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The South China continent has a Mesozoic intraplate orogeny in its interior and an oceanward younging in
postorogenic magmatic activity. In order to determine the constraints afforded by deep structure on the for-
mation of these characteristics, we reevaluate the distribution of crustal velocities and wide-angle seismic re-
flections in a 400 km-long wide-angle seismic profile between Lianxian, near Hunan Province, and Gangkou
Island, near Guangzhou City, South China. The results demonstrate that to the east of the Chenzhou-Linwu
Fault (CLF) (the southern segment of the Jiangshan–Shaoxing Fault), the thickness and average P-wave veloc-
ity both of the sedimentary layer and the crystalline basement display abrupt lateral variations, in contrast to
layering to the west of the fault. This suggests that the deformation is well developed in the whole of the crust
beneath the Cathaysia block, in agreement with seismic evidence on the eastwards migration of the orogeny
and the development of a vast magmatic province. Further evidence of this phenomenon is provided in the
systematic increases in seismic reflection strength from the Moho eastwards away from the boundary of
the CLF, as revealed by multi-filtered (with band-pass frequency range of 1–4, 1–8, 1–12 and 1–16 Hz)
wide-angle seismic images through pre-stack migration in the depth domain, and in the P-wave velocity
model obtained by travel time fitting. The CLF itself penetrates with a dip angle of about 22° to the bottom
of the middle part of the crust, and then penetrates with a dip angle of less than 17° in the lower crust.
The systematic variation in seismic velocity, reflection strength and discrepancy of extensional factors be-
tween the crust and the lithosphere, are interpreted to be the seismic signature of the magmatic activity in
the interest area, most likely caused by the intrusion of magma into the deep crust by lithospheric extension
or mantle extrusion.

© 2012 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The South China continent is located alongside the western margin of
the Pacific plate, and has endured the subduction of this plate beneath
mainland China (Grabau, 1924; Huang, 1980; Guo et al., 1983; Yang et
al., 1986; Yin and Nie, 1993; Zhang et al., 1994). This region includes the
Huanan fold belt, where a significant occurrence of Jurassic–Cretaceous
postorogenic magmatism makes up a broad extension to the northeast
(Li and Li, 2007). Late Mesozoic magmatic rocks, composed mostly of
granite and rhyolite, outcrop at the surface, and are spread over a large
area, making up 95% of a belt 600 kmwide that lies along the southeast-
ern coastline of China (Wang et al., 2003) (Fig. 1). Throughout the conti-
nent, volcanic rocks exist mainly to the east of the Chenzhou-Linwu Fault
(CLF) or the southern segment of the Jiangshan–Shaoxing Fault. The CLF
lies at a distance of about 450 km from the belt. The igneous rocks
found in South China fall into three main age groups, namely early
(180–160Ma), mid (160–140Ma) and late (140–97Ma) Yanshanian
g), badal@unizar.es (J. Badal).
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(Wang et al., 2003). In some areas, the late Yanshanian group includes
rocks as young as ca. 79 Ma (Martin et al., 1994). The early Yanshanian
volcanism belongs to a K-rich calc-alkaline series inter-layered with
other rocks or shallow-water detrital materials. In contrast, the late
Yanshanian volcanism has a bimodal character associated with the conti-
nental red beds that lie along grabens that trend NE–SW, and indicate in-
traplate rifting. Granitoids are found in a great variety of petrographic
types from biotite–granite to tonalite. Peraluminous granitoids formed
by crustal melting are also common (Jahn et al., 1990). Outcrops of volca-
nic rock becomemore common nearer the ocean (Zeng et al., 1997; Zhou
and Li, 2000;Wang et al., 2003). Li and Li (2007) divided the synorogenic
magmatism into three age groups, 230–210, 240–230 and 280–240Ma,
and the postorogenic magmatism into four age groups, namely 120–80,
145–120, 170–145, and 195–170Ma. The exact character of the intraplate
orogeny and the extensive postorogenic magmatism are still the subject
of considerable debate.

In the last 20 years, a number of tectonicmodels have beenpostulat-
ed to account for the Mesozoic tectonic evolution of the South China
block (Jahn et al., 1986; Hsü et al., 1988; Rodgers, 1989; Rowley et al.,
1989; Jahn et al., 1990; Charvet et al., 1996; Li et al., 2000; Zhou and
Published by Elsevier B.V. All rights reserved.
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Fig. 1. Location map showing the wide-angle seismic profile from northwest to southeast between Lianxian and Gangkou Island. The triangles and stars respectively mark the geo-
graphical positions of the stations and shot points (Lianxian, Dawan, Qingyuan, Conghua, Boluo and Gangkou). The major active faults that cross the seismic profile almost perpen-
dicularly are: F1, Chenzhou-Linwu fault; F2, Enping-Xinfeng fault; F3, Heyuan-Zengcheng fault; F4, Zijjin-Boluo fault; F5, Lianhuashan fault. The inset at the bottom left shows the
study region and the extent of the South China fold belt. The classification of the regional magmatism is also shown by geological age (bottom of figure).
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Li, 2000; Wang et al., 2003). These models include an Andean-type
active continental margin (Guo et al., 1983), an Alpine-type collision
belt (Hsü et al., 1988, 1990), and lithospheric subduction (Holloway,
1982; Faure, 1996; Zhou and Li, 2000) with an underplating of mafic
magma (Li and Li, 2007); all these models suppose that the tectonic re-
gimewas dominantly compressive as a result of either a westward sub-
duction of a Mesozoic Pacific plate, or the closure of an oceanic basin in
the interior of the South China block (Holloway, 1982; Hsü et al., 1990;
Faure, 1996; Zhou and Li, 2000). Other alternative models include
wrench faulting (Xu et al., 1993), continental rifting and extension
(Gilder et al., 1996; Li et al., 2000;Wang et al., 2003) and a flat-slab sub-
duction model (Li and Li, 2007); these models differ from the previous
because they suggest that intraplate lithospheric extension and thin-
ning have been dominant since the overthrusting tectonics that took
place during the Early Mesozoic in south China (Li et al., 1989; Faure,
1996; Gilder et al., 1996; Li et al., 2000; Wang et al., 2003; Li and Li,
2007). All these tectonic models have been proposed in reference to
the tectonics and the data on surface geology and geochemistry, but
they must all be tightly constrained by the seismic structure of the
crust and uppermost mantle.

