and beds of
muds, sands, conglomerates, and marl stones (Fig. 3). The
middle section of tectonostratigraphic unit II represents the
grey mud stone with lamination, silt stone, and sand stone,
and little organic clast without gypsum cementation (Fig. 3).
The upper section of tectonostratigraphic unit II represented
the mulberry muds, silts, and sand stones with little marl
stones, and gypsum cementation development (Fig. 3). Tec-
tonostratigraphic unit II was deposited on the major uncon-
formity (T ggx) after tectonostratigraphic unit I during Late
Cretaceous according to the biochronology (Hao et al. 2001;
Yan and Liu 2004; Yan et al. 2014) and detrital zircon ages
of cuttings from well MZ-1-1 (Fig. 3). Tectonostratigraphic
unit II represents an anticline fold and was bounded on top
by a prominent unconformity (T; + T,; Fig. 4 and Table 2).
This unconformity (T; + T,) is a significant angular uncon-
formity that is nearly parallel to the seafloor and has a strong
amplitude with good continuity and shows erosional trunca-
tion below it (Table 2). Based on the correlation with the
seismic profiles of PRMB (Feng and Zhang 1982; Jin et al.
1984; Guong et al. 1989; Zhu et al. 1999; Dong et al. 2009),
the T; + T, formed after the pre-rift and syn-rift stages and
can be identified as the break-up unconformity merging rift-
onset unconformity of Falvey (1974).

Tectonostratigraphic unit IIT (post-rift stage: drifting
stage and post-drifting stage in Cenozoic) is characterized
by a parallel-subparallel, locally wavy internal reflection
pattern with slightly variable frequency, transparent and lo-
cally low-moderate intensity and high continuity (Table 2).
This seismic facies may be attributed to coastal to marine
sediments in which siltstones or mudstones and sandstones
dominate and were deposited during the post-rift stage
(Neogene to Quaternary; Hao et al. 2001, 2009; Yang et
al. 2008). The post-rift stage seismic characteristics in this
area are similar to those from nearby areas, e.g., the Tainan
Basin (Lee et al. 1993) and PRMB (Wang and Sun 1994).
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Table 2. Seismic facies, sequences and reflection patterns with tentative ages of major sequence boundaries of the study area. (Color online only)
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4.2 Zircon Ages

The age controls of well MZ-1-1 (Table 3) in previous
studies are from fossil records (Hao et al. 2001; Yan and Liu
2004; Yan et al. 2014) and “Ar/*Ar dating of igneous rocks
(Lo 2004; Fig. 3). According to the analysis of limited ben-
thonic and planktonic foraminiferas, dinoflagellates, and pol-
lens collected from well MZ-1-1, the depth between ~1350
and ~2400 m can be identified as Mesozoic strata. And the
radiolarians between ~1700 and ~1900 m can be assigned
as the Jurassic age. However, the ages of the whole rock
“Ar/*°Ar dating range from 36.2 - 48 .4 Ma that collected from
the side wall cores between depth of ~1400 and ~2400 m of
well MZ-1-1. The “Ar/*Ar ages are totally different from the
biochronology, therefore, we collected the cutting samples
and separated the detrital zircons for further analysis.

Two samples were collected from cuttings of the well
MZ-1-1, and the depths of cuttings are 1250 - 1350 and 1950
- 2050 m (Fig. 3). Zircon grains were separated using stan-
dard techniques of crushing, grinding, sieving, magnetic and
heavy liquid separation, and then purified by hand picking
under a binocular microscope. Zircons from most samples
are clear, euhedral to rounded grains and exhibit elongated
or stubbed prisms. After the hand picking, the zircon sepa-
rates were mounted in epoxy and polished to approximately
half the mean grain thickness. The internal structures of the

zircons and the presence of inclusions were checked using
transmitted and reflected optical microscopy. Cathodolumi-
nescence (CL) images were used to demonstrate the internal
zonings of zircons and to select optimum spot locations for
in-situ U-Pb dating analysis (Lan et al. 2009).

