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Abstract We interpret seven two-dimensional deep-pen-
etration and long-offset multi-channel seismic profiles in the
northernmost South China Sea area, which were collected by
R/V Marcus G. Langseth during the TAlwan GEodynamics
Research (TAIGER) project in 2009. To constrain the crustal
characteristics, magnetic inversion and forward magnetic
modeling were also performed. The seismic results clearly
show tilted faulting blocks in the upper crust and most of the
fault plane connects downward to a quasi-horizontal
detachment as its bottom in the south of the Luzon-Ryukyu
transform plate boundary. North of the plate boundary, a
small-scale failed rifted basin (minimum 5 km in crustal
thickness) with negative magnetization probably indicates
an extended continental origin. Significant lower crustal
material (LCM) was imaged under a crustal fracture area
which indicated a continent and ocean transition origin. The
thickest LCM (up to 6.5 km) is located at magnetic isochron
C15 that is probably caused by the magma supply composite
of a Miocene syn-rift volcanic event and Pliocene Dongsha
volcanic activity for submarine volcanoes and sills in the
surrounding area. The LCM also caused Miocene crustal
blocks to be uplifted reversely as 17 km crustal thickness
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especially in the area of magnetic isochron C15 and C16. In
addition, the wide fault blocks and LCM co-existed on the
magnetic striped area (i.e. C15-C17) in the south of the
Luzon-Ryukyu transform plate boundary. Magnetic forward
modeling suggests that the whole thick crustal thickness
(>12 km thick) needs to be magnetized in striped way as
oceanic crust. However, the result also shows that the misfit
between observed and synthetic magnetic anomaly is about
40 nT, north of isochron C16. The interval velocity derived
from pre-stack time migration suggests that the crust is
composed of basaltic intrusive upper crust and lower crustal
material. The crustal nature should refer to a transition
between continent and ocean. Thus, the magnetic reversals
may be produced in two possible ways: basaltic magma
injected along the crustal weak zone across magnetic
reversal epoch and because some undiscovered ancient piece
of oceanic crust existed. The crustal structure discrimination
still needs to be confirmed by future studies.

Keywords Crustal structures - Passive margin - Pre-stack
time migration - Magnetization - Northern South China Sea -
TAIGER project

Introduction

Passive continental margins can be divided into two cate-
gories: volcanic (magma-rich) and non-volcanic (magma-
poor) on the basis of the volume of magma supply during
continental crust break-up (Louden and Chian 1999;
Menzies et al. 2002). The main character of a magma-rich
margin is that a large volume of basalt erupted during the
early stage of the continental crust break-up. Because of
duplicated basaltic magma during initial oceanic crust
creation, seaward dipping reflectors (SDRs) are commonly
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imaged within the upper crust. Additionally, in the syn-rift
to post-rift stage, lower crustal magmatism (underplating)
often appears in continent-ocean transitions such as the
Vgring margin (Mjelde et al. 2002; Voss and Jokat 2007).
Conversely, at magma-poor margins, only volcanic intru-
sion/extrusion form as sills (e.g. the U reflector in the
Newfoundland margin; Péron-Pinvidic et al. 2010). Wide
continent-to-ocean transition zones with numerous tilted
crustal blocks often appear. The most remarkable feature is
the mantle exhumation that normally creates a peridotite
ridge regarded as the boundary between oceanic and con-
tinental crust as shown in the Iberia margin (Sibuet et al.
2007; Tucholke et al. 2007; Sibuet and Tucholke 2012).
Moreover, the lower continental crust will be exhumed
then exposed to the seafloor when the lower crust is ductile,
as in the Angola/Congo margin. In addition, Clift et al.
(2001) also suggested there is a very weak lower crust layer
in the northwestern South China Sea (SCS) margin during
continental breakup. However, unlike the typical magma-
poor or magma-rich margin, there is no obvious evidence
for the initial stage of basaltic magma deposition (SDRs) or
mantle exhumation (peridotite ridge) in the continent—
ocean transition area of the SCS.

The northern SCS continental margin was rifted since
Cretaceous time, then the breakup of the SCS at late
Eocene time, followed by oceanic crust creation (Ru and
Pigott 1986; Ren et al. 2002). Based on latest magnetic
studies in the middle to northernmost SCS, the oceanic
crust could be extended to the offshore area of south-
western Taiwan (Hsu et al. 2004; Yeh et al. 2010). The
oldest oceanic crust identified could be as old as 37.8 Ma,
corresponding to magnetic isochron C17 (Hsu et al. 2004).
However, relatively thick (10-12 km) crust was also
identified by forward gravity modeling (Tsai et al. 2004;
Yeh and Hsu 2004). In the upper crust, post-rifting
extensional tectonic activity was recorded as tilted crustal
blocks (Yeh et al. 2010). This crustal structure could be
interpreted as either a thinned continental crust with
magmatic intrusion or thick oceanic crust with volcanic
intrusion (Nissen et al. 1995; Kido et al. 2001; Yeh et al.
2010). Furthermore, one wide-angle refraction profile
(Wang et al. 2006) in this area shows the existence of lower
crust material. An S-wave tomography study of the same
ocean-bottom seismometer (OBS) profile indicated a Vp/
Vs 1.76-1.94 for lower crustal material (LCM), implying a
mafic composition (Zhao et al. 2010). The LCM will attach
to the lower crust of the rifted continental crust at the
continental-oceanic transition area especially in volcanic
margins (Gernigon et al. 2006). The large-volume basaltic
eruptions will overlie above the rifted continental crust
then form seaward-dipping reflectors in seismic investiga-
tion. However, the interbedded highly reflective layer as
sills caused by magma injection is also typically
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characteristic of the volcanic margin (Berndt et al. 2000;
Svensen et al. 2004). Therefore, the crustal nature of
northern SCS could be classified as rifted continental crust
with magmatic underplating. However, this interpretation
conflicts with the magnetic results that suggested northern
SCS should be thick oceanic domain caused by post-
spreading volcanism (Hsu et al. 2004). Hsu et al. (2004)
interpreted that an oceanic domain (i.e. magnetic isochron
C15-C17) was characterized by post-spreading volcanism.
Several N-S trending magnetic anomalies low in between
magnetic reversals were suggested to be oceanic fracture
zones. In summary, the thick oceanic crust model is very
different from the thinned continental crust model. The
different crustal nature interpretations will also affect our
knowledge of the northern SCS margin in evolutional and
dynamical points of view. In this study, we first present
whole crustal images (i.e. to Moho interface) of seven
multichannel seismic profiles in the northeastern SCS area,
and analyze them to attempt to resolve the disparate
interpretations of SCS crustal composition discussed
above. The seismic data were collected by the marine
TAlwan Integrated GEodynamics Research (TAIGER)
project in 2009. In addition, we performed a magnetic
inversion and forward magnetic modeling to discuss the
possible crustal characteristics.

