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Abstract

Low-velocity layers (LVLs) within the continental crust are usually closely associated with tectonic

na

events, thus they may reflect ongoing processes or offer a chance to backtrack the evolutional history.
Mid-crustal LVLs have been reported in the northern coast of the South China Sea (SCS) by several
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geophysical studies, but the 3D distribution of LVLs in the whole coastal area is still poorly known.
Here, we perform a receiver function study based on 67 broadband seismological stations. We use
the common conversion point method to construct structures of the Moho as well as intra-crustal
interfaces. We image sharp intra-crustal negative velocity gradients broadly distributed in the eastern
Cathaysia block with depth increasing from ~10 km in the NW to 12~16 km in the SE. The
corresponding amplitudes of these negative interfaces show variable values from -0.03 to -0.1, with
an evidential trend of strengthening eastwards. We interpret these negative gradients as top of the
LVL produced by accumulation of fluids from dehydration of the paleo-Pacific subduction plate.
These mid-crustal LVLs tend to act as weak domains during continental rift and the lateral variation
of the LVLs may be one possible reason explaining the along-strike variation in crustal stretching in
the northern SCS rifted margin.
1 Introduction
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The presence of intra-crustal low-velocity layers (LVL) can provide insights into the styles of crustal
deformation and help to reconstruct the tectonic history. For example, the well-known mid-crustal
LVL in Tibet was proposed to host channel flow, playing an important role in accommodating
lithospheric deformations during extension (Nelson et al., 1996; Beaumont et al., 2001; Bao et al.,
2015; Sun and Zhao, 2020), however, its geometry, connectivity and therefore importance are still
debated (Hetényi et al., 2011). The shallow-angle, long-extent and low-velocity detachments
observed in Himalaya (Schulte-Pelkum et al., 2005; Caldwell et al., 2013; Subedi et al., 2018),
Central Andes (Yuan et al., 2000) and eastern America (Long et al., 2019; Marzen et al., 2019)
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indicate a fundamental deformation mode in continental collision zones. In several cases,

ro

intra-crustal LVLs result from accretionary complexes that reflect a tectonic transformation from
subduction to extension (Smit et al., 2016). Or, intra-crustal LVLs can indicate a component akin to
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upper-middle crustal materials which have ‘frozen’ in the present-day stable crust, that dates back to

re

craton formation (Zheng et al., 2009). Tending to form weak domains, inherited LVLs in continental
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crust can also impact later tectonic events, such as continental rifting. Pre-existing weak zones play
an important role in controlling the location and duration of extension, rifting styles and post-rift
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evolution of continental margins (Sutra and Manatschal, 2012; Manatschal et al., 2015; Festa et al.,
2019; Li et al., 2019; Zhao et al., 2020). Furthermore, structurally inherited weaknesses can control
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present-day intraplate deformation and seismicity by adjusting strain localization on a local scale
(Tarayoun et al., 2019).

In South China, low-velocity/high-conductivity layers have been observed in deep seismic profiles
(blue lines in Figure 1) (Liao et al., 1988; Xiong et al., 1991; Yin et al., 1999; Zhao et al., 2004;
Zhang and Wang, 2007; Zhao et al., 2013), local seismic tomographic models (Zhang et al., 2018)
and magnetotelluric soundings (Hu et al., 2017). The observed mid-crustal LVLs are rather flat and
characterized by a P wave velocity of 5.5-6.0 km/s and thicknesses of 3 to 6 km. They have been
interpreted as partial melt bodies, remnants of an ancient oceanic basin, or ductile shear zones.
Through numerical simulation, Li et al., (2019) argues that LVLs could determine the width of the
hyper-extended crust in the northern margin of the South China Sea (SCS). The LVLs may also be
responsible for the present-day seismicity and historical earthquakes by providing an unstable crustal
structure (Zou, 1998; Xu et al., 2006). Yet, due to limited coverage of the former 2D active source
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seismic experiments (Figure 1), the distribution of the LVLs in the northern coast of the SCS is not
clear.
Motivated by the numerous reports of mid-crustal LVLs and to address the above limitations, seismic
waveforms recorded by 67 broadband seismological stations distributed in the northern coast of the
SCS were used to analyze P-to-S receiver functions (RF). Taking advantage of RF’s sensitivity to
impedance contrasts, the goals of this research are to better constrain the spatial distribution of LVLs
in the whole coastal area and discuss the nature and origin of the LVLs as well as their tectonic
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significance.
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2 Tectonic overviews