Zircon U-Pb isotopic analyses were performed using
the laser ablation-inductively coupled plasma mass spec-
trometry (LA-ICPMS). The analyses of LA-ICPMS for
samples were performed using an Agilent ICPMS 7500cx
with the Ar and He carrier gas, and equipped with a New
Wave UP-213 laser ablation system with the He carrier gas
at National Chung Cheng University, Taiwan. Laser diam-
eter is 25 um. As for the measured Pb isotopes, common Pb
correction is performed by ComPbcorr (Andersen 2002). GJ
(600 + 5 Ma) and PL (337 + 10 Ma) reference zircon was
measured periodically during the analysis. The detail of the
method is described in Orihashi et al. (2008).

A total of 278 zircons with > 88 Ma (Sample 01) and
> 138 Ma (Sample 02) minimum U-Pb ages are obtained
from the 2 cutting samples; the U-Pb analytical results are
listed in Appendix. The U-Pb zircon ages of Sample 01 =
88 Ma (cutting depth is ~1300 m) and Sample 02 = 138
Ma (cutting depth is ~2000 m) are plotted as histograms in
Figs. 5a and b, which show the major age groups of 93 + 5
Ma (Sample 01) and 195 + 5 Ma (Sample 02) ages, respec-
tively (Fig. 5). Zircons separated from clastic rocks yield
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useful constraints on the depositional age (Gehrels et al.
2006). The youngest detrital zircons provide a maximum
age of deposition as well as provide information on the age
of the source terrains providing the detritus (Bowring et al.
2006) because the zircons must have been formed earlier
than their erosion and sedimentation into basins. There-
fore, the detrital zircon ages of Samples 01 and 02 indicated
the oldest depositional ages are Late Cretaceous and Early
Cretaceous, respectively (Fig. 3). The U-Pb zircon dating
results of Sample 02 can be used to modified that the Ty,
biochronology proposed by Hao et al. (2001), Yan and Liu
(2004), and Yan et al. (2014; Fig. 3) should be T, xxx bound-
ary (i.e., between Late Cretaceous and Early Cretaceous). It
also can provide a better age control for the seismic profile
interpretations.

The detrital zircon ages of this study agree better with
the biochronology (Hao et al. 2001; Yan and Liu 2004; Yan
et al. 2014) than “*Ar/*°Ar age of igneous rocks (Lo 2004). It
is likely to indicate the plateau ages of each “*Ar/*Ar dating
results were used to constrain the timing of each thermal
event, and do not indicate the depositional age of the strata.

4.3 Tectonics

Seismic profiles from the western Dongsha-Penghu
Uplift (Fig. 4) show inverted basement features such as
eroded anticlinal structures. The inversion structures were
initially interpreted as the reactivation of normal faults. An
example of the inversion structures is the basement and the
strata above it (tectonostratigraphic unit I and II) appears to
be passing through well MZ-1-1(Fig. 4). There is a promi-
nent anticlinal fold in the tectonostratigraphic unit II and
reverse faults in the tectonostratigraphic unit I, and the top
of the anticline is truncated by the rift-onset (and/or break-
up) unconformity (T; + T,). The correlation of the offset
from the reflectors in the tectonostratigraphic unit I (high-
lighted in yellow and green for the marker beds with differ-
ent formation ages; Fig. 4) exhibited displacements due to
faulting. The displacements indicating that the strata were
cut through by the normal faults and reverse faults. The dis-
placements of reflectors below unconformity T xex show
that there was an inversion event before the unconformity
formed (Fig. 4). The normal fault systems trend NE-SW

Table 3. Summary of age data from well MZ-1-1.