With the intention of providing a broader view on this issue, and
of contributing to our understanding of the intraplate tectonics of
Asia through seismology, based on the seismic response of the crust
in the frame of the Mesozoic tectonic evolution, we have constructed
a set of wide-angle seismic reflection sections by taking advantage of
the high quality data provided by an active source experiment con-
sisting of a 400-km-long seismic profile (Fig. 1). Even though the con-
tact relationship between the Cathaysia and the Yangtze blocks with
reference to crustal P-wave velocity model has previously been de-
scribed (Zhang and Wang, 2007), the geometry of the fault is still
unclear, and this is important if we are to understand the intraplate
deformation. To that end we herein reevaluate the crustal P-wave
velocity distribution (Zhang andWang, 2007) and pre-stack migrated
wide-angle seismic reflections (Milkereit, 1987; Milkereit et al., 1990;
Lafond and Levander, 1995; Zhang et al., 2000).

The remainder of the paper is organized as follows: (1) we provide a
brief picture of the tectonic setting of the study region probed by wide-
angle seismic profiling; (2) we give a short description of the seismic
dataset and its multi-filtered processing; (3) we describe the crustal
P-velocitymodel usedwhen implementing theworkingmethod, begin-
ning with the application of a pre-stack migration scheme; (4) we dis-
cuss the reconstruction of seismic reflection sections in a multi-
frequency band; (5) finally, we provide a discussion focused on the
crustal response prior to the Mesozoic tectonic evolution.

2. Tectonic setting

Li and McCulloch (1996) declared that both the Yangtze and
Cathaysia blocks were consolidated at ca. 970 Ma based on geological
mapping of the tectonics of South China. In fact, a number of authors
have shown that the Yangtze and Cathaysia blocks were consolidated
during the Neoproterozoic rather than at ca. 970 Ma (e.g., Li et al.,
1995, 2000, 2002a, 2002b; Zhou et al., 2002; Li et al., 2003, 2005;
Greentree et al., 2006; Li et al., 2008; Wang et al., 2012). In recent
years, the Neoproterozoic amalgamation of the Yangtze and
Cathaysia Blocks is a hotly debated issue, with three viewpoints
having been proposed. The first view involves amalgamation ages of
(1) ca. 880 Ma (e.g., Li et al., 1995, 2002a, 2002b; Greentree et al.,
2006; Li et al., 2008), (2) ca. 830 Ma (e.g., Li et al., 2002a, 2002b, 2003,
2005), and (3) ca. 800 Ma (e.g., Zhou et al., 2002). In the second view,
the Cathaysia basementwas traditionally considered to be characterized
by the Paleoproterozoic Badou,Mayuan, Yunkai andZhoutanGroups ex-
posedmainly alongWuyi–Nanling–Yunkai domains (e.g., Li et al., 1989).
However, the latest geochronological data show that these metamor-
phic rocks, which had previously been mapped as the Paleoproterozoic
basement, and in particular the migmatite and gneissoid granites, have
a wide range of ages from 410 to 1890 Ma (e.g., Wang et al., 2004,
2005, 2007, 2010, 2011).

The crystalline basement of the Yangtze block has an average age of
2.7–2.8 Ga (Qiu et al., 2000), with the oldest materials having an age of
more than 3.2 Ga. In contrast, the crystalline basement of the Cathaysia
block ismade up of Paleo-to-Mesoproterozoic andpossibly Late Archean
rocks of about 2.5 Ga (Chen and Jahn, 1998; Wang et al., 2003).

Late Mesozoic magmatic rocks composed predominantly of granite
and rhyolite are spread across a 600 km-long belt along the southeastern
coastline of China, and form outcrops over 95% of the total exposed area
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(Wang et al., 2003). Throughout the continent, Cretaceous volcanic rocks
extend mainly over the eastern side of the Chenzhou-Linwu Fault (CLF),
with the western boundary of this volcanic belt being located about
450 km away from the coast (Fig. 1). According to the distribution of
the age of the Permian–Early Cretaceous magmatic material found
along the wide-angle seismic profile, the rocks can be sorted into two
age groups: the first includes rocks aged b195Ma and the second in-
cludes rocks aged >210Ma (Fig. 1). With respect to the latter group,
the rocks are younger further inland, and further away from the conti-
nental margin. Regarding the former group, gradually younger rocks
can be observed from the CLF towards South China and the coastline.
To the northwest of the CLF, the young rocks have ages between 152
and 175Ma, while to the southeast of this fault these ages range from
about 190 to 122 Ma.