Seismic stations used in this study are located in the Cathaysia block (Figure 1 and Figure 2), the
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convergence area of the Eurasian, Pacific and India-Australian plates. The Cathaysia and the Yangtze
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blocks collided and merged into the South China block (SCB) in the Neoproterozoic, forming the
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Jiangnan orogenic belt at their boundary (Zhao and Cawood, 1999, 2012; Li et al., 2002; Shu, 2012).
After that, the united SCB experienced episodes of compression and extension (Shu, 2012). At

na

present, it shows two dominant features: 1) the widespread Mesozoic granitoids and volcanic rocks
(Figure 1), with the Early Yanshanian (180-140 Ma) igneous rocks mainly distributed in the
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continental interior and the Late Yanshanian (140-97 Ma) magmatism exposed along the
southeastern coast (Zhou and Li, 2000), 2) the thinned lithosphere and crust whose thicknesses
generally decrease towards the coast (Zhou et al., 2012; Shan et al., 2016). Such features are well
explained by the flat subduction of the paleo-Pacific plate followed by slab break-off, foundering and
roll-back during the Mesozoic (Li and Li, 2007; Suo et al., 2019). In early Mesozoic (ca.
250-190Ma), due to the flat-slab subduction of the paleo-Pacific plate, a ~1300-km-width orogenic
belt was formed from SE to NW. During the early post-orogenic stage (ca. 190-150 Ma), the slab
break-off and foundering caused the mantle upwelling and underplating. In the late Mesozoic (150
Ma-), slab rollback produced seaward migrating magmatism (Zhou and Li, 2000; Li and Li, 2007).
The underplated basaltic magmas or hot mantle provided a significant amount of heat to partially
melt the lower crust, generating granitic magmas and leaving behind dry mafic granulites (Zhou and
Li, 2000). However, this model is still challenged by the geophysical observations, which inferred
intercontinental extension induced by the lower-crustal and mantle delamination (He et al., 2013) or
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asthenosphere upwelling (Deng et al., 2019). Notably, previous seismological studies mainly focused
on the lithospheric and crustal structure, leaving the intra-crust poorly understood. Yet, the
heterogeneous crustal interior may record much key information of the tectonic evolution.
The Mesozoic orogenic event led to the creation of NNE and ENE trending fault zones in the SCB,
among which the Shaowu-Heyuan-Yangjiang Fault is one of the major fault zones (Figure 1). A large
silicified quartz reef (up to 40 km of length and tens of meters thick) has developed along the
Heyuan part of the fault zone and can be seen outcropping locally at several sites and visible in
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satellite imagery. The quartz reef is encased by a top phyllonitic seal and a bottom mylonitic zone
(Tannock et al., 2020a). Another distinctive characteristic is that an abundance of hot springs are

ro

distributed along the Heyuan part of the fault zone (Tannock et al., 2020b).
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Following the inferred slab roll-back in the Late Cretaceous, the SCB has transformed from an active
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margin to a passive continental margin. Continent rifting, break up and seafloor spreading occurred
at the Andean-type margin along with the formation of the SCS basin during the early and middle
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Cenozoic (Taylor and Hayes, 1983; Wang et al., 2019). The relatively young continental lithosphere
underwent extensive rifting from ~45 Ma. At ~33 Ma, continental breakup occurred in the northeast

na

and led to the formation of the east sub-basin (ESB). Then, the spread center jumped to the south at
around 25.5 Ma and the opening of the northwest sub-basin (NWSB) stopped. The spreading kept
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propagating southwestwards, leading to the formation of the southwest sub-basin (SWSB). In the
middle Miocene (15 Ma), the seafloor spreading ceased (Franke, 2013; Savva et al., 2014; Li et al.,
2018). The diachronous seafloor spreading from east to west in the Oligocene and Miocene results in
the present-day V-shaped morphology of the SCS (Pichot et al., 2014) (Figure 1).
Duo to the multiphase rifting and diachronous seafloor spreading, the northern SCS margin had
experienced extreme crustal thinning (Yan et al., 2001; Savva et al., 2014; Lester et al., 2014).
Significant along-strike variations in morphology, crustal structure and structural styles have been
revealed by geophysical studies (Franke, 2013; Bai et al., 2019; Zhao et al., 2016; Yang et al., 2018).
The northeast segment has a rugged topography with a seafloor characterized by local reliefs, and the
northwest segment is characterized by a gentle morphology with a slightly dipping slops (Zhao et al.,
2020). The east part of the SCS northern margin exhibits 400 km of extended crust, while the west
part shows 800 km of extended continental crust (Hayes and Nissen, 2005; Pichot et al., 2014).
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Abrupt thinning of continental crust in front of the continent–ocean transition zone (COT) and a
narrow COT have been observed in the western segment of the SCS. In contrast, over the eastern
segment, the continental crust thins gently and forms a relatively wide COT (Pichot et al., 2014). To
explain this lateral variability, different extensional models have been proposed, such as polyphase
faulting, sequential faulting and depth-dependent stretching (Clift et al., 2002; Huismans and
Beaumont, 2014; Pichot et al., 2014; Zhao et al., 2018). Such variability may also be attributed to the
heterogeneous crust of the SCB because of its extremely complex evolution. However, both the
heterogeneous nature of the SCB and its relationship with the extensional variability along-strike the
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northern SCS margin have not been well documented.