Tectonic settings of the northeastern South China Sea

Two main kinematic models have been proposed for the
seafloor spreading evolution of the SCS. The first model
was proposed by Taylor and Hayes (1980, 1983). They
identified the oldest seafloor spreading magnetic lineation
as C11 (i.e. ~32 Ma). They proposed that the SCS margin
began rifted in the early Miocene and the following sea-
floor spreading was driven both by right-lateral shear along
the offshore Vietnam transform fault, with Indochina and
Borneo fixed relative to South China and subduction of the
proto-SCS slab beneath Palawan. Briais et al. (1993) ana-
lyzed Chinese Atlas magnetic data (Chen 1987) and simi-
larly suggested the SCS started spreading at isochron C12
(~32 Ma) and ceased at C5c (~16.5 Ma) with two to
three staged ridge jumps. The main driving force of the
SCS was the left-lateral shear movement of the Red River—
Ailaoshan fault zone at late Eocene. Nevertheless, Barck-
hausen and Roeser (2004) pointed out the cessation of the
seafloor spreading should be as old as 20.5 Ma, earlier than
in other models, by using the data collecting in the
southwestern SCS subbasin. Any age model presented by
several groups in past decades has had insufficient data in
the northeastern corner of the SCS. In contrast, the three
pairs of magnetic reversals in the north of magnetic iso-
chron C12 (CCOP 1994; Hsu et al. 2004) strongly imply
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the existence of older oceanic crust off southwest Taiwan
(Hsu et al. 2004). The oldest seafloor spreading episode of
the SCS was therefore identified as late Eocene (Hsu et al.
2004). A combined analysis of all the available marine
geophysical data (i.e. swath-bathymetry, magnetic, gravity
and MCS), a new kinematic framework for northern SCS
was presented by Yeh et al. (2010). They demonstrated that
the SCS started to rift in a complex way and went through
four spreading direction changes with several fracture
zones. Two post-rifting unconformities were clearly iden-
tified, which indicates post-rift extension and magmatic
intrusion at 30 and 22 Ma, respectively. In addition, a
Pliocene Dongsha uplift (~5.2 Ma) caused by magma
intrusions (Liidmann and Wong 1999) which reactivated
the pre-existing Miocene basement blocks related to SCS
opening in the southwestern study area (Fig. 1). Thus, three
unconformities were recorded in the stratigraphic column.
Besides, all the seafloor spreading features were limited to
the south of the Luzon-Ryuku plate boundary (Yeh et al.
2010), which is a proposed transform plate boundary
(Fig. 1) between the SCS oceanic terrane and another
unnamed oceanic terrane identified by free-air gravity and
magnetic data (Sibuet et al. 2002; Hsu et al. 2004; Li et al.
2007). However, the basement topography shows that it
gradually dips to the north due to differential post-rift
subsidence. The forward gravity modeling result also
shows a slight difference of the crustal thickness. The
obvious crustal shear (composite extension and uplifting)
deformation was imaged only near the northwest and
southeast ends of the Luzon-Ryukyu transform plate
boundary (Yeh and Hsu 2004). This is probably related
to different oceanic terrane subduction (proto-SCS or
unknown oceanic terrane) or due to post-spreading
magmatism imprinting on the pre-existing SCS crustes
(Hsu et al. 2004).

Multichannel seismic data acquisition and processing

To understand the tectonic and geodynamic processes of
the Taiwan orogeny and surrounding area, two-dimen-
sional long-offset multichannel seismic (MCS) data were
collected in the northern South China Sea and Western
Philippine Sea regions from April to July 2009 during three
TAIGER project research cruises (MGL0905, MGL0906
and MGLO0908) using R/V Marcus G. Langseth. Figure 1
shows the locations of the MCS data used in this study.
A 6,000 meter 468-channel hydrophone streamer with a
12.5 m group spacing was used to record a 6,600-cubic-
inch source array consisting of four stream mixed air guns
and G-I (generator—injector) guns. The shot interval was
fixed at 50 meters, controlled by differential global posi-
tioning system resulting in a minimum of 60-fold CMP

data. The recording length was 15 s with a 2-millisecond
(ms) sampling interval.