The South China tectonic setting consists of three main elements: the
southeastern continental margin of the Yangtze block, the northwest
continental margin of Cathaysia and the Chenzhou-Linwu Fault (CLF) or
the southern segment of Jiangshan–Shaoxing Fault belt (Zhang et al.,
1984; Angelier, 1990; Hou and Li, 1993; Duan et al., 2011). The
Jiangshan–Shaoxing Fault extends from Jiangshan through Shaoxing to
Pingxiang for a strike length of over 500 km. It has been widely consid-
ered to be the boundary fault or suture that was formed between the
Yangtze and Cathaysia Blocks during their amalgamation in the early
Neoproterozoic, giving rise to the coherent South China block (SCB).
However, two different views exist concerning its southwestward exten-
sion. The first considers that it extends along the eastern margin of the
Jiangnan-Xuefeng Domain. The second suggests that its southwestern
segment can be defined by the Chenzhou-Linwu Fault that extends
from Yongxing and Chenzhou (eastern Hunan) through Cengxi
(eastern Guangxi) and Bobai (eastern Guangxi), thence into the In-
dochina Block. The Lianxian–Gangkou (LG) seismic profile crosses
the Cathaysia block, the CLF and the southeastern margin of the
Yangtze block from northwest to southeast (Fig. 1), thereby provid-
ing an excellent opportunity to understand the crustal response
before the Mesozoic tectonic evolution of the region and their con-
sequences, such as the difference in the magmatic activity observed
between the Yangtze and Cathaysia blocks. The major active faults
intersected by the seismic profile include: (1) the Chengzhou-
Linwu fault (CLF, previously termed the Wuchuan-Sihui fault by
Zhang and Wang, 2007) (F1), the Enping-Xinfeng fault (F2), the
Heyuan-Zengcheng fault (F3), the Zijjin-Boluo fault (F4) and the
Lianhuashan fault (F5). By checking age data from Dawan, in Yongxing
(Chenzhou), just along the Chenzhou-Linwu Fault, it may be seen that
the CLF or Wuchuang-Sihui Fault was originally defined as being located
to the east of the Yunkai terrane, with an affinity for the Cathaysia
Block. In fact, the southward extension of the Chenzhou-Linwu Fault in
Hunan Province is locally known as the Bobai-Cengxi Fault/Linshan
Fault in Guangxi. Even though the CL fault is proposed to be the boundary
between the Cathaysia and the Yangtze blocks from the crustal velocity
model, more complementary constraints are nevertheless needed to as-
sess the arguments relating to the foregoing models and to understand
the Mesozoic deformation from the intraplate orogeny.

3. Multi-filtered wide-angle data, crustal velocity and prestack
migration scheme

3.1. Multi-filtered wide-angle seismic data

The results and interpretation of the wide-angle deep seismic sound-
ing between Lianxian and Gangkou, conducted by the CAS Institute of
Geophysics, and which was designed to determine the structure of the
crust and upper mantle, are documented in detail by Li (1992), Yin et al.
(1999) and Zhang and Wang (2007), among others. Here, we simply
list some of the key results of this seismic experiment. The 400-km-long
seismic profile whose azimuth lies at about N30°W runs from Lianxian,
near Hunan Province, to Gangkou Island, near Guangzhou City, and
intersects a series of NE faults, namely Chengzhou-Linwu, Enping-
Xinfeng, Heyuan-Zengcheng, Zijjin-Boluo and Lianhuashan, respectively
labeled F1 to F5 in Fig. 1 (Huang, 1980; Wang et al., 2003). Recording in-
struments consisting of three-component DZSS-1 seismographs were
deployed along the profile and a total of six shots were fired at the sites
of Lianxian, Dawan, Qingyuan, Conghua, Boluo and Gangkou (Fig. 1).

The seismic signals recorded by the seismographs were initially
sampled at a rate of 2.5 ms, which guarantees the acquisition of data
at themaximum frequency of 200 Hz (Nyquist frequency), even though
wide-angle seismic transects usually consist of low-frequency records.
Amplitude–frequency spectra obtained from P-wave seismic gathers
at the six shot points range within the 1–20 Hz frequency interval
(Fig. 2). We have filtered the set of seismic signals using four band-
pass filters with frequencies of 1–4, 1–8, 1–12 and 1–16 Hz, thereby
yielding 24 common shot gathers, four for each of the original gathers.
Fig. 3b shows these filtered P-wave gathers with a reduced time scale
using a reduction velocity of 6.0 km/s.

Regardless of the frequency band, all the seismograms show a
high signal-to-noise ratio for Pg arrivals refracted above the crystal-
line basement and all show Pm (or PmP) waves reflected from the
Moho with strong amplitudes. Pn-phases or head waves refracted
along the Moho can be identified even though their amplitudes are
small compared with those of the reflected phases on the Moho.
The maximum offset for Pg events is 40–60 km on all common shot
gathers, which is about 20–40 km shorter than in other places in
South China (Zhang et al., 2005). This may be a result of the laterally
varying composition of the sedimentary cover in South China (Zhang
et al., 2008), or may be due to crustal deformation of different
strengths (Gao et al., 2009; Zhang et al., 2009a,b). The variations in
the arrival times of the frequency-filtered seismic events Pg, Pm and
the other intracrustal reflections P1–P4 are not that great, but their
respective strengths, especially those of the reflections from the
Moho, show a strong dependence on the frequency band.

3.2. P-wave velocity model

The crustal P-velocity model used when implementing the pre-
stack migration of wide-angle seismic data is shown in Fig. 4. This
model allows us to show the upper, middle, and lower crust, the
Moho discontinuity and the uppermost mantle for the LG transect
(Zhang and Wang, 2007). The most significant details are: (1) the av-
erage thickness of the crust is about 34 km beneath the Yangtze block,
and this gradually reduces from northwest to southeast beneath the
Cathaysia block, especially in the middle segment of the profile,
where it falls to 33 km. (2) The average P-wave velocity is about
6.3 km/s for the crust as a whole. (3) The apparent P-wave velocity
of event P3 is slower than that of event P2. This finding suggests the
possibility of a low velocity layer constrained by reflectors P2 and
P3, although the existence of this low velocity layer cannot be fully
confirmed because of the limitations of the field experiment. In our
final model, there is a relatively narrow low-velocity layer with a
thickness of about 5 km and a P-velocity of 5.8 km/s. (4) The crustal
layers from the surface down to the Moho cease to be horizontal
just at the point at which they cross the CLF in a southeasterly direc-
tion, a characteristic that continues at depth with a slope of around
17–22° or even less, and this suggests that this fault is the natural bor-
der between the Yangtze and Cathaysia blocks. (5) It is also worth
noting that the penetration of the CLF seems to reach the Moho, a
fact also supported by geochemical evidence (Wang et al., 2003).