Figure 1 | General tectonic framework of the study area and its surrounding regions. Left panel: Gray thick dashed
lines denote the borders of the Yangtze and the Cathaysia block. Black thin dashed lines indicate fault zones. Blue
straight lines represent wide-angle deep seismic profiles in the study area with the extent of the LVLs indicated by
white dashed lines. a. Liao et al., 1988; b. Xiong et al., 1991; c. Yin et al., 1999; Zhang and Wang, 2007; Zhao et al.,
2013; d. Zhao et al., 2004. Black box indicates the location of the giant quartz reef (modified after Guo et al., 2019).
Right panel: Tectonics of the surrounding region. NSM – northern SCS margin; ESB – east sub-basin; NWSB –
northwest sub-basin; SWSB – southwest sub-basin; QDN – Qiongdongnan basin; XSB – Xisha block; MB –
Macclesfield Bank; RB – Reed Bank.

3 Data and methods
3.1 Seismic data
This study used three-component waveforms recorded by 67 broadband seismic stations (Figures 1
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and Figure 2) from 2012 to 2015. These permanent stations are part of the Guangdong Digital
Seismograph Network (http://www.gddzj.gov.cn/) and China Earthquake Network Center
(https://www.cenc.ac.cn/). With an average spacing of about 50 km, station distribution in the coastal
area is deployed denser than in the north (Figure 2). Almost all stations are located in the Cathaysia
block and only a few are located in the Jiangnan orogen (Figure 1). At each station, we selected
teleseismic events from the International Seismological Center (ISC) catalog with magnitude
Mw>5.5 occurring at an epicentral distance between 30° and 90°. Our final data set contains 278
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events for receiver function calculation (Figure 3).

Figure 2 | Map of seismic stations (triangles) used in the analysis. Magenta triangles belong to section P1 and blue
belong to P2. Gray lines mark the faults. Black crosses represent earthquakes (up to ML 5.2) in the past ten years
provided by China Earthquake Data Center (http://data.earthquake.cn/). The yellow arrow point to the location of
the giant quartz reef. Stations with red names show direct evidence for a mid-crustal LVL.
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Figure 3 | Distribution of 278 teleseismic events (red dots) used in this study. Blue dashed lines indicate 30° and 90°
epicentral distances from the center of the study area.

lP

3.2 P-to-S receiver function

We use the receiver function technique to image intra-crustal LVLs. By deconvolving the vertical

na

from the horizontal components, we remove the source time function, the possible source side effects
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and deep-Earth propagation effects, and isolate the P-to-S conversions generated at velocity
discontinuities beneath stations. We used the classical time-domain iterative deconvolution method
(Ligorría and Ammon, 1999) to calculate P-to-S receiver functions. Before calculation, we first cut
the teleseismic signals 30 s before and 120 s after the arrival time of the direct P phase based on the
1-D IASPEI91 velocity model (Kennett and Engdahl, 1991). To ensure the data set quality, we
applied a semi-automatic quality control on the filtered original vertical-north-east (Z-N-E)
waveforms following the method proposed by Hetényi et al. (2015, 2018). 11’370 high-quality traces
were selected from total 16’438 traces. We then rotated the Z-N-E components to a
vertical-radial-transverse system (Z-R-T) based on the event back-azimuth. We downsampled the
records at 20 Hz, removed the mean, applied a taper Hanning and band-pass filter at 0.2–1 Hz before
RF calculation. After 150 iterations of the iterative deconvolution algorithm, the final radial and
transverse RFs were obtained by a convolution of Gaussian pulse width corresponding to the signal's
highest frequency. Assuming a crustal shear wave velocity of 3.6 km/s, the corresponding
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wavelength is 3.6 km at 1 Hz. Based on the minimum resolvable length scale of λ/4, the layer
thickness larger than ~0.9 km is resolvable. An example of radial RFs of station HUJ is shown in
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Figure 4 and individual RFs at all stations can be found in Supporting Figure S1.