The data were re-sampled to a 4-ms sample interval. We
then applied geometry setting, trace editing, semblance
stacking velocity picking and amplitude correction for
spherical divergence (1/(t x V?)) using stacking velocity.
We then produced initial stacked sections which deter-
mined the quality of velocity picking. Multiple attenuation
was then applied by either F-K multiple attenuation, Radon
Transform multiple suppression or surface related wave
equation multiple attenuation (SRME) based on source
structures of the multiple occurrences (i.e. seafloor relief or
complexity of structures). Once the de-multiple procedure
was finished, post-stack Kirchoff time migration (Yilmaz
2008) produced the time migration sections for comparison
and quality control. Considering the relatively high lateral
velocity variation and structural complexity (continental—
oceanic crust transition) in the study area, we also applied
pre-stack time migration. The stacking velocity table was
converted to internal velocity to form the initial velocity
model. By using a layer-stripping approach, the velocity
was updated and modified from the seafloor down to the
Mohorovici¢ Discontinuity (Moho). In each iteration step,
we compared the pre-stack Kirchoff time migration
(PSTM) section to the post-stack section to avoid migration
artifact. After six iterations of velocity updates, the final
pre-stack time migration sections were produced. Finally, a
time variant band pass filter (i.e. upper bound is 10-20-
64-128 Hz; lower bound is 3-16-32-64 Hz) and post
migration F-K filter were applied, before producing the
final images (Figs. 2, 3,4, 5, 6, 7, 8). The final rms velocity
from PSTM processing was converted to interval velocity
by using the Dix formula (Dix 1952) then illustrated crustal
thickness and lower-crustal thickness maps in kilometers.
The results are shown in Figs. 9 and 10.

Magnetic inversion

To compare the seismic and magnetic characteristics of the
crust in the northeastern SCS, we performed a magneti-
zation inversion. The inclination and declination were
assumed to be the same as the present day. The IRGF 11
model (IAGA 2010) indicates the inclination and declina-
tion are 31.92° and —2.93°, respectively. The latest marine
magnetic anomaly map in the study area was compiled by
National Central University group, Taiwan (S—-K Hsu 2011
personal communication). The magnetic anomaly data was
re-gridded into 4 km x 4 km. A 4 km x 4 km horizontal
model block was set for minimizing the least-square errors
between observed and calculated magnetic anomaly in
LSQR algorithm (Paige and Saunders 1982). The top of the
magnetized layer was set to be the acoustic basement relief

@ Springer



310

Mar Geophys Res (2012) 33:307-326

23°N a

P -

MGL0905-05

22°N

21°N

20°N

19°N

18°N

17°E 118°E 119°E

MGL0905-20
t o ]

o

120°E 121°E 122°E

O T SN Free—Air Gravity Anomaly (mGal)

-100 -50 0 50

100 150 200

|:::| reacitvated uplifted basement block (Liidmann and Wong, 1998)

% transfer fault zone (Lidmann and Wong, 1999)

Fig. 1 Satellite-derived free-air gravity anomaly (Sandwell and
Smith 1997) draped on swath bathymetry in the study area. Note
that the reactivated continental basement blocks (Liidmann and Wong
1999) correspond to magnetic isochron C15. Black lines are track
lines that are used in this study. Dashed line simplified Luzon-Ryukyu
transform plate boundary (LRTPB); transparent light yellow area
apparent plate boundary area identified by multichannel seismic
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interpretations (Yeh et al. 2010); dark grey lines and symbols tectonic
interpretations adopted by Yeh et al. (2010); light grey lines and
numbers magnetic lineations and ishchron by Yeh et al. (2010); small
numbers CMP number; bold circle every 5000 CMP; thin line every
200 CMP. The bathymetric contour interval is 200 meters. TNB
Tainan Basin
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Fig. 2 Pre-stack migration seismic section (PSTM) and its seismic
interpretations of line MGL0905-05. At the top of the figure is free-air
gravity anomaly and inverted magnetization (Fig. 11). Note that the
tilted blocks dip northward south of CMP 10000. A rifting basin is
located between CMP 12500 and CMP 19000. North of CMP 24000,
the tectonic environment changes to typical passive rifted margin. In
addition, there is no Moho depth difference under the Luzon-Ryukyu

and bottom was fixed to 12 km (Wang et al. 2006) in depth
(e.g. we refer to the seismic interpretation of line
MGL0905-10). The result is shown in Fig. 11.

Seismic structural interpretations

We present seven MCS profiles in the study area. The
PSTM sections and their structural interpretations are

transform plate boundary (LRTPB). Dark green layer extensional
unconformity T1 (Yeh et al. 2010); grey bold line top of underplating
body; thin black line detachment; bold black line acoustic basement;
solid red line sills; blue line Moho relief; thin vertical line normal
fault. CMP common mid-point number, FAA free-air gravity anom-
aly, MAG magnetization, F'C Formosa Canyon

described below. For convenience, each profile is shown in
order from west to east. It is noted that several profiles are
close to or cut across a magnetization low area which may
represent basement fault blocks or transfer fault zones.

LINE MGL0905-05 (Fig. 2)

This profile starts from the northern SCS continental shelf
and stops near 2,000 m water depth. Figure 2 shows a
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Fig. 3 a PSTM section of line MGL0905-10 and its seismic
interpretations. b MCS689-1 seismic section and its interpretation.
Note that the MCS689-1 profile is perpendicular to magnetic lineation
C15-C17. The T1 unconformity is also tilted, which marks the
relative uplift of basement. The T3 unconformity may correspond to
the Pliocene Dongsha uplift event. The relative magnetization is low
but acts as magnetic reversals between CMP 46000 and CMP 27500.