Biochronology ! “Ar/*Ar age of igneous rocks ? Detrital zircon U-Pb Geochronology *
Depth (m) Relative age | Depth (m) Total gas age (Ma + 2¢) | Depth (m) U-Pb age (Ma + 20)
~1350 (Benthonic and planktonic foraminifera) ~ Mesozoic 1397 37.6+0.5 ~1300 93 +5
~1700 - 1900 (Radiolaria) Jurassic 1596.5 313+£06 Min. 88
~1800 (Foraminifera)
~1950 (Dinoglagellate) 2120 51708 1515
~2100 (Benthonic foraminifera) 2416.5 549 +0.6 5000
~2200 - 2400 (Pollen) Mesozoic 24435 469 0.7 Min. 138
~2400 (Benthonic foraminifera) 2454 101.1 1.1
Note: 1: Hao et al. 2001; Yan and Liu 2004; Yan et al. 2014.2: Lo 2004. 3: This study.
(a) (b)
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Fig. 5. Histogram showing U-Pb zircon ages distributions of Sample 01 (cutting depth is ~1300 m) and Sample 02 (cutting depth is ~2000 m). (Color
online only)
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and dip to the SE and cut the Mesozoic basements of the
northern SCS continental margins. These faults maybe
caused by rifting during the Late Mesozoic to Early Ceno-
zoic (Taylor and Hayes 1983; Dong et al. 2008,2009; Wang
and Li 2009). The dip angle of the reverse fault planes in the
tectonostratigraphic unit I can be calculated using the time-
depth equation of well MZ-1-1. The horizontal and verti-
cal distances of the faults were calculated by applying the
time-depth equation (y = 2474 .5x - 1572.5,R?=0.9998, x is
two-way time and y is depth) of well MZ-1-1 (Fig. 4). The
dip angles of the main reverse fault planes are between 40
to 60 degrees. These angles are too steep and unreasonable
for thrust faults (Davis et al. 2012). The reverse faults with
steep angles were probably formed by inversion of normal
faults that were formed during the rifting of the Mesozoic
basement. Therefore, these high-angle reverse faults are
most likely formed by reactivation of the normal faults in the
Mesozoic basement due to the inversion event. From Fig. 4,
there are normal faults that were not reactivated to reverse
faults by this inversion event. They may have experienced
only minor reactivation along the fault planes around both
sides of the anticline during the compression (Fig. 4). The
above tectonostratigraphic unit II was folded by the con-
tractional event. It is likely that, due to the brittle nature of
the tectonostratigraphic unit I, fractures and displacements
took place due to the inversion event. As for the more duc-
tile tectonostratigraphic unit II, only folds developed due to
the inversion. Thus, reverse faulting of tectonostratigraphic
unit I and folding of tectonostratigraphic unit II were co-
eval. The timing of the inversion event must be at the end
of the formation time of the tectonostratigraphic unit I and
before the formation time of the tectonostratigraphic unit
III, which is approximately in the Late Cretaceous based
on the age control of the well MZ-1-1. In the area of profile
c01 (Fig. 4), the folds of tectonostratigraphic unit II were
truncated by the regional erosional surface defined as the
rift-onset unconformity T,, that may imply that the inver-
sion event ceased before the formation of the rift-onset un-
conformity T, (~66 Ma). Conclusively, the inversion event
possibly started after the Early Cretaceous, developed dur-
ing the Late Cretaceous, and ended before the Cenozoic.
The basement inversion scenario is similar to the tec-
tonic inversion and basement buttressing in the central Ap-
palachian Blue Ridge province (Bailey et al. 2002). The
possible history of the structural inversion in the western
Dongsha-Penghu Uplift began with the contraction dis-
placement on reactivated faults. The contraction displace-
ment pushed the hanging-wall up relative to the footwall
and may even have moved the hanging-wall higher than its
pre-extensional position. The inversion changed the Meso-
zoic basement and pre-rifting sedimentary units to be lifted
and folded as anticlines. Then, the major anticline of base-
ment (tectonostratigraphic unit I) and its overlying strata
(tectonostratigraphic unit II) were exposed. Subsequently,

erosion of the folded tectonostratigraphic unit II generated a
prominent unconformity (rift-onset unconformity T,).