Figure 4 | An example of radial receiver functions of station HUJ arranged as a function of back-azimuth using the

re

3.3 Common conversion point migration

-p

time-domain iterative deconvolution in the frequency band of 0.2–1 Hz. The Moho and top of the LVL (LVL-) are
labeled.

lP

We used the pre-stack migration method to map seismic discontinuities. Pre-stack migration allows
the RF amplitudes to be mapped at the positions of P-to-S conversion along the ray path. Technically,

na

we performed the time-to-depth migration using the widely adopted common conversion point (CCP)
approach (Zhu, 2000). We first chose two parallel sections, P1 and P2, according to the station

Jo
ur

distribution. Then we projected stations onto the sections (95 km on both sides of P1, magenta
triangles in Figure 2; 125 km on both sides of P2, blue triangles in Figure 2). Along the sections, the
average station interval is 26 km for P1 and 40 km for P2 (Figures 5A and 6A). Given the nature of a
relatively flat Moho and no strongly spatial variations in seismic velocity in the Cathaysia block
(Zhou et al., 2012; He et al., 2013; Guo et al., 2019), we employed a 1D P and S wave velocity
model derived from the deep seismic profile L-G (Figure 1) (Zhang and Zhao, 2007; Zhao et al.,
2013) for time-to-depth conversion (Table 1). To further improve the imaging, a 3D velocity model
should be used in the future to take into account small-scale crustal velocity heterogeneities. We
projected RF amplitudes onto the profiles with a depth interval of 1 km and a horizontal bin of 15 km,
which is close to the Fresnel zone radius at the Moho. Later, images are horizontally smoothed with a
40 km Gaussian filter. The migration takes the station elevation into account.
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Table 1. 1-D Velocity Model used for time-to-depth migration (Zhang and Zhao, 2007; Zhao et al., 2013). The
Vp/Vs ratio considered in the three layers are 1.73, 1.71 and 1.74 respectively.
0-10km
10-20km
20-35km
P (km/s)

5.92

6.07

6.65

S (km/s)

3.42

3.55

3.82

4 Results
The Moho is visible as strong, positive interface (warm color) in Figures 5 and 6, in a depth range of

of

25–34 km. We picked the Moho (the maximum amplitude at depth beneath each station) to map the
Moho geometry in 3D, it is shallower in the western part (25–27 km) and deeper in the east (28–34

ro

km) (Figure 7B). The shallowest Moho appears at around 110°E, while the deepest Moho is located

-p

between 110°–120°E. A slight decrease of Moho depth from continental interior to the coast can be
observed, by 2–3 km. The depth variation in the Moho is consistent with previous results (26–34 km)

re

obtained with a single-station grid search technique (Zhu and Kanamori, 2000; Chevrot and van der
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Hilst, 2000; He at al., 2013; Xia et al., 2015; Guo et al., 2019). The 1D migration model has small
influences on the determination of the Moho depth, probably because of the nature of a relatively flat
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Moho and no strongly lateral variations in speed velocity in the study area (Zhou et al., 2012; He et

described below.
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al., 2013; Guo et al., 2019). This gives support to the credibility of the intra-crustal interfaces as

Besides the Moho conversion, we can observe a series of negative pulses (shown in blue) distributed
between 1–2 s in Figures 5B and 6B, representing a sharp negative velocity gradient with depth.
Since the study area is largely covered by igneous rocks (Figure 1), it is unlikely that the negative
conversion is influenced by a shallow sedimentary layer. In addition, we don’t observe strong
positive conversions before the negative arrivals (Figure 4 and Figure S1). In the CCP migrated
images, these negative polarity interfaces (cold color) are distributed at 9–16 km depth (Figures 5D
and 6D), and with amplitudes smaller compared to that of the Moho. Along P1, the negative polarity
interfaces vary in a depth range of 12–16 km and rather strong amplitudes are visible between 600–
800 km distance (Figures 5D). Other negative amplitude patches in the crust (e.g. 5 km depth at 300–
400 km distance, and lower-crustal variable depth at 600–800 km) have smaller amplitudes and we
consider them as secondary with respect to the main mid-crustal LVL. The CCP image of P2
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(Figures 6D) shows two groups of blue patches along 100–200 km and 500–800 km, lying relatively
flat at around 10 km depth. We picked the depths of these continuous negative interfaces at the local
minima beneath each station (crosses in Figures 5D and 6D) and plotted them in map view (Figure
7A). We can see that the negative polarity interfaces appear broadly in the eastern Cathaysia block,
with depths shallower in the northwest (~10 km) and deeper in the southeast (~12–16 km). The
deepest negative interfaces are located between longitude 111°–114°E. The corresponding amplitude
map of the negative interfaces shows variable values between -0.03 to -0.1. An evidential trend is
that the amplitudes generally strengthen eastwards, with the strongest amplitude appearing at around