PSTM section and its interpretation as well as the corre-
sponding magnetization (i.e. Fig. 11) and free-air gravity
anomaly. Starting from the south, the basement was stret-
ched by normal faulting accompanied by syn-rift sedi-
ments. The overlapping sediments onlap onto a syn-rift
sedimentary sequence that developed an unconformity
called T1. This unconformity was identified by Yeh et al.
(2010) and dated to 29 Ma. Between CMP numbers 1 and
9000, basement blocks dip 45° landward (northward). The
bottoms of the fault planes connect downwards with a
detachment of a continuous reflector existing between 7.5 s
two-way travel time (TWT) and 8 s TWT. The Moho
reflector appears between 9 and 10 s TWT. Above the
Moho, a clear reflector between the detachment and Moho
is also imaged. It is interpreted as the top of an under-
plating body by comparison with wide-angle refraction
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There is also no obvious crustal deformation across the Luzon-
Ryukyu transform plate boundary. Furthermore, the sills were found
at the northern end of the profile, southwestern offshore Taiwan. The
black arrows mean “onlap” feature. Blue line unconformity T2,
which occurred at 22 Ma. PC Penghu Canyon, DF deformation front.
The rest of legends are the same as Fig. 2

study (Wang et al. 2006). Between CMP number 9000 and
12500, an un-deformed interface of basement is at 5.8 s
TWT, but its seismic signature seems chaotic. Because a
seamount is located nearby (Fig. 1), the nature of the
basement could belong to mixed volcanic stratigraphic
layers. In the north of the Formosa Canyon (Fig. 1), the
seismic basement was also stretched considerably. An old
symmetrical rifted graben at ca. 6 s TWT was located
between CMP number 12500 and 19800. Another rifted
graben feature was also found between CMP 22500 and
38000 (line MGLO0905-20 in Fig. 6), east of section
MGL0905-05. Based on high free-air gravity anomaly,
relative low magnetization and the existence of symmet-
rical normal fault blocks (7-9 km in averaged crustal
thickness in Fig. 9), this graben could consist of failed-
rifted continental crust instead of oceanic crust. Under the
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basement, an underplated body is also suggested beneath
the graben. Between CMP number 24000 and 28272, listric
normal faults dip northward from the basement to middle
crust. Some normal faults even penetrate up to the seafloor
as active faults. This extension is related to the rifting of
the Tainan basin (Fig. 1) (Tseng 1994). In summary, two
different kinds of tilted blocks were imaged along the
profile: wide faulted blocks dipping landward with gliding
syn-rift sediments, and a stretched horst and graben system
with thin syn-rift sediments (~0.8 s TWT). These two
stretched extensional systems are separated by the Luzon-
Ryukyu transform plate boundary and could be formed by
two different mechanisms.

LINES MGL0905-10 and MCS689-1 (Fig. 3a, b)

The line MGL0905-10 is located from the base of the SCS
continental slope in the southwest to the Henchun accre-
tionary prism (Fig. 1) in the northeast, off southwestern
Taiwan. The average crustal thickness is about 4 s TWT
(ca. 15 km, Fig. 9) in the south of the plate boundary and
becomes thinner (ca. 8 km) in the north of it. Between
CMP number 25000 and 50000, the basement was

extended and faulted into blocks dipping northeastward.
The normal fault planes can also connect to a detachment
beneath as line MGL0905-05 (Fig. 2). Above basement, a
strong layering reflection (i.e. green layer) bounded a
sequence which follows the basement relief generally
between CMP 20000 and CMP 37500. This reflection is
also found in the previous study, and corresponds to
unconformity T1 (Yeh et al. 2010). As shown in Fig. 3a,
the T1 unconformity is also attributed to be syn-rift in this
profile. In the southwestern part of the profile, a significant
uplifting of the basement was identified around CMP
46000. Another new unconformity T3 was also identified.
If this ridge is old, the overriding sediments should present
differential compaction. However, the T3 unconformity
can connect to the seafloor then replaced by several pos-
sible landslide deposits between CMP 44500 and CMP
45500. This means the basement underwent an uplift event
supposed to be close to the present day. An adjacent
Dongsha volcanic uplift event occurred around 5.2 Ma
(Lidmann and Wong 1999) which caused a series of
Miocene continental basement blocks to be uplifted
reversely. The basement ridge at CMP 46000 corresponds
to one of the uplifted blocks identified by Liidmann and
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Fig. 4 PSTM section of line S
MGLO0908-03 and its seismic
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Wong (1999) as well as magnetic isochron C15 (Fig. 3a).
Thus, this also implied that the uplifted fault blocks with
intrusive volcanism could correlate to the occurrence of
magnetic lineation.

The detachment reflection was also identified in this
profile, as in the profile MGL(0905-05. This strong reflector
could be traced along the whole profile and is situated at
the base of tilted crustal blocks. Furthermore, the under-
plating material is imaged and the layer is thicker (1 s
TWT; 6.5 km) in the south and vanished northeastward
(Fig. 10). Some reverse faults are observed near the tilted
sediments around CMP 42500. Based on the seismic
structures, tilted crustal blocks, existence of underplating
layer and related intrusive events, the crust could belong to
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thinned continental crust with volcanic intrusion rather
than typical oceanic crust. However, the line MGL0905-10
is oblique to the orientation of magnetic lineations C15-
C17 (Fig. 11). An old MCS profile (MCS689-1, Fig. 3b)
was adapted to discussion (Yeh and Hsu 2004). As
MGL0905-10 shows, several uplifted basement blocks
were found at SP 4800, SP 4400, and a minor one at SP
3300. Except for the isochron C17, the magnetic reversals
seem to be more and less consistent with the basement
relief. However, the basement block at SP 3300 (corre-
sponds to CMP 34000, line MGL0905-10) has 0.25 A/m
magnetization that is higher than the basement uplift area
in the south. Thus, the magnetization variation is not
dominated by basement relief. We cannot neglect the
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possibility that the crustal characteristics could be volcanic
in origin.