The areal distribution of this structural inversion
can be identified from seismic profiles in the study area
(Figs. 6 and 7). The main structural inversion is only dis-
tributed in the western Dongsha-Penghu Uplift, with NE-
SW structural trends (Figs. 6 and 7). Figure 6 shows five
NW-SE trending seismic profiles including two in the SW
of profile cO1 (w01 and w02) and three in the NE of profile
c01 (e01, e02, and e03). In Fig. 6, the blue dashed lines
and red dashed lines show the two unconformities separat-
ing the three tectonostratigraphic units. The tectonostrati-
graphic unit I and II have an anticlinal structure caused by
the structural inversion and is outlined by the pink ellipse
between seismic profiles w01 to e02 (Fig. 7). The structural
inversion cannot be identified in seismic profiles w02 and
e03 (Fig. 6). The structural contour of T gk revealed the
areal extent of the structural inversion and was trending in
a NE direction with a width of ~100 km (Fig. 7). If the ar-
eal distribution (~100 km) of the structural inversion can
be used to infer the scale of the collision event, the size of
collider that collided with the northern continental margin
of the SCS may be at the scale of 100 km.

The inversion event reactivated some normal faults into
high-angle reverse faults and generated the anticline. Based
on the structural inversion interpretation of seismic profiles
and the NE-SW trending distribution, the contractional event
occurred with a NW-SE directed compressive stress during
the Late Cretaceous to Early Cenozoic. Currently, there is an
extensional environment with rifting tectonic setting in the
northern SCS continental margin (Dai et al. 1992; Martin et
al. 1994; Chen et al. 1996; Yui et al. 1996; Li 2000). Thus,
this structural inversion, possibly caused by a collision event
around the Late Cretaceous, may coincide with the timing of
the Mesozoic collision events between blocks (such as the
Luconia-Dangerous Grounds, Palawan, Mindoro, Romblon,
and Zamboanga areas, Paracel Islands, Macclesfield Bank,
and Reed Bank) and northern continental margin of SCS as
suggested by Faure et al. (1989), Li et al. (2007), Hall (2009,
2012), Hall et al. (2011), and Morley (2012).

After interpreting profile cO1 with the well data of MZ-
1-1, we can summarize the depositional and tectonic evo-
lution in the western Dongsha-Penghu Uplift area (Fig. 8).
During the Jurassic to Early Cretaceous, the basement of the
basin formed and sedimentary strata were deposited in this
area. The area experienced tensional stress under a rifting
tectonic framework and formed a series of normal faults in
the tectonostratigraphic unit I. Near the end of Early Cre-
taceous, a tectonic event caused some normal faults of tec-
tonostratigraphic unit I to reactivate into high-angle reverse
faults and form the structural inversion which was later
truncated by erosion. During Late Cretaceous, the structural
inversion developed into an anticline with the syn-tecton-
ic sediments deposited (tectonostratigraphic unit II) in a
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Fig. 6. Interpretation of five NW-SE seismic profiles (w01, w02, e01, €02, e03) showing the structural inversion in the western Dongsha-Penghu
Uplift and Donsha Island. The blue and red dash lines in the seismic profile show the tectonostratigraphic unit boundaries (T + T, and T xzx). Note
the structural inversion disappear in seismic profiles w02 and e03. The locations of the five seismic profiles were shown in Figs. 1 and 7. (Color
online only)
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Fig. 7. Two-Way Time contour based on the interpretation of multi-channel seismic profiles showing the extent of the structural inversion in the
western Dongsha-Penghu Uplift and Donsha Island. The extent width of the structural inversion is ~100 km. (Color online only)
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Fig. 8. Restoration of depositional and tectonic history from profile cO1. (a) The overlying Early Cretaceous strata were deposited on the rifted Juras-
sic basement with normal faults in the extensional tectonic setting. (b) and (c) indicate that the structural inversion started and was truncated by the
erosional surface in the end of Early Cretaceous, then the Late Cretaceous sediments were deposited on the unconformity Ty xx. (d) The structural
inversion formed an anticline of the syn-deposited sediments during the Late Cretaceous in the contractional tectonic setting resulting from the col-
lision event. (e) The regional erosional surface, which can be defined as unconformity (T, + T,), truncated the anticline of the Mesozoic strata at the
end of the Cretaceous. (f) The Cenozoic sediments were deposited from the Neogene to the present. (Color online only)
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contractional tectonic setting resulting from the collision
event. During the latest Cretaceous, an erosional surface
truncated the structural high (anticline) and is identified
as an angular unconformity (T,). Then, the Cenozoic sedi-
ments were deposited mainly by aggradation on top of the
angular unconformity.