of

longitude 116°E (Figure 7C).
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P-to-S receiver function phases can be influenced by the presence of azimuthal anisotropy or a
significant dip on the discontinuity, both of which are not unexpected in the highly complex SCB
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with a history of multiple collisional cycles. A dipping layer will generate a zero-lag arrival on the
transverse RFs that is not observed in the anisotropic case. In this study, clear zero-lag arrivals of the

re

transverse components can be observed at station XUW, JIX, LIP and PHSG (Figure S1). However,

lP

it is difficult to assess which dipping interface of these zero-lag signals come from. The effects of a
possible anisotropic layer are more complicated. For most of the stations, energy on the transverse
RFs appears in the range of 1–2 s is small compared to that on the corresponding radial RFs, which

na

indicates that anisotropy is not the dominant source of signal in this study. The above analysis points
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to largely isotropic velocity decrease at horizontal boundaries.
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Figure 5 | Receiver function images of section P1. From top to bottom panels: A. Topographic profile, with
triangles indicating station locations. The black arrow indicates the location of a giant quartz reef. B. Single-station
stacked radial receiver function traces. Red pulses correspond to positive velocity gradients; blue pulses correspond
to negative velocity gradients with depth. C. Individual receiver function traces plotted along profile representing
raypaths of individual phase arrivals. D. Common conversion point migrated image with amplitudes indicated by
color bar at right. Black dots represent the estimated Moho depth and crosses indicate the inferred top interfaces of
the LVLs.
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Figure 6 | Receiver function images of section P2. Same panels as in Figure 3.

Figure 7 | A. Topography of the LVL-. LVL- – the top of the low-velocity layer. Gray thick dashed lines denote the
borders of the Yangtze and the Cathaysia block. Black thin dashed lines indicate the fault zones. F1:
Shaowu-Heyuan-Yangjiang Fault zone. F2: Zhenghe-Dapu Fault zone. B. Topography of the Moho. C. Amplitude
map of the LVL-. D. Normalized RF ray piercing points density map.
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5 Discussion
5.1 Low-velocity layer: nature and origin
Based on previous studies (Liao et al., 1988; Xiong et al., 1991; Yin et al., 1999; Zhang and Wang,
2007; Zhao et al., 2013), we interpret the negative velocity gradients in the mid-crust of our CCP
images as the top interfaces of the low-velocity layer. They show depth variations in good agreement
with different geophysical sounding velocity models, although the top of the LVLs from former
results are locally deeper (gray dashed lines in Figure 8a). This may reflect differences in the ability
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of active- versus passive-source imaging techniques to characterize structure in the intra-crust. We

ro

couldn’t present the thickness distribution of the LVLs, because the bottom interfaces of the LVLs
are not observed, a phenomenon that has also been reported in some of the deep seismic profiles. For

-p

example, Zhao et al. (2004) didn’t find the reflected phases from the bottom of the LVLs (profile d in
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Figure 1). The reflected phases are not clear in Liao et al. (1988)’s profiles (profile a in Figure 1).
The most likely reason is a spatially broad (~10 km) velocity gradient with depth, not sensed by

lP

receiver functions due to its vertical extent (a dipping interface or an anisotropic layer is not a
dominant feature in this study as discussed above). The absolute amplitudes of the negative

na

interfaces in our RF profiles are small compared to that of the Moho. This may indicate limited
velocity/impedance contrast between LVLs and upper layers. In fact, the velocity profile of L-G
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shows that the P-wave velocity of the LVLs is 5.8 km/s, underlying an upper layer with velocity of
6.2-6.3 km (Zhang and Zhao, 2007), and 3.5 km/s underlying 3.6-3.65 km/s for S-wave velocity
(Zhao et al., 2013), thus leading to a Vp/Vs ratio of