3.3. Pre-stack migration of wide-angle seismic data

We have used pre-stack migration in the depth domain, and
diffraction-stack migration (Milkereit, 1987; Milkereit et al., 1990;
Lafond and Levander, 1995; Zhang et al., 2000) to reconstruct the fine
structure of the crust and upper mantle. Phinney and Jurdy (1979),



Fig. 2. Amplitude–frequency spectra obtained from six common shot gathers at Lianxian, Dawan, Qingyuan, Conghua, Boluo and Gangkou Island, South China (Fig. 1), showing the
spectral content between 1 and 20 Hz.
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Zhang et al. (2000) and van Avendonk Harm (2004) previously used
slanting stacks of common-source gathers fromwide-angle CMP profiles
to back-project reflection energy to the subsurface. The stacking results
for individual gathers form a complete image. Milkereit (1987) divided
wide-angle profiles into overlapping, narrow-aperture spatial windows,
and then used the appearance of localized slanting stacks in those
windows to identify coherent arrivals in the time-distance domain,
with the purpose of using these as inputs for diffraction-stackmigration.
Using this approach, contributions to the migrated image are restricted
to input samples that arrive with travel times and ray parameters
predicted for diffraction through a velocitymodel. This improves the spa-
tial resolution by suppressing contributions from undesirable coherent
noise. Any of these earlier approaches is capable of handling diffracted
waves. The structure is brought into focus by summing the contributions
from many overlapping source–receiver pairs. In essence, the pre-stack
migration scheme involves three steps, namely (1) calculation of the
travel times from the source to the imaging point and from the imaging
point to the receiver using a finite-difference eikonal solver (Vidale,
1988; Zhao et al., 2004), and summing these two times; (2) migration
of the seismic signal to the imaging point, bearing in mind the shot-to-
receiver travel time; (3) assessment of the seismic amplitude of each im-
aging point to obtain the wide-angle seismic reflection structure of the
crust (Phinney and Jurdy, 1979; Zhang et al., 2000; van Avendonk
Harm, 2004).

4. Frequency-dependent seismic reflectivity images

To determine the structure of the seismic reflection of the crust, we
first filtered the acquired data using band-pass filters of frequencies
1–4, 1–8, 1–12, and 1–16 Hz. We then made an inverse transformation
into the time domain to obtain the correspondingwide-angle seismic sec-
tions for the different frequency ranges. Having done this, we followed
the pre-stackmigration scheme of the filtered seismic data using the pre-
vious P-velocity model (Fig. 4) in order to reconstruct the seismic reflec-
tivity images of the crust and upper mantle. In this process the depth
range of the model (0 km at the surface and 40 km at the Moho) was ex-
tended down as far as 60 km. Atmantle depths beneath theMoho, we as-
sumed that the P-velocity was constant (8.06 km/s). Lastly, a 1.5×1.5 km
partition of themediumwasused for implementationofwide-angle pres-
tack migration.

Fig. 5 shows the seismic reflectivity images of the crust and upper-
most mantle along the LG transect, which we obtained from pre-stack
migration of wide-angle seismic data that had previously been fil-
tered within the frequency ranges indicated above. These images
show the changes in amplitude and phase of some reflection events in
response to the frequency ranges considered herein; it may be seen
that there are several events with relatively large amplitudes, and two
of these are of particular interest. The first is at a depth of about
15 km and corresponds to seismic reflection on the bottom of the
upper crust (P1), and the second is at a depth range within 33–35 km,
corresponding to the P-wave reflected from the Moho (PmP).

The reflection coefficient associated with the Moho is large, which
may suggest that there is not much partial melt in the lower crust,
given that a partial melt zone would attenuate seismic energy. Never-
theless, multiple refracted Pn-phases are recorded after Pm arrivals,
as can be seen from the shot fired at Dawan (Pn and Pn1 in Fig. 3a).
The variability and complexity of these Pn events could either be
due to the mantle topography that might lead to irregular scattering
from the Moho interface (Zhang et al., 2000), or due to the stochastic
structure underlying the Moho (Poppeliers and Levander, 2004). In
our case, there could be an uneven topography of the crust–mantle
boundary, such as an abrupt discontinuity of velocity, or else a transi-
tion zone accentuated by a strong velocity gradient (Zhang et al.,
2000; Lin and Wang, 2005).

image of Fig.�2


Fig. 3. P-wave vertical-component gathers from two inline shots fired at Dawan and Gangkou Island, following successive filtering by band-pass filters with frequency ranges of 1–4,
1–8, 1–12 and 1–16 Hz (from top to bottom). The inset at the upper right indicates the location of the shot point (star) on the seismic profile. All sections are shown at a reduced
time scale using a reduction velocity of 6.0 km/s. The theoretical travel times computed from the crustal velocity model (Fig. 4) are depicted by continuous lines. Pg energy arrivals
refracted above the crystalline basement, and PmP-waves reflected from the Moho and Pn-waves critically refracted from the Moho, may be identified easily. Other seismic phases
reflected from interfaces between the crystalline basement and the crust–mantle discontinuity, labeled P1 to P4, may be recognized with different amplitudes.
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Fig.3 (continued).
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Fig. 4. P-wave velocity model for the Lianxian–Gangkou transect (velocities are given in km/s). The positions of the shot points fired during the experiment, Lianxian (LX), Dawan
(DW), Qingyuan (QY), Conghua (CH), Boluo (BL) and Gangkou (GK), and also the positions of the major active faults (F1 to F5), depressions and basins are shown on surface where
they are intersected by the profile. At increasing depths, those discontinuities that cause reflection events P1 to P4 and Pm are depicted by continuous lines. The different structures,
upper, middle, and lower crust, the Moho discontinuity and the uppermost mantle, all delineated by velocity isolines, can clearly be seen.
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5. Discussion

In order to determine the seismological response of the crust to the
intraplate compression and extension,we adopt two approaches: in the
first, we consider the crystalline basement and consolidated crust, and
in the second, we focus on the spectral contents of themulti-filtered re-
flection sections obtained from common shot gathers and observe the
seismic responses of the deep crustal formations to the northwest and
southeast of the CLF.