5. DISCUSSION

To understand the nature of the collision that caused
the inversion structure in the western Dongsha-Penghu Up-
lift of the northern SCS margin, we utilized palinspastic re-
constructions to test possible hypotheses. We first simulated
the flow-line of a point near the inversion structure. As the
SCS opened, the point would move to the south following
the direction of seafloor spreading (Fig. 9). This can be ac-
complished using the Euler poles published by Briais et al.
(1993) based on the magnetic anomalies identification in
the SCS. The absolute ages of the anomalies were adapted
from Gee and Kent (2007). Prior to the seafloor spreading,
this continental margin was probably highly extended. The
published stretching factor and the extensional direction
from previous studies (3 values of Su et al. 1989; Zhou et
al. 1995) were used to further constrain the paleogeography.
Overall, the flow-line (Fig. 9) reveals that the Calamian Is-

lands, located in the North Palawan block, may have drifted
from the western Dongsha-Penghu Uplift to the present po-
sition following the spreading of SCS. Another flow-line in
Fig. 9 is referred from different SCS magnetic anomalies
interpretation of Barckhausen and Roeser (2004). They pro-
posed a markedly different distribution of magnetic chrons
of the South China Sea from that described by Taylor and
Hayes (1983) and Briais et al. (1993), and alternatively in-
dicate an earlier cessation of the spreading of the SCS at
20.5 Ma, indicating a fast spreading rate (~40 mm yr').
However, the different distributions of magnetic chrons
have no change in the starting and terminal points of flow-
line (Fig. 9). The paleogeographic reconstruction provided
hints for the paleo-location of the Calamian Islands prior to
the opening of the SCS and Paleogene rifting of the northern
SCS continental margin. The result is consistent with the
areal distribution (western Dongsha-Penghu Uplift), timing
of formation (Late Cretaceous), and contractional direction
(close to the NW-SE) of the structural inversion. The areal
distribution of the Late Mesozoic structural inversion in the
study area is ~100 km (Fig. 7) and may imply that the collider
might not be very big. Moreover, the potential collider was
the Calamian Islands as suggested by the paleogeographic
reconstruction (Fig. 9). This result fits the scenario of colli-
sion event from Zamoras and Matsuoka (2004) nicely that

