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Abstract The northern margin of the South China Sea, as a typical extensional continental margin, has relatively strong intraplate
seismicity. Compared with the active zones of Nanao Island, Yangjiang, and Heyuan, seismicity in the Pearl River Estuary is rela-
tively low. However, a M 4.0 earthquake in 2006 occurred near Dangan Island (DI) offshore Hong Kong, and this site was adjacent
to the source of the historical M5.8 earthquake in 1874. To reveal the seismogenic mechanism of intraplate earthquakes in DI, we
systematically analyzed the structural characteristics in the source area of the 2006 DI earthquake using integrated 24-channel seis-
mic profiles, onshore—offshore wide-angle seismic tomography, and natural earthquake parameters. We ascertained the locations of
NW- and NE-trending faults in the DI sea and found that the NE-trending DI fault mainly dipped southeast at a high angle and cut
through the crust with an obvious low-velocity anomaly. The NW-trending fault dipped southwest with a similar high angle. The
2006 DI earthquake was adjacent to the intersection of the NE- and NW-trending faults, which suggested that the intersection of the
two faults with different strikes could provide a favorable condition for the generation and triggering of intraplate earthquakes.
Crustal velocity model showed that the high-velocity anomaly was imaged in the west of DI, but a distinct entity with low-velocity
anomaly in the upper crust and high-velocity anomaly in the lower crust was found in the south of DI. Both the 1874 and 2006 DI
earthquakes occurred along the edge of the distinct entity. Two vertical cross-sections nearly perpendicular to the strikes of the inter-
secting faults revealed good spatial correlations between the 2006 DI earthquake and the low to high speed transition in the distinct
entity. This result indicated that the transitional zone might be a weakly structural body that can store strain energy and release it as a
brittle failure, resulting in an earthquake-prone area.
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and Mooney, 2005) or stress concentration in the upper
crust due to structural inhomogeneities (e.g., Sykes, 1978;
Talwani, 1988; Talwani and Rajendran, 1991; Kenner and
Segall, 2000). In addition, lithospheric thinning also pro-

1 Introduction
Over 90% of the world’s earthquakes occur at the edge

of oceanic and continental plates (Rocha et al., 2016).
Unlike plate boundary regions where seismicity is rela-
tively concentrated and has become increasingly well
understood (Zoback, 2010), the causes of intraplate seis-
micity in stable continental interiors are still a challenge
in seismology (Assumpcao et al., 2004). Intraplate seis-
micity reflects diffuse deformation in relatively stable
tectonic regions (Zoback, 1992). Their origins are closely
associated with the reactivation of pre-existing zones of
weakness (Sykes, 1978), such as extended crust in aborted
rifts or continental margins (e.g., Talwani, 1988; Schulte
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vides favorable conditions for stress concentration in the
brittle upper crust (Assumpcao et al., 2004).

The northern margin of the South China Sea (SCS) is
an extensional continental margin, but it is also consid-
ered an intraplate region with moderate to high seismic
activity levels. A large number of NE-, NEE-, NW-, and
EW-trending faults are widely distributed in the coastal
region of the northern SCS (Fig.1). According to the
monitoring data of seismic network in the past 10 years,
strong seismicity is mainly concentrated in Nanao Island,
Yangjiang, and Heyuan (Fig.2), whereas seismicity is
relatively low in the Pearl River Estuary. The distribution
of historically large earthquakes with magnitude larger
than M6.0 also indicates that seismic activity levels ap-
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pear to be significantly lower in the Pearl River Estuary
(including Hong Kong, Shenzhen, Guangzhou, and Macau)
than in the eastern and western coastal regions of the
northern SCS (Chandler and Lam, 2002). Almost all
highly destructive earthquakes with magnitude greater than
7.0 in historic times occurred along the NE-trending lit-
toral fault zone (LFZ) nearly parallel to the coastline. As a
part of the LFZ, the Dangan Island (DI) fault, which lies
about 30km southeast of Hong Kong and has generated

two moderate earthquakes in 1874 (about M5.8) and 2006
(M_4.0), may produce earthquakes with magnitude of 7.0
(Chau et al., 2004). The results of ground motion simula-
tions revealed that strong earthquakes with M6.0-6.5 along
the DI fault, rather than major distant earthquakes, would
dominate the seismic hazard and cause severe building
damage in Hong Kong (Megawati, 2007). Therefore, a
detailed seismogenic structure in the DI sea area must be
obtained.
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Fig.1 Distribution of faults with different strikes in the coastal region of Guangdong. Locations of most faults on the sea
could be inferred. The red circles denote the earthquakes with magnitude larger than M6.0. Earthquakes with magnitude
greater than M7.0 mainly occurred along the Littoral Fault Zone (LFZ).
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Fig.2 Distribution of seismicity in the coastal region of Guangdong from the last ten years of the seismic network in
Guangdong. The focal depth of earthquakes was mainly located at 5-20km. The seismicities of Yangjiang, Heyuan, and
offshore Nanao Island areas are strong. The seismicity in the Pearl River Estuary is relatively low, but two earthquakes with
MS5.8 in 1874 (blue star) and M4.0 in 2006 (red star) occurred near Dangan Island, called Dangan Island earthquakes.

Given the poor correlation between intraplate seismic-
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have become one of the most useful tools to understand
the mechanisms of earthquakes in intraplate tectonic set-
tings (e.g., Hole et al., 2001; Assumpcao et al., 2004;
Kato et al., 2009). Results from seismic velocity models
implied the important roles of fluids (Reyners et al.,
2007), lithosphere/asthenosphere topography (Assumpcao
et al., 2004), and ancient rift systems (Kato et al., 2009)
in intraplate seismicity, and such findings revealed the
location of the faults (e.g., Wittlinger et al., 1998; Hole
et al., 2001). Intraplate seismicity generally occurs in the
vicinity of stress concentrators within pre-existing zones
of weakness, including intersecting faults, buried plutons,
and rift pillows (Gangopadhyay and Talwani, 2003),
which is consistent with the tomographic results that in-
traplate earthquakes occur in the transition zones between
high and low velocities (Koulakov ef al., 2010).

Most previous studies on seismic investigations fo-
cused either onshore or at sea only in the northern margin
of the SCS (e.g., Nissen et al., 1995; Qiu et al., 2001;
Zhang and Wang, 2007), and their main purposes were to
study deep crustal structures, tectonic features of rifting
continental margin, and formation and evolution of sedi-
mentary basins. Although the latest seismic surveys in the
onshore—offshore transitional zone of the northern SCS
have been implemented and yielded new findings (e.g.,
Xia et al., 2010, 2012; Zhao et al., 2004a; Cao et al.,
2014), these studies have been limited to image crustal
velocity models, infer the location of the LFZ, and reveal
variations in crustal structures. The seismogenic structure
and spatial variability of faults remain largely ignored.
Thus, this study aimed to use integrated seismic data to
ascertain the location of the intersection of different strike
faults, systematically analyze the structural variations in