As the objective of this study, we will aim to relate lithosphere evo-
lution beneath the Cathaysia and the Yangtze blocks to systematic seis-
mic variations within the crust, such as: (1) the asymmetry between
tectonic blocks to show the aging difference of consolidated crust be-
tween the Cathaysia and the Yangtze blocks; (2) distinctive lateral var-
iations of average seismic velocity and the corresponding thickness
both of sediment layer and consolidated crust; (3) coastward increasing
of seismic reflection strength within Cathaysia.
5.1. Systematic variations in seismic velocity and reflections within the
crust

5.1.1. Lateral variation of average P wave velocity and thickness in the
sedimentary and consolidated crustal layers

The lateral variation of block age imprints tectonic activity between
different tectonic blocks. It is a common approach to use seismic veloc-
ity to infer aging of sedimentary basins (Wyllie et al., 1956) in qualita-
tive and quantitative geological interpretation. Geological studies
show that the age of the crystalline basement beneath the Cathaysia
block is about 2.5 Ga (Chen and Jahn, 1998; Wang et al., 2003). The
Yangtze block is significantly older at 2.7–2.8 Ga, or even 3.2 Ga (Shui,
1988; Ren et al., 1990; Qiu et al., 2000). This lateral variation in the
age of crystalline basement can be evaluated with seismic P-wave
velocity distribution, which is seismic responses to the accretion of
Cathaysia onto the Yangtze Block (Su et al., 2009; Wong et al., 2011).
Taking into account the uncertainty in the P-wave velocity model
(Fig. 4), we now attempt to characterize this structure using trial values
of velocity of 5.8, 5.9, 6.0 and 6.1 km/s, and then estimate the sediment
thickness (Fig. 6a) and the average P-wave speed (Fig. 7a). We observe
in Fig. 6a that the crystalline basement depth remains fairly constant to
the northwest of the CLF (Yangtze block), while it changes abruptly to
the southeast of the CLF (Cathaysia block), giving rise to remarkable fluc-
tuations when the sediment layer meets the tilted orientation of the CLF.
In Fig. 7a we see that the P-wave speed beneath the Cathaysia block is
generally lower than it is beneath the Yangtze block. Althoughwe cannot
calculate the age of the basement directly, we can nevertheless make an
estimate of it because both the thickness and the P-wave velocity of the
sedimentary layer depend on its age with assumption of compaction of
porous media (Wyllie et al., 1956). The youngest sedimentary rocks are
Paleozoic in age, and so all rocks are probably fully compacted by now.
P-wave velocities show a strong relationship with the maximum depth
of burial (either preserved in basin depth, or as metamorphic grade at
the surface). So it is expected that P-wave velocity-“depth” relationship,
over the “age” relationship (as the oldest rocks are probably the deepest
buried) exists. Using this criterion, we can indirectly infer whether a
tectonic formation is geologically older or younger than an adjacent
block. In our case, the thickness and average P-wave velocity affecting
the sedimentary rocks beneath each of the two blocks in question
(Figs. 6a and 7a) suggest that the Cathaysia block is younger than the
Yangtze block, which is consistent with their respective ages as deter-
mined by other methods.

The foregoing results allow us to calculate the crustal thickness,
here understood to be seen in the dataset between the base of the
sediments and the Moho (Fig. 6b), as well as the average P-wave ve-
locity of the crystalline crust (Fig. 7b). As before, we observe in Fig. 6b
that the thickness of the crystalline crust remains fairly constant to
the northwest of the CLF (Yangtze block), while it changes abruptly
and decreases to the southeast of the CLF (Cathaysia block). Analo-
gously, in Fig. 7b we see that the P-wave velocity beneath the
Cathaysia block is generally lower than it is beneath the Yangtze

image of Fig.�4
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block. These systematic lateral variations in thickness and P-wave ve-
locity of the sedimentary layer and the crystalline crust are inter-
preted to represent the response of the crustal involvement in the
deformation from intraplate orogeny and postorogenic magmatism.
Fig. 5. Reflection structures of the crust and uppermost mantle along the Lianxian–Gangkou
the frequency ranges 1–4, 1–8, 1–12 and 1–16 Hz. As before, the positions of the shot poin
(CH), Boluo (BL) and Gangkou (GK), and also the positions of the major active faults (F1 to
P1, P3 and PmP show the seismic events seen in Fig. 3.
5.1.2. Lateral variation of amplitude–frequency curves in the sedimentary
and consolidated crustal layers

The shot fired at Dawan provides a unique opportunity to assess the
differences between the two blocks because the site is located just on
transect, obtained from pre-stack migration of wide-angle seismic data filtered within
ts fired during the experiment, Lianxian (LX), Dawan (DW), Qingyuan (QY), Conghua
F5), depressions and basins, are shown on the surface where they intersect the profile.
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Fig. 6. Laterally varying thickness of the sediment layer (a) and variable depth of the consolidated crust (b) along the Lianxian–Gangkou seismic profile. The vertical dashed lines at
different offsets refer to the position to which the CLF in its progressive penetration meets the interfaces indicated in the inset.
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the CLF, and its branches lie on opposite sides to the northwest and south-
east of the fault (Fig. 1), i.e., on the Yangtze and the Cathaysia blocks, re-
spectively. We used the crustal P-wave velocity model (Fig. 4) to
determine the time windows for the two types of seismic events trans-
mitted beneath the Yangtze and Cathaysia blocks, which include well-
developed crustal reflections from the bottom of the upper crust and
the Moho. In the lower part of the first of these figures, several beams of
reflected rays are shown passing through the Yangtze and Cathaysia
blocks, which represent P1 and PmP events generated at Dawan. In the
upper part we have a variety of amplitude–frequency curves for these
events P1 (top) and PmP (bottom), after applying the band-pass filters
of 1–4, 1–8, 1–12, and 1–16 Hz. In the case of the P1 reflections from
the bottom of the upper crust beneath the Yangtze block, the dominant
frequency is about 6 Hz, becoming 8 Hz beneath the Cathaysia block.
For the PmP phase, the dominant frequency tends to increase progres-
sively in Yangtze, while it remains constant at about 6 Hz in Cathaysia.