-6000 -5000 -4000

|
1
-2000 -1000 0

Relief of SCS

Fig. 9. Two flow-lines of the Palawan blocks calculated at 1 My intervals from 65 - 16 Ma according to Euler poles in the SCS (Briais et al. 1993;
Barckhausen and Roeser 2004), linear magnetic anomalies (Briais et al. 1993; Barckhausen and Roeser 2004) with lineation age (Gee and Kent
2007), stretching factor and 3 value (Su et al. 1989), and plate movement direction from a previous study (Zhou et al. 1995) to run plate reconstruc-
tion. The lines and circles in red (calculated from Briais et al. 1993) and blue (calculated from Barckhausen and Roeser 2004) are location changes
of the Palawan blocks and the drifting trace. The red dashed lines are marine magnetic anomalies from Briais et al. (1993). (Color online only)
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the collider might just be the seamount (volcanic islands)
swarm (Calamian Islands). Zamoras and Matsuoka (2004)
studied the accretion and post-accretion tectonics of the Ca-
lamian Islands, North Palawan block, and the Philippines.
They analyzed the sedimentary transitions from outcrops
and suggested that the accretion events of these belts along
the East Asian accretionary complex began with the Middle
Jurassic Northern Busuanga Belt accretion, followed by the
Late Jurassic Middle Busuanga Belt accretion and the Early
Cretaceous Southern Busuanga Belt accretion. Based on
stratigraphic correlation with fossil ages, Zamoras and Mat-
suoka (2004) suggested that accretion-subduction along the
East Asian margin ceased, bringing tectonic stability to the
region during the Late Cretaceous. In summary, Zamoras
and Matsuoka (2004) suggested that the seamount (volca-
nic islands) swarm of the SBB (Southern Busuanga Belt),
formed in the Late Triassic, collided with the MBB (Middle
Busuanga Belt) and the NBB (Northern Busuanga Belt) in
the northern SCS continental margin during the Cretaceous.
The collision event between seamount (volcanic islands)
swarm and continental margin is a common tectonic feature
worldwide. The Magellan Basin, for example, shows that
the most intense penetrative deformation where the collision
of the parautochthonous magmatic arc (swarm of volcanic
islands) rifted from the active continental margin during the
late Jurassic, completed a highly attenuated Wilson cycle
and caused structural reactivation of the basement (Dalziel
1986). In addition, there are many examples of such occur-
rences in central Iran (Bagheri and Stampfli 2008), the New
Hebrides subduction zone (Collot and Fisher 1989), the
Mariana and Izu-Bonin trenches (Fryer and Smoot 1985),
the Japan Trench and Kuril Trench (Lallemand et al. 1989;
Yamazaki and Okamura 1989), and the Java Trench (Mas-
son et al. 1990). Moreover, the proposed collider, Calamian
Islands (a part of the North Palawan block), according to the
paleogeographic reconstruction of this study is also in ac-
cordance with the study results of Faure et al. (1989), Knit-
tel et al. (2010), and Walia et al. (2012). Knittel et al. (2010)
and Walia et al. (2012) provided the U-Pb dating results
from magmatic arc granite in Mindoro and Palawan Island.
The age dates are similar to Taiwan and eastern continental
margin and indicate that both Palawan and Mindoro islands
are part of the continental margin of South China Sea con-
tinental margin during the Mesozoic (Knittel et al. 2010;
Walia et al. 2012). Faure et al. (1989) suggested that the
North Palawan, Mindoro, Tablas, Romblon, Sibuyan, and
Carabao islands are likely continental fragments that rifted
from Asia during the Cenozoic.

There is no doubt that a NE-SW subduction zone was
located in the northern continental margin of the SCS during
Middle Mesozoic (Hilde et al. 1977; Holloway 1982; Tay-
lor and Hayes 1983; Zheng 1985; Letouzey and Sage 1988;
Williams et al. 1988; Wang and Li 2009). Nevertheless,
the details of the tectonic events that occurred in Mesozoic