around 1.66 of the LVLs. The only common

mineral with such a very low Vp/Vs ratio is quartz (Christensen, 1996), which suggests that the
LVLs have high quartz concentrations and may be related to fluids.
Most of the previous workers attributed the LVLs in our study area to partial melting within the
mid-crust. However, the relatively low Vp/Vs ratio (~1.66) does not support the presence of partial
melt in the crust, as large amounts of partial melt would increase Vp/Vs (Watanabe, 1993). Besides,
the last peak age of magmatism in south China is around 93 Ma (Wang et al., 2013). It is unlikely
that partially melt bodies are still preserved after such a long period of cooling. Another common
interpretation of the LVLs in the orogenic zone is the remnant of crustal materials after subduction or
collision, such as accretionary complexes or felsic upper-middle crust. Yet, such remnants often
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show dip from mid- to lower-crust and mostly in the lower-crust (Zheng et al., 2009; Smit et al.,
2016) while the LVLs in our study area are relatively flat within the mid-crust. Therefore, we favor
the interpretation of LVLs related to fluids from dehydration of the subducting slab and trapped in
the mid-crust (Figure 8b). In south China, due to the flat-slab subduction of the paleo-Pacific plate, a
~1300-km-wide orogenic belt was formed in the Triassic (Li and Li, 2007; Liu et al., 2017). During
subduction, fluids produced by dehydration of the slab are expected to migrate into the mantle and
upper plate by channelized flow or along grain boundaries (Jamtveit et al., 2016). Such
transportation allows fluids to migrate at relatively large distances in a geologically rapid way and
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only a small volume of water can be absorbed by the mantle wedge (John et al., 2012; Wada et al.,
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2012; Jonas et al., 2014). It is possible that the additional fluids trapped in the mid-crust cause the
observed reduction of seismic wave velocity (Figure 8b). Owing to its lower bulk modulus, fluids
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can reduce the compressional and shear velocity. Based on the model of Watanabe (1993) on granite,
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a Vp/Vs of 1.66 suggests a fluid fraction in the range of ∼15 percent. Intra-crustal LVLs have long
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been found in western North and South America, where several low-angle and flat-slab subduction
occur, and these LVLs are thought to be fluid related (Yuan et al., 2001; Beck and Zandt, 2002;
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Jödicke et al., 2006; Wannamaker et al., 2014; Araya Vargas et al., 2019). Free water generated by
dehydration of the downgoing oceanic plate can be trapped in the mid- and lower crust below an
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impermeable layer formed through mineral precipitation when temperature conditions are met (Jones,
1987). Very low permeability, of less than 10−20 m2 , allows fluids to reside for hundreds of
millions of years (Hyndman, 1988).

Rising fluids released from the subducted oceanic slab are thought to be silica saturated and the
deposition of silica with decreasing temperature and pressure is expected to form quartz (Hyndman
et al., 2015), some of which is presently exposed as quartz veins, such as in New Zealand (Breeding
and Ague, 2002) and Alaska (Fisher and Brantley, 2014). In south China, a more than 40-km-long
and 75-m-width giant quartz reef is exhumed where stations LTK, XFJ, HYJ and XIG are located
(Figures 1, 2, 5 and 8c). Microstructural analyses revealed that this quartz reef was formed at
mid-crustal conditions, for which significant volumes of metamorphic and meteoric fluids were
required (Tannock et al., 2020a). The changes in morphology and grain size are controlled by the
transformation of stress regime since the Mesozoic, and the present-day hot springs are still fed by
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deep fluid sources via a fracture network (Tannock et al., 2020b).
We acknowledge that there may be other interpretations. For example, a sub-horizontal or shallowly
dipping crustal detachment extending over hundreds of kilometers cannot be ruled out. However, if
there is such an architecture due to the paleo-Pacific plate subducting beneath the Cathaysia block,
the dipping would be northwestwards, opposite to our findings. Our 1D velocity model used in the
migration may lead to slightly distorted dip estimates. However, observations from active source
imaging revealed an even more flat LVL (Figure 8a) (Liao et al., 1988; Xiong et al., 1991; Yin et al.,
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1999; Zhao et al., 2004; Zhang and Wang, 2007; Zhao et al., 2013).

Figure 8 | (a) CCP image of the crustal structure along profile P1 (Figure 2) and P4 (Figure 9). Gray lines indicate
the top of the LVLs by former studies (Liao et al., 1988; Zhang and Wang, 2007; Zhao et al., 2013). The Quartz reef
is marked by an oval. (b) Interpretative diagram showing the migration of dehydration fluids coming from the
Paleo-pacific slab and the accumulation of fluids in the mid-crust. (c) Cross-sectional view of the giant quartz reef.
CP – Cataclasite-Phyllonite. (modified from Tannock et al., 2020a).