In the sameway, in the lower part of the second of thesefigures, two
beams of reflected rays are shown passing through the Cathaysia block,
which represent P1 and Pmevents generated at Gangkou (Fig. 9), and in
the upper part we show various amplitude–frequency curves for these
events. The same picture persists in terms of P1 and PmP events be-
neath the Cathaysia block, because their corresponding spectra, in par-
ticular for PmP, have similar shapes (Figs. 8 and 9). For the PmP phase
the dominant frequency is therefore about 6 Hz. These differences in
seismic frequency can be interpreted in the context of intraplate com-
pression and its successive extension in South China. Similar structure
pattern was observed as surface geological evidence of inversion
tectonics in the pre-Andean basement of the Sierra de Cachi, Salta,
Argentina (Tubía et al., 2012).

This lateral variation of amplitudes of the P3 and PmPphases (Fig. 10)
can be further confirmed by the wide-angle prestack migration sections
(Fig. 5). These amplitudes are determined using time-variable spectral
analysis applied to the wide-angle seismic signals (Fig. 5) within the fre-
quency intervals of interest. At a distance of 150 km from the origin of
the profile, the change in amplitude of the seismic reflections may be
seen from the bottom of the middle crust (P3) when passing from one
side of the CLF to the other, suggesting that this fault really does reach
the bottom of the middle crust, and does so with a slope of some 22°. A
similar change in amplitude between the two sides of the CLF may be
seen even more clearly at 200 km (Fig. 10), where the slope of the fault
as it crosses the lower crust is very similar. The same conditions apply
in the case of seismic reflections from theMoho, such that the fault con-
tinues down as far as the deep crust.

5.2. Characterization of the contact between the Yangtze and Cathaysia
blocks

The CLF (orWSF) is inferred to be the contact boundary between the
Yangtze and Cathaysia blocks, as suggested by the crustal velocitymodel
(Fig. 4), surface geological mapping (Zhang et al., 1984; Angelier, 1990;
Hou and Li, 1993) and the ages of rock samples (Li and Li, 2007). Our
above-mentioned systematic variations of average P-wave velocity and
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thickness both of the sedimentary and consolidated crustal layers sup-
port the inference that the CLF is also interpreted to be a crustal scale
fault (Wang et al., 2003; Li and Li, 2007; Zhang and Wang, 2007), but
the geometry of the CLF is still unclear. The geometry of the CLF is impor-
tant to constrain the crustal contact relationship between the two
tectonic blocks, i.e. whether it is vertical block to block contact or low-
angle faulting between the two tectonic blocks.

To this end, we focus on the spatial variation of the deep crust along
the LG profile, by combining the amplitudes of the P3 and PmP phases
(Fig. 10). These amplitudes are determined using time-variable spectral
analysis applied to the wide-angle seismic signals (Fig. 5) within the
frequency intervals of interest. At a distance of 150 km from the origin
of the profile, the change in amplitude of the seismic reflections may
be seen from the bottom of the middle crust (P3) when passing from
one side of the CLF to the other, suggesting that this fault really does
reach the bottom of the middle crust, and does so with a slope of
some 22°. A similar change in amplitude between the two sides of the
CLF may be seen even more clearly at 200 km (Fig. 10), where the
slope of the fault as it crosses the lower crust is very similar. The same
conditions apply in the case of seismic reflections from the Moho,
such that the fault continues down as far as the deep crust.

The geometry of the CLF may be explained by a greater dip angle
where it penetrates the brittle upper crust, which becomes slightly
smallerwhen the fault sinks in themiddle and lower crust as it is affect-
ed by the regional tectonics. Such a characteristic may also be observed
in other environments and extensional areas, as demonstrated by near-
Fig. 7. Average P-wave velocity of the sedimentary layer (a) and the consolidated crust (b) a
refer to the position to which the CLF in its progressive penetration meets the interfaces in
vertical seismic reflection experiments (Bally et al., 1966). The geome-
try of the CLF is consistent with the crustal rheology of South China as
supported by the occurrence of earthquakes in the region, which are
certainly constrained to the brittle upper crust (Zhang et al., 2011a).
The geometry of the CLF and the strong deformation revealed by the
P-wave velocity and thickness of the crust (Figs. 4 and 5) may indicate
lithospheric extension (or rollback) towards the coast following the in-
traplate orogeny. The increase in strength of the wide-angle seismic re-
flections from the bottomof the upper crust and theMohodiscontinuity
suggest Mesozoic coherent deformation and an increase in Mesozoic
magmatism towards the coast.

5.3. Possible mechanisms to explain the systematical seismic variations
within the crust beneath the Cathaysia block

The tectonic evolution of the South China block remains a matter of
somedispute. However, the seismic structure of the deep crust provides
tighter constraints on the evolution of the regional tectonics. Proposed
models include an Andean-type active continental margin (Guo et al.,
1983), an Alpine-type collision belt (Hsü et al., 1988, 1990; Wang and
Liu, 1992), and lithospheric subduction (Holloway, 1982; Faure, 1996;
Zhou and Li, 2000) with an underplating of mafic magma (Li and Li,
2007). In order to understand the possible mechanism to explain the
systematical seismic variations within the crust beneath the Cathaysia
block, we construct a >1000-km-long transect (lower panel, Fig. 11)
by taking advantage of the numerous deep seismic soundings and
long the Lianxian–Gangkou seismic profile. The vertical dashed lines at different offsets
dicated in the inset.
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Fig. 8. Amplitude spectra obtained from multi-filtered reflection events P1 and PmP generated at Dawan, which give rise to several beams of reflected rays going through the Yang-
tze and Cathaysia blocks (lower part). The illustration shows the variety of amplitude–frequency curves beneath the Yangtze (left) and the Cathaysia (right) blocks for events P1
(top part) and PmP (central part) after applying band-pass filters of 1–4, 1–8, 1–12 and 1–16 Hz.
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near-vertical seismic reflection experiments performed during the last
30 years (Yuan et al., 1989; Wei et al., 1990; Nissen et al., 1995a,b; Yin
et al., 1999; Yan et al., 2002; Zhang and Wang, 2007; Zhang et al.,
2009a,b; Yao et al., 2011). Where, data on lithospheric thickness were
collected from surface wave tomography (Zhu et al., 2002).