have been debated (e.g., Late Mesozoic collision event and
its colliders). Li (2000) studied A-type granites (from 90 -
140 Ma) in South China and suggested that these were in
a rifting tectonic setting. The A- and I-type granite dating
results in South China from Dai et al. (1992), Martin et al.
(1994), Chen et al. (1996), and Yui et al. (1996) recorded
rapid cooling rates that favored an extensional and/or rifting
setting. Thus, Li (2000) suggested that the ~90 Ma A-type
granite (Kuiqi granite) was formed during the initiation of
the extension of the northern continental margin of the SCS.
In addition, Li and Li (2007) also reported post-150 Ma pos-
torogenic magmatism with a coastward-younging trend and
that the younger ages of the granitic rocks around the conti-
nental margin are about 90 Ma. However, Yan et al. (2014)
reported the Late Mesozoic compressional folds in the north-
ern margin of the SCS. Furthermore, our study indicates that
the structural inversion around the western Dongsha-Penghu
Uplift may have been caused by a collision event. According
to the previous studies, other collision events have been ex-
plained along the SCS continental margin. For the southern
part of the northern SCS continental margin, Li et al. (2007),
Hall (2012), and Morley (2012) suggested the other colli-
sion events and the collider may be the Luconia-Dangerous
Grounds micro-continent (Fig. 10). Hall (2009, 2012), Hall
et al. (2011), and Morley (2012) suggested that the collider
was the Luconia-Dangerous Grounds, and Li et al. (2007)
suggested the collider was a docking of micro-continental
blocks (including the Palawan blocks, Paracel Islands, Mac-
clesfield Bank, and Reed Bank extending from Indochina
to southwestern offshore Taiwan). Faure et al. (1989) sug-
gested a collision of the West Philippines block (including
Palawan, Mindoro, Romblon, and Zamboanga areas) with
SE Asia occurred around Late Mesozoic. The smallest col-
lider in Late Mesozoic around the northern SCS continental
margin is the Palawan blocks as suggested by Zamoras and
Matsuoka (2004). In addition to this, Yan et al. (2014) re-
ported the Late Mesozoic compressional folds in the north-
ern margin of the SCS. For the northern part of the northern
SCS continental margin, the Peikang basement high (Yuan et
al. 1985; Shaw et al. 1990; Chow et al. 1992) and the Nanao
orogeny in Taiwan (Ho 1982; Jahn et al. 1986; Lo and On-
stott 1995) were generated by contractional event during the
Late Mesozoic (90 - 110 Ma; Jahn et al. 1986).
Summarizing the results of this study and the tectonic
evolution of the South China continental margin from previ-
ous studies (Taylor and Hayes 1980, 1983; Holloway 1982;
Briais et al. 1993; Wang and Li 2009; Li et al. 2012), we
can graphically illustrate the tectonic scenario of the colli-
sion event in the study area (around the western Dongsha-
Penghu Uplift; Fig. 10). In Fig. 10, the paleogeography re-
construction was designed to keep North China Block fixed.
During the Late Mesozoic, the collision, due to a subduc-
tion zone (Holloway 1982), caused the reactivation of some
normal faults to form a series of high-angle reverse faults.
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Paleogeography reconstruction on collision timing (~90 Ma)
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Fig. 10. A cartoon illustrating the paleogeography of the northern SCS continental margin during the Late Cretaceous. The paleogeography re-
constructions keep North China Block fixed. Around 90 Ma (Late Cretaceous) might have experienced a collision event along a subduction zone,
suggested by Holloway (1982), by the seamount (volcanic islands) swarm (i.e., Calamian Islands) of the northern Palawan blocks (or western Philip-
pines block suggested by Faure et al. 1989) and the northern continental margin of the SCS. It is likely that there were other collision events during
the Early to Late Cretaceous, as Li et al. (2007), Morley (2012), and Hall (2012) have suggested, and the collider may be the Luconia-Dangerous
Grounds micro-continent (including the Palawan blocks, Paracel Islands, Macclesfield Bank, and Reed Bank extending from Indochina to south-
western offshore Taiwan) shown as the dash line polygons. (Color online only)

These high-angle reverse faults formed the NE-SW trending
anticline around the western Dongsha-Penghu Uplift.

6. CONCLUSIONS

This study used seismic profiles with detrital zircon
U-Pb ages and subsurface geological data of the well MZ-1-1
in the western Dongsha-Penghu Uplift, northern SCS conti-
nental margin. Because of the continental margin rifting and
SCS seafloor spreading from Late Mesozoic to Cenozoic,
most areas of the northern SCS continental margin revealed
extensional structures. Only in the study area (i.e., western
Dongsha-Penghu Uplift) is there structural evidence for
contraction. Based on seismic interpretations, we identified
the regional high-angle reverse faults which may have been
caused by reactivation of pre-existing normal faults. These
high-angle reverse faults were caused by structural inversion
that took place during the Late Cretaceous based on the age
controls from well MZ-1-1. The structural inversion formed
an anticline which trends NE-SW with only ~100 km wide
in the western Dongsha-Penghu Uplift. The paleogeographic
reconstruction showed that Calamian Islands were located in
the structural inversion area of the western Dongsha-Penghu
Uplift during the latest Mesozoic and the islands drifted to
the present location after the initiation of seafloor spreading.
Based on the areal distribution of the regional structural in-

version (~100 km) and the paleogeographic reconstruction,
we suggest that the regional structural inversion was formed
by the collision between the northern continental margin of
the SCS and the seamount (volcanic islands) swarm of the
Calamian Islands [or the West Philippines block by Faure
et al. (1989); or North Palawan block by Zamoras and Mat-
suoka (2004)] during the Late Cretaceous. This hypothesis
agrees well with the studies of Calamian Islands by Zamo-
ras and Matsuoka (2004). Based on the current evidence, we
favour that the collider was only the seamount (volcanic is-
lands) swarm (Calamian Island) along a then active northern
SCS continental margin.
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