LINE MGL0908-03 (Fig. 4)

This profile is north—south trending and is perpendicular to
the general spreading direction of the SCS. The averaged
crustal thickness is about 3.5 s TWT (13 km) in the south of
plate boundary, which is slightly thinner than in previous
profiles. As mentioned previously, the brittle and faulted
basement is also imaged in the upper portion of the crust.
The main tilted blocks along the profile are between CMP
11000 and CMP 16000 and between CMP 2000 and CMP
6000. The faulted blocks dip northward at depth of ca. 5.5 s
TWT and their bases connect to a detachment near 7-8 s
TWT. As mentioned previously, the overlapping sedimen-
tary sequence is clearly sub-parallel to the top of the

basement block, which could belong to syn-rifting sedi-
mentary column that separated upper sediments from
unconformity T1. From CMP 6000 and CMP 11000, the thin
sediments overlapped on a chaotic basement. The interface
between sedimentary column and basement is blurred. In
addition, the Moho reflection beneath this part of the base-
ment is missing. This probably also implies the existence of
a high-velocity layer beneath. The magnetization of this part
of the section is relative high, which may also imply vol-
canic intrusion. However, magnetization value is negative
along the whole profile, and that shows character of oceanic
fracture zone or rifting basin basement fractured area. In the
north, the crust is almost broken up in the northern end of the
profile. The crustal thickness is less than 1 s TWT (about
8 km) accompanied by very thin syn-rifting sediments
(~0.5s TWT) and no disturbance of overlapping sedi-
ments. Based on high free-air gravity anomaly (Fig. 1),
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Fig. 6 PSTM section of line MGL0905-20 and its seismic interpre-
tations. This profile is a typical example from pure oceanic crust to
rifted continent. Note that between CMP 0 and 23000, the basement
relief is smooth and has chaotic crustal reflection. The crustal
thickness is between 2 and 4 s TWT, which is about 12—-14 km. The
crust is still thick compared to typical oceanic crust. The magneti-
zation is positive in this region. A recent OBS refraction study
constrains the crust between CMP 2500 and 25000 as belonging to

relative low magnetization (Fig. 11) and existence of sym-
metrical normal fault blocks (Figs. 4, 6), this graben could
refer to fail rifted continental crust instead of oceanic crust.
The beta factor is equal to 3.125 (f = 25/8 = 3.125; 8 km:
final crustal thickness; 25 km: initial crustal thickness).

LINE MGL0905-04 (Fig. 5)

As a typical volcanic intrusive or extrusive body, the
acoustic basement shows chaotic reflections between CMP
0 and CMP 6500. Several high-amplitude reflection layers
(i.e. bright spot) parallel to adjacent sedimentary sequence
could be traced back to an extrusive volcano. Considering a
local source of magma supply, we speculate the high-
amplitude reflection layers are intrusive sills (Fig. 5). An
Ar—Ar dating and geochemical analysis of dredged rocks
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continent—ocean transition (Lester et al. 2010). The positive magne-
tization corresponds to volcanic intrusions. North of CMP 23000,
obvious crustal extension blocks occur and form a local rift basin. In
addition, between CMP 40000 and 51455, the basement rises to 3 s
TWT corresponding to higher gravity anomaly. However, the
corresponding magnetization is negative, meaning that the crustal
characteristic is non-volcanic. The legend is as in Fig. 2

on top of the extrusive submarine volcano shows existence
of EM (enriched mantle) type II plume type basalts in
22 Ma (Chung et al. 1995; Hsu et al. 2004). In addition, the
magnetization of erupted volcano is reversal to normal
magnetized rocks. We can attribute this volcanism to its
occurrence in a magnetic reversal epoch with respect to the
present-day geomagnetic field. Between CMP 6500 and
CMP 9000, a basement low filled with 4 s TWT thick
sediment was associated with a former extensional defor-
mation. Due to the only differential compaction effect in
the whole overlapping sequence, this extensional event
probably is onset of basement rifting (syn-rift). In addition,
in the area between CMP 9000 and CMP 16922, magne-
tization value is relatively high and positive varies from O
to 0.4 A/m. The crust here probably belongs to transition
between continental and oceanic crust with volcanism.
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Fig. 7 PSTM section of line MGL0905-25A and its seismic inter-
pretations. Note that the basement relief is smoother than in previous
profiles. The crustal thickness is about 3 s TWT, that is also thinner

LINE MGL0905-20 (Fig. 6)