5.2 Spatial variation of the Low-velocity layer
The presence of the mid-crustal LVLs shows a longitudinal difference. That is, the LVLs mainly
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distributed in the eastern Cathaysia block spanning over 500 km, with increasing strength eastwards
within the mapped volume (Figure 7C). Also, the Moho is about 3–4 km deeper in the eastern
Cathaysia block than in the west. The Moho depth exhibits a slight decrease towards the coast. On
the contrary, the depth of the LVLs becomes shallower towards the continental interior (Figure 7).
Such distribution may be determined by inherited conditions: 1) the lateral variations in the degree of
hydration of the incoming plate, 2) variations in permeability structure of the subduction oceanic
plate, and 3) variations in permeability of the upper plate. Heterogeneity of the incoming plate
hydration are controlled by variations in density and the maximum fault throw (vertical component
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of fault displacement) of bending‐related faults (Boneh et al., 2019), and the permeability structure

ro

of the downgoing slab ultimately determines the release of fluids (Delph et al., 2018). The difference
in rock porosity or permeability of the upper plate controlled by fluid and rock composition can also

re

though we cannot give direct evidence.
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lead to the observed lateral variation of the LVLs (Hyndman, 1988; Araya Vargas et al., 2019), even
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The depth variation of the LVLs in this study is compared to these reported in western North and
South America. The LVL in the northern Cascadia subduction zone, labeled as ‘E’ layer, shows

na

landwards dipping following the isothermal temperature of 400-500°C (Hyndman, 1988). However,
most of the other LVLs exhibit irregular variations in depth (Beck and Zandt, 2002; Jödicke et al.,
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2006), similar to our results. To be noticed, the observed LVLs may have different causes because
clear depth variation of the LVLs can be seen in Figure 7A and Figure 9C. The amplitude variation of
the LVL- is independent of RF ray sampling as shown by both the profile (Figure 5 and 6) and map
(Figure 7) views. Thus, it may be a reflection of water content, with larger values concentrated in the
east. Such variation may be also determined by the inherited conditions as discussed above. The
spatial presence, depth variation and the amplitude variation of the LVLs can be reworked by
subsequent processes, such as asthenosphere upwelling caused by slab break-off and full-scale
foundering in the continental interior, as well as slab roll-back along the southeastern coast (Li and
Li, 2007; Li et al., 2007). The additional reheating or re-dehydrating by these post-orogenesis
mechanisms is expected to alter the LVLs following an NW-SE orientation, however, we didn’t find
a very clear trend.
5.3 Implications for continental rift
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A fluid-filled layer will inevitably have a large influence on crustal rheology. Laboratory experiments
showed that even small concentrations (of a few tens of parts per million) of water contained in
hydrous minerals can decrease strength dramatically (Mackwell et al., 1998). The spatial distribution
of the LVLs emphasizes the lateral difference in rheological structure in the Cathaysia block (Figure
7 and 9), with the eastern segment expected to be less viscous and mechanically weaker. In a fault
zone near station NAP (Figure 2), swarm-type seismicity has been observed and mainly occurs in a
mid-crustal low-velocity zone (LVZ). The LVZ is relatively continuous at about 13–15 km depth
(Xia et al., 2020). High pore pressure due to the trapped fluids or fluids induced strain localization

of

(Getsinger et al., 2013) may be responsible for this mid-crustal seismicity layer. In the late Mesozoic,