Clearly, P-wave velocity distribution in the crust (Fig. 4) displays an in-
termediate lower crust featuredwith P-wave velocity of about 6.8 km/s in
the lower crust (Christensen and Mooney, 1995; Li et al., 2006; Zhang et
al., 2008, 2011a, 2011b), which is not compatible with mafic or even
ultramafic lower crust with P-wave velocity of >7.0 km/s required by
underplating (Thybo et al., 2000, 2009; Zhang et al., 2009a, 2009b,
2011a, 2011b). Thus underplating in reference to the tectonic evolution
of the South China continent (Li and Li, 2007) can be excluded. We
were not able to extract any evidence in support of the closure model of
an oceanic basin in the South China block (Holloway, 1982; Hsü et al.,
1990; Faure, 1996; Zhou and Li, 2000) because no relatively smaller-
scale anomaly with high-velocity body could be detected in the wide-
angle seismic data (with the limited lateral resolution). It is worth noting
that one higher P-wave velocity layer (about 7.2 km/s) at the bottom of
the lower crust, can be observed in the 1300-km-long transect (lower
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panel, Fig. 11), and such features are usually considered to be a seismic
signature of underplating (Christensen and Mooney, 1995; Thybo et al.,
2000; Thybo and Nielsen, 2009; Zhang et al., 2009a, 2009b, 2010; Deng
et al., 2011).

The significant changes observed in the intracrustal reflections at
the offsets from 100 to 200 km of the LG profile (Fig. 5), and the find-
ings on the geometry of the CLF (Fig. 10, lower panel, Fig. 11), which
correspond to the contact belt between Yangtze and Cathaysia, are
not in conflict with the postulated wrench faulting (Xu et al., 1993),
or continental rifting and lithospheric extension models (Gilder et
al., 1996; Li et al., 2000; Wang et al., 2003). These models may be
Fig. 9. Amplitude spectra obtained from multi-filtered reflection events P1 and PmP gener
Cathaysia block (lower part). The illustration shows the variety of amplitude–frequency cu
1–4, 1–8, 1–12 and 1–16 Hz.
considered in the light of the lateral variation of the crust along the
LG profile, especially to the southeast of the CLF, and the topography
of the Moho with small undulation at an offset of 140–240 km
(Fig. 4). This geodynamic scenario well may be the result of the
thrusting of the Pacific plate beneath the South China continent, or
could be caused by the underthrusting of the Yangtze Block beneath
the Cathaysia Block along the boundary during the Mesozoic or Ceno-
zoic (Rowley et al., 1989; Wang et al., 2010, 2011). All the proposed
models of evolution suggest a predominantly compressive regime in
South China and that intraplate lithospheric extension and thinning
have dominated since the Early Mesozoic (Li et al., 1989; Faure,
ated at Gangkou, which give rise to two beams of reflected rays that pass through the
rves for events P1 (top part) and Pm (the central part) after applying band-pass filters
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1996; Gilder et al., 1996; Li et al., 2000; Wang et al., 2003; Li and Li,
2007; Chen et al., 2011). Beneath the southeastern segment of the
LG profile and in a seaward direction, there is an increase in the am-
plitude of the wide-angle seismic reflections from the bottom of the
middle crust and the Moho discontinuity for all the seismic frequency
bands of interest (Fig. 5).

Mesozoic Lithospheric extension beneath the Cathaysia is widely ac-
cepted, but without agreement in its mechanism. Usually, there are at
least three sorts of models to explain lithospheric extension, such as
simple shear (Wernicke, 1985), pure shear (McKenzie, 1978; Ruppel,
1995), and magma compensated crustal extension models (Thybo and
Nielsen, 2009). Our observation of lateral variations in velocity and
thickness for the sedimentary and the consolidated crustal layers can
be also taken as a seismic signature of the transition from intraplate
compression at the CFL belt to extension beneath Cathaysia. Where,
the CLF belt enduredmultiple episodes with earlier intraplate compres-
sion and later reactivation of extension. A simple-shear extensional re-
gime (Wernicke, 1985) would be expected as the lithospheric structure
as we have imaged in Fig. 11 looks remarkably like classic models. In a
simple shear model, there is some uplift of Moho, which can be ob-
served to a distance of 200 km in our 1300-km-long transect (lower
panel, Fig. 11), but this model is unable to explain the strong reflective
zone in the lower crustwithout abnormally high seismic velocity. Alter-
natively, the extension mechanism of magma compensated crustal
thinning proposed in the Baikal rift zone (Thybo and Nielsen, 2009)
canmake a good explanation of the geometry of the CFL (fault flattening
Fig. 10. Variation in amplitude of seismic events reflected on a deep interface below the cry
time-variable spectral analysis applied to the wide-angle seismic signals in Fig. 5 within the
sition to which the CLF in its progressive penetration meets the interfaces indicated in the
from a steep dip to a gentler way in the deep) and the relatively flat
Moho (even though we can observe 1–2 kmMoho undulation beneath
the CLF), but not the intermediate lower crust in our observation. A pure
shear model (McKenzie, 1978; Ruppel, 1995) can explain the uplift of
the Moho in our observation (Fig. 11), but not the observation of inter-
mediate composition with b7.0 km/s P-wave velocity lower crust.