The magnetization profile in Fig. 6 illustrates a good
example from oceanic crust (i.e. isochron C12; Fig. 11) to
rifted continental crust. Overall, the basement has chaotic
reflection between CMP 0 and CMP 10000 and crustal
thickness is 2 s TWT on average (about 12 km), which is
compatible with the result of a recent OBS refraction study
(Lester et al. 2010). Lester et al. (2010) suggested that the
crust between CMP 0 and CMP 22500 is transitional crust.
However, the magnetization is positive. White et al. (2008)
suggested the upper crust and lower crust of the transitional
crust was intruded by basaltic magma as inner crustal
reflection in the Hatton bank margin. The inner crustal
reflection is also imaged. This may explain why the thick

than MGL0905-10. The magnetization is relatively high (0-1 A/m),
indicating a volcanic origin. The legend is as in Fig. 2

crust (i.e. 12 km in averaged) has positive magnetization.
However, although the lower crustal material was imaged
in this area (Figs. 2, 3, 4, 5, 6), the basalt eruptions asso-
ciated with seaward-dipping reflectors are not found. Fur-
ther north (CMP 22000 and CMP 23000); the basement
was fractured highly with listric normal faults accompanied
by typical collapsed graben, just beneath Formosa Canyon.
The crust was thinned from 12 km in the south to less than
8 km in the north (Fig. 9). To CMP 34000, the basement
was highly stretched with thinnest crust (~5 km). In
addition, the magnetization is relatively low (—0.4 A/m)
that could be associated with fractured crust. Thus, this
graben between Formosa canyon and the northern South
China Sea continental slope could imply a rifted conti-
nental origin. Between CMP 35000 and 55000, the seafloor
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Fig. 8 PSTM section of line
MGL0908-04 and its seismic

NE

o

interpretations. As in line
MGL0905-25A, the crustal
thickness is 3 s TWT and has
smooth basement relief. Note
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becomes rugged and steep, that is the area from continental
slope to continental shelf. In this area, where the thickest
sediments were deposited, the irregular, discontinuous
seismic reflection marks its inferred turbidite deposits
character. Up to the shelf, some normal faults have pene-
trated to the seafloor as active faults which are associated
with tectonic activity of the Tainan basin (Tseng 1994;
Lin et al. 2003).

LINE MGL0905-25A (Fig. 7)

The E-W trending profile is across the main northern South
China Sea basin and cuts cross the Manila Trench, which
exhibits typical subduction characteristics (i.e. bending-
related normal faults and thrusts in the sedimentary col-
umn). Between CMP 44823 and CMP 32000, the shallow
sedimentary column (about 1 s TWT below seafloor) is flat

@ Springer

100 km

and shows no deformation. This implies that no active
tectonic event corresponds to basement in this area cur-
rently. From CMP 31000 to CMP 20000, the crust starts to
bend with normal faults and has subducted eastward. The
deformation style changes from extension to thrust near
CMP 24000. For the crustal part, the seismic reflection is
different from the profile MGL0905-10 (Fig. 3a) which
shows chaotic and rare inner crustal reflection. This indi-
cated that the crustal nature tended toward volcanic.
However, the crustal thickness is from 8 to 10 km in
general (Fig. 9) which is still thicker than typical oceanic
crust. Magnetization varies from —0.1 to 1 A/m which may
be attributed either to oceanic crust or transitional crust.
However, an OBS refraction study (Lester et al. 2010)
suggested a transitional crustal nature at CMP 37000. Thus,
this positive magnetization (0-0.5 A/m) might refer to
intrusive volcanism as evidence of sills.
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(~5 km) is located at 21°30’N, 119°10’E that indicates a local rifted
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Fig. 10 Thickness of lower crustal material in kilometers. The
thickness is greatest at 6.5 km in the south and diminishes south of the
northernmost South China Sea margin. Note that the thickest one is

LINE MGL0908-04 (Fig. 8)
Like line MGL0905-25A, the Moho appears around 8-9 s

TWT. The acoustic basement shows irregular and chaotic
reflection that fits the character of volcanic crust. Between
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located at the base of NE-SW trending South China Sea margin. The
other symbols are as in Fig. 1

CMP 0 and CMP 6200, a tilted sedimentary sequence was
truncated by unconformity T1, above which almost flat
sediments are shown in the southern end of line MGL0905-
20. This indicates that the extension event is syn-rift, not
post-rift. This extensional event may occur along crust
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fractured area that is compatible with relatively low mag-
netization. South of CMP 2000, a sedimentary sequence
overlapped the syn-rift unconformity T1 formed as a bulge
like unconformity T2 that is associated with volcanic uplift
(Lidmann and Wong 1999; Yeh et al. 2010). After CMP
6500 to the northeast end, the magnetization appears
positive and high (~0.5 A/m) generally with relative
thinner crust (<9 km), indicating the crustal characteristics
is still transitional crust. In the left end of profile, the
magnetization value is negative, which could be related to
a transfer fault zone or extended crust bounding the mag-
netic isochrons C15-C17 in the east (Fig. 11).

Discussions

As shown in Fig. 3a, b, two profiles cut across the pre-
identified oceanic terrane (i.e. isochron C15-C17) (Hsu
et al. 2004; Yeh and Hsu 2004; Yeh et al. 2010). However,
obvious basement listric faults are present in the upper
crust. A significant existence of a lower crustal magmatic
body is imaged underneath the lower crust. As the indi-
cator, lower crustal material (LCM) often appears at the
continent—ocean transition area that is related to lower
crustal partial melting induced by decompression mantle
convection during the continental rifting period. In this
study, the LCM is thicker (~ 6.5 km) southward along the
line MGL0905-10 (Figs. 3a, 10), then is gradually thinner
northward and pinch out southwest of deformation front
(Figs. 3a, 10). Compared to the interval velocity deter-
mined by pre-stack time migration of line MGL0905-10
(Fig. 12) and previous refraction velocity from OBS2006
(Wang et al. 2006), velocity of this lower crustal body is
between 7.2 and 7.5 km/s. This velocity is higher than
either normal lower continental crust or oceanic crust layer
IT at 6.8-7.0 km/s, which also could be interpreted as
LCM. This LCM could also be found at other magma-rich
margins such as Newfoundland, Greenland, and Vgring
(Mjelde et al. 2002; Voss and Jokat 2007). In addition, the
PSTM velocity reveals perfect fit to an average velocity
variation in the Hatton Bank (White et al. 2008) in the
upper crust (<10 km). This implied that the upper crust of
isochron C15-C17 area included basaltic intrusions similar
to Hatton Bank margin. However, the velocity of the lower
part of the crust (10-20 km) in this study is higher than
Hatton Bank. This indicates that the upper-crustal mag-
matic intrusions and LCM co-exist in the magnetic area
C15-C17.