ro

the SCB has transformed from an active margin to a passive continental margin. Continent rifting,
break up and seafloor spreading occurred at the Andean-type margin along with the formation of the
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SCS basin. Situated in the transition between the tectonically complex SCB and the newly formed
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SCS (Figure 1), the coastal area may largely record the pre-rift or early-stage rift structures inherited
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from subduction and orogenesis (for instance, the LVLs), shortly before the onset of continental
failure and seafloor spreading. To the south, longitudinal contrast in crustal structures, stretching and
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faulting along-strike the northern SCS rifted margin have been reported by geological and
geophysical observations (Bai et al., 2015; Zhao et al., 2020). While the east part of the northern SCS
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margin (NSM) exhibits relatively wide necking or distal domain, the west part shows a wide
proximal domain and a narrow necking zone (Yang et al., 2018), which indicates a reducing degree
of crustal stretching from east to west on the lower continental slope (Figure 9a). The lateral
variation of the presence of the LVLs is spatially consistent with the along-strike variation in crustal
stretching along the NSM, suggesting that they may be related.
To connect observations onshore and offshore, we chose three seismic profiles including OBS200
(Wang et al., 2006), OBS1993 (Yan et al., 2001) and ESP-W1985 (Nissen et al., 1995), from eastern,
central and western SCS northern margin; correspondingly, three RF profiles were produced from
our results as the extensions of the above offshore profiles, namely P3, P4 and P5 (Figure 9a). Over
the eastern segment, a clear mid-crustal LVL onshore and a wide COT offshore are shown (Figure 9b
and 9e). While in the western segment, LVL is invisible and a COT-like thinned crust is narrow
(Figure 9c and 9f). The central part exhibits transitional characteristics (Figure 9d and 9g). According
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to the numerical analysis by Li et al. (2019), the rheologically weak LVLs in the mid-crust could
control the width of the highly thinned crust (thickness smaller than 15 km) and the crustal thermal
distribution by accommodating deformation during extension. They therefore proposed that thicker
LVLs result in wider range of ultra-thinned crust in the eastern NSM, while thinner LVLs are
responsible for narrower range of ultra-thinned crust in the western NSM. Here, we supplement
observations and explanations on the variability of LVL signal strength. The west segment of the
NSM might experience more complex evolution because of the limited distribution of LVLs, for
instance, the unresolved cessation of seafloor spreading in the northwest sub-basin (NWSB), the
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failed hyper-extension rift in the Qiongdongnan basin (QDN), the jump of the spreading ridge from

ro

the NWSB to the southwest sub-basin (SWSB) (Li et al., 2018; Zhao et al., 2018). The presence of
several rigid blocks in the western SCS, e.g. the Xisha block (XSB), Macclesfield Bank (MB)
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(Figure 9a), which are inherited from the SCB (Yan et al., 2010) and deformed weakly during the
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rifting phase (Ding and Li, 2016; Lü et al., 2017), may be the most direct evidence. Actually, the fact
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that crust in the western NSM is more rigid than that in the east has been noticed long ago (Clift et al.,
2002) and such phenomenon is suspected to be partly caused by the heterogenous nature of the SCB
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crust (Pichot et al., 2014). Here, we provide a direct observation of crustal heterogeneity from the
perspective of crustal hydration, and emphasize the importance of inheritance in controlling the
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along-strike variations of rifting styles in the northern SCS margin. To be noticed, there are other
hypotheses explaining this along‐strike variation. For example, the V-shape geometry of propagating
rift systems may also be responsible for such variation.
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Figure 9 | Comparison of onshore and offshore crustal structures. (a) Onshore and offshore sections represented by
black lines. Magenta, blue and red triangles indicate seismic stations for section P3, P4 and P5. Major extensional
domains are shown in the northern SCS margin according to (Yang et al., 2018). (b - d) CCP images of section P3,
P4 and P5. (e - g) Velocity structures along profile OBS2001 (Wang et al., 2006); profile OBS1993 (Yan et al.,
2001) and transect ESP‐W (Nissen et al., 1995). HN – Hainan Island; ESB – east sub-basin; NWSB – northwest
sub-basin; QDN – Qiongdongnan basin; XSB – Xisha block; MB – Macclesfield Bank; COT – continent-ocean
transition; OB – oceanic basin.

6 Conclusions
Using over 10’000 receiver functions, we imaged the intra-crustal discontinuities beneath the coastal
area of the northern South China Sea with the pre-stack CCP migration method. We found negative
polarity interfaces broadly distributed in the eastern Cathaysia block, with depth varying from 9-16
km, inferred as the top of low-velocity layers. We interpreted these LVLs as fluids released by
dehydration of the slab during the flat subduction of the paleo-Pacific plate in the Mesozoic, and

Journal Pre-proof
trapped in the mid-crust by impermeable layers, thus allowing fluids to reside for over hundred
million years. Such structural inheritance, acting as weakened domains, might facilitate development
of lateral heterogeneity of crustal rheology, and, subsequently, cause or influence significant
variations in crustal structure along strike the northern SCS rifted margin.
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Highlights


Spatial variation of mid-crustal low-velocity layer revealed by P-to-S receiver functions.



The low-velocity layer results from fluids produced by dehydration of the paleo-Pacific slab
accumulated in the mid-crust.
The variability of the low-velocity layer may explain the variability of crustal stretching in the
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northern South China Sea rifted margin.
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