This line of argument allows us to assess the intraplate extension as
revealed by geochemical studies in South China (Wang et al., 2003).
According to these studies, mafic rocks to the west of the Chenzhou-
Linwu fault present EMI-like isotopic affinity enhanced by a relatively
low Sr87:Sr86 ratio, LREE enrichment and high LILE:HFSE ratio. In con-
trast, the mafic rocks to the east of the fault show a prevalent EMII-like
isotopic signature with a significantly high Sr87:Sr86 ratio and a relative-
ly low LILE:HFSE ratio (Wang et al., 2003). This indicates that theMeso-
zoic mafic rocks near the Chenzhou-Linwu–Wuchuan-Sihui fault have
different affinities for the enriched lithospheric mantle, and different
tectonic histories. The spatial variation of the EMI–EMII-like signatures
(lower panel, Fig. 11) related to the Mesozoic mafic rocks near the
Chenzhou-Linwu–Wuchuan-Sihui fault, the thrust and the westward
Early Mesozoic fold, together with important multi-metal mineraliza-
tion, are all factors that support postorogenic magmatism (Gilder et al.,
1996;Wang et al., 2003). From a seismological viewpoint, the listric ge-
ometry (vertically dip gentling) of the CLF indicates lithospheric exten-
sion, and the seismic velocity distribution in the crust and the outputs
for different frequency bands provide clues for understanding the intra-
plate extension of the study area, and the increasing eruption of young
stalline basement (upper plots) and from the Moho (lower plots), determined through
frequency intervals of interest. Vertical dashed lines at different offsets refer to the po-
inset.
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Fig. 11. Upper panel: extensional factors of whole crust and lithosphere beneath LG profile (in this study) and the northern margin of South China Sea (Zhang et al., 2010); lower
panel: overview of the intraplate orogeny and postorogenic magmatism in South China. YB — Yangtze block; CB — Cathaysia block; NCMSCS — the northern continental margin of
South China Sea; SCS — South China Sea; CLF — Chenzhou-Linwu Fault.
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volcanic rocks to the east. The differences in the crustal velocity and re-
flection patterns shed some light on aspects of the tectonics or even the
crustal composition related to the intraplate extension. Taking the typi-
cal P-velocity of 6.0 km/s as a means of delineating the crystalline base-
ment, it may be seen that the thickness of sediments above the
basement remains almost constant at around 4 km to the northwest of
the CLF (Fig. 4); it is only when crossing the fault in a southeasterly di-
rection that the sediment thickness clearly increases. This thickening
of the sediment layer towards the coast may be interpreted to be the
result of an increase in the eruption of volcanic rocks (Zeng et al.,
1997; Zhou and Li, 2000; Teng et al., 2001a,b; Xiong et al., 2002; Wang
et al., 2003; Yan et al., 2004; Zhao et al., accepted for publication, in
preparation). The decrease in the vertical velocity gradient in the
Cathaysia block is probably caused by the presence of these rocks that
outcrop so abundantly, as revealed by surface geological mapping
(Fig. 1).

We calculate the extensional factors with the formula: pre-rift
thickness/stretched thickness, for the crust and the lithosphere, respec-
tively. By taking 35 km as the pre-stretch thickness of the crust (Nissen
et al., 1995a, 1995b) and 150 km as the pre-stretch thickness of litho-
sphere in the South China (Zhu et al., 2002; Menzies et al., 2007;
Zhang et al., 2012), The extensional factor (β) is estimated to be about
1.5 for the whole crust, and about 2.0 for the lithosphere along our LG
profile (upper panel, Fig. 11). Incorporating the extensional factor (β) be-
neath the northern margin of the South China Sea estimated from deep
seismic reflection sections that about 1.7–3.0 for the whole crust, and
about 2.5–3.1 for the lithosphere beneath Cathaysia (Zhang et al., 2010),
we can observe two kinds of features, namely (1) there is a discrepancy
of extensional factor between the crustal- and the lithosphere-scale
along the long transect and (2) the crustal-, lithosphere-scale extensional
factors increase but their discrepancy decreases coastward (upper panel,
Fig. 11). In addition to the discrepancy between the extensional factors at
the crustal and lithospheric scale in the northern margin of the South
China Sea (Zhang et al., 2010), and coastward decreasing of the
discrepancy between the crustal- and the lithosphere-scale extensional
factors (upper panel, Fig. 11), the eastwards strengthening of the seismic
reflections beneath the Cathaysia block (Fig. 10) may be the seismic sig-
nature of themagma intrusion in the lower crust: either as a result of lith-
ospheric extension due to the subduction of the western Pacific plate or
mantle extrusion (Driscoll and Karner, 1998; Davis and Kusznir, 2004;
Zhang et al., 2010, 2011b), which probably hint the more studies need
to reconsider the origin of the opening of South China Sea.

6. Conclusions

Images of wide-angle seismic reflections in the crust along the
northwest–southeast seismic profile between Lianxian and Gangkou,
South China, have been obtained by applying the technique of depth-
domain pre-stack migration to seismic signals pre-processed using dif-
ferent band-pass frequency filters. Although there are several events
that have relatively high amplitudes, two depth levels seem to be
the origins of higher amplitude reflections: these correspond to
the bottom of the upper crust (~15 km depth) and the crust–mantle
discontinuity (33–35 km depth). Our key findings can be summarized
as follows: a) the thickness and average P-wave velocity both of the
sedimentary layer and the crystalline basement are characterized by
abrupt lateral variations towards the coast from the CLF, which suggests
that the deformation is well developed throughout the whole crust
there. b) The reflection amplitudes observed from the crust–mantle
boundary are sufficiently strong to suggest that there is no significant
partial melt in the lower crust. c) The reflection strength patterns
make it clear that the CLF is the natural contact border between the
two major tectonic blocks of Yangtze and Cathaysia. This fault pene-
trates with a dip angle of about 22° to the bottom of the middle crust,
below which it sinks with a dip angle of less than 17° down to the
Moho, suggesting a ductile thick layer beneath the South China conti-
nent. d) The combination of the crustal P-wave velocity structure,
multi-filtered wide-angle seismic reflections and lithospheric thickness
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across the South China continent causes the constraining of the whole-
sale crustal deformation beneath the Cathaysia. e) The deepening of the
crystalline basement to the southeast of the CLF, the strong changes ob-
served in the seismic reflection patterns and together with depth-
dependent extension beneath the Cathaysia and the northern margin
of South China continent are probably the response of the crust to the
extensive intraplate extension and the existence of young volcanic ac-
tivity caused by lithospheric extension resulting from the subduction
of the western Pacific plate, or by mantle extrusion.
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