Figure 9 shows the crustal thickness of the study area.
The thinnest crustal thickness is about 5 km north of the
Luzon-Ryukyu transform plate boundary associated with
negative magnetization and higher Bouguer gravity
anomaly (Yeh and Hsu 2004) and symmetrical normal

faulted blocks in the upper crust. Therefore, it is reasonable
to interpret it as a rifted continental graben. Another thin-
ner crust area is located at 20°20'N, 119°20'E, that varies
from 8 to 10 km that is associated with higher magneti-
zation (0.5-1 A/m) and rare crustal faults. However, the
inner crustal seismic reflection as the top of LCM is still
existed. The crustal characteristics should be referred to
continent and ocean transition. Figure 10 shows the spatial
distribution of LCM thickness in kilometers. The maxi-
mum thickness of the LCM is about 6.5 km, located at the
bottom of NE-SW trending northern SCS margin at
118°20'E and 20°30’'N. The LCM of this area might be
related to the continental rifting process at the NE-SW
trending margin. Liidmann and Wong (1999) identified
several rifted continental fault blocks that were reactivated
then uplifted twice by volcanic uplift: Miocene uplift and
the Dongsha uplift event (i.e. 5.2 Ma), respectively. The
magma supply of syn-rift to post-rift uplifted events
resulted in LCM. This interpretation is also compatible
with the results of previous two ship-based expanding
spread profile (ESP) experiments (ESP eastern transect)
with a >7.0 km/s magmatic body attached to the lower
crust (Nissen et al. 1995). Moreover, another post-rifting
volcanism occurred at 22 Ma which affected areas from the
northern South China Sea to western Taiwan (Yen 1958;
Chung et al. 1995). The sills and intrusive/extrusive vol-
canic bodies were identified in most of the MCS profiles,
which is compatible with previous studies (Lin et al. 2003,
2009; Sibuet et al. 2002). In summary, plenty of magmatic
events were imprinted to the northern SCS area from late
Oligocene to Pliocene time. Based on the definition of
characteristics of passive margin, the northern SCS margin
could be classified as a volcanic margin.

To constrain the crustal characteristics of isochron C15—
C17 area, we performed forward magnetic modeling. Two
kinds of crustal models were examined: rifted continental
crust with volcanism and thick oceanic crust. Although the
line MGLO0905-10 can image whole crustal section, it is
oblique to the C15—-C17 magnetic reversal. Considering the
crustal structure is more or less coherent in the adjacent
area, we adopted the seismic interpretation of line
MCS689-1 perpendicular to C15—-C17 lineation for build-
ing the synthetic models. The Moho depth was set to be
constant as 17 km in depth. The declination and inclination
were set the same as present day, at —2.93° and 31.92°.
The synthetic results are shown in Fig. 13a.

As Fig. 13b shows, we assumed the bedrock is domi-
nated by extended continental crust with several intrusive
volcanic bodies. The thickness of LCM was also adopted
by interpretation of line MGL0905-10. The intrusive vol-
canic bodies were assumed to be basaltic with 2 A/m
magnetization on average. As Fig. 13a shows, the synthetic
magnetic anomaly is fit well to the observation between 0
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and 40 km in distance. In contrast, the synthetic anomaly is
an obvious underestimate from 70 km to the northern end
of the profile. To fit the biggest magnetic anomaly at 60 km
in distance, magnetization 7 A/m had to be used. This
magnetic susceptibility is ambiguous for typical intrusive
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or extrusive volcanic bodies. In addition, the result also
implied the large magnetic anomaly variation may generate
from bigger magnetic susceptibility contract of the crustal
volume between 80 and 160 km. The Luzon-Ryukyu
transform plate boundary separates fluctuated magnetic
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<« Fig. 11 The inverted magnetization draped on bathymetry. The thin
black polygons indicate a region which is larger than 0 A/m; bold
polygons show a region which is larger than 1 A/m. Noted that the
similar magnetization value (close to 1 A/m) both north and south of
the Luzon-Ryukyu transform plate boundary east of 119°E. The MCS
lines (MGL0905-05, MGL0905-10, MGL0905-04 and MGL0908-03)
are close to or across the low magnetization area. In addition, striped
magnetization (i.e. close to 0 A/m) is located south of the Luzon-
Ryukyu boundary that presents magnetic reversal and —1.5 to 0 A/m
north of the Luzon-Ryukyu boundary, west of 119°E. The relative
low magnetization zones in between magnetic striped patterns may
refer to transfer fault. The extreme low value (—1 to ~—3 A/m) zone
is along the northern South China Sea shelf break which corresponds
to sedimentary basin or crustal fractured area. It is noted that a series
of uplifted basement blocks corresponds to magnetic stripes C15—
C17. In the end of profiles MCS689-1 and MGL0905-10, an obvious
uplifted basement block is also reported by Liidmann and Wong
(1999). These blocks were identified as reactivated rifted continental
blocks (Liidmann and Wong 1999). Meshed area symmetrical rifted
graben north of the Luzon-Ryukyu transform plate boundary; Light
grey MCS track lines used in this study. Dashed black lines transfer
fault zones identified by magnetization. Dark grey lines magnetic
lineation identified by Yeh et al. (2010). The bathymetric contour
interval is 200 meters. The bold N-S yellow line shows a forward
magnetic model that is presented in Fig. 13

anomaly in the south from magnetic quiet area north of it.
Figure 13c is a thick oceanic crust model adopted by a
magnetic age identification study (Hsu et al. 2004). The
susceptibility model was supposed to be striped way (.i.e.
+magnetization value). The result shows that the synthetic
magnetic anomaly could fit the observation better than
thinned continental model. However, there are still dis-
crepancies at 50 km (i.e. small magnetic reversal event)
and north of 80 km in distance. In fact, only a crustal
column at 60 km (isochron C16) conserved positive mag-
netization (0.25 A/m, Fig. 3b), which is less than typical
oceanic crust (i.e. 2 A/m). The other two magnetic rever-
sals (C15 and C17) are negative magnetization. Hsu et al.
(2004) suggested the C15—C17 underwent post-spreading
volcanism then caused reduced magnetization. However,
except for syn-rift Oligocene lower crustal underplating, all
other magmatic events are post-rift (i.e. 22 and 5.2 Ma).
The rotated listric basement fault blocks connected to a
detachment in the upper crust indicates a ductile layer (i.e.
lower crust or mantle) was needed to introduce for driving
the brittle fault blocks mechanically. Although the
detachment fault was also found at oceanic crust, the
extension was occurred at slow or very slow spreading
ridge or transform fault area. If that is the case, the oceanic
core complex (i.e. gabbro and mantle peridotite) should be
discovered and the crustal thickness is less than 8 km
(Dannowski et al. 2010) approximately in the Mid- Atlantic
Ridge. In contrast, the crustal thickness varies from 12 km
to 17 km in the study area, which is too thick for oceanic
crust (Fig. 9). In addition, the observed velocity variation is
not fit to thick oceanic crust (Fig. 12).
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Fig. 12 Comparison of thick oceanic crust (White and Smith 2009),
typical oceanic crust (White et al. 1992), rifted continental crust
(Christensen and Mooney 1995), and transitional crust with basaltic
intrusions in the upper crust (White et al. 2008) to interval velocity
derived from pre-stack migration processing of line MGL0905-10
between CMP 28000 and 40000. The velocity was adopted every 200
CMP. Note that the velocity variation follows perfectly to the
intrusive upper crust of transitional crust trend in the upper 10 km.
The thickness of lower crustal material is about 7 km here on average

In summary, the crustal structure at magnetic area C15—
C17 refers to magmatic intrusive upper crust and lower
crustal material, based on crustal velocity variation. The
crustal nature should belong to continent and ocean tran-
sition. However, forward magnetic modeling suggested the
crust developed in striped way as oceanic crust. Therefore,
the magnetic reversals could be created as two ways:
basaltic magma injection along crustal weakness (Russell
and Whitmarsh 2003) or a relict undiscovered ancient
oceanic crust piece beneath. In addition, the misfit between
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Fig. 13 Forward magnetic models. The basement relief was adopted
by seismic interpretation of line MCS689-1 (Fig. 3b). The Moho
discontinuity was set to 17 km based on the seismic interpretation of
MGL0905-10 (Fig. 3a). a Observed magnetic anomaly and synthetic
magnetic anomaly from two crustal models; b thinned continental
model with intrusive volcanism; ¢ thick oceanic crust model; noted

synthetic magnetic anomaly and observation also indicated
some crustal structure discrimination is still unknown.

Conclusions

The crust in the northernmost South China Sea has
undergone several different magmatic events that cause its
complicated crustal nature. The newly collected MCS data
were processed by pre-stack time migration (PSTM) that
provides image for the whole crustal picture in the study
area. In general, the syn-rift extension is found to be
clustered along the NE-SW trending South China Sea
margin. Three kinds of rotated fault blocks are identified:
(1) Wide basement tilted blocks in the upper crust south of
the Luzon-Ryukyu transform plate boundary. The bottom
of those fault planes can connect to a quasi-horizontal
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that the thick oceanic crust model has better fit to the observation.
However, both models contain discrepancy between synthetic and
observation especially north of 60 km in distance. The magnetic
susceptibility unit is A/m; Sedi. sedimentary column, FC Formosa
Canyon, LRTPB Luzon-Ryukyu transform plate boundary

detachment. Some tilted blocks were re-activated and
uplifted, affected by Miocene volcanism and the Pliocene
Dongsha uplift event. (2) A symmetrical rifted graben with
the thinnest crust of 5 km is located between the Tainan
basin and the Luzon-Ryukyu boundary. The negative
magnetization may constrain its rifted continental origin.
(3) Gravity gliding normal faults heading southward is in
the northernmost South China Sea margin. Significant
magmatic lower crustal material (LCM) is imaged in the
study area. The thickest LCM is 6.5 km that has caused
17 km total crustal thickness in the magnetic isochron C15.
The interval velocity variation derived from PSTM pro-
cessing in the magnetic isochron C15-C17 area suggests
that the crust is composed of magmatic intrusions in the
upper crust and a separate intrusive body LCM in the lower
crust. The crustal nature should be attributed to a transition
zone between continental and oceanic crust. Nevertheless,
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forward magnetic modeling suggests that the whole crustal
thickness was magnetized in striped way as oceanic crust.
However, the magnetic reversals of the crust may also be
caused by either magmatic intrusion across a magnetic
reversal epoch or relict undiscovered ancient oceanic crust.
The crustal structure discrimination needs to be confirmed
by future OBS and deep ocean drilling studies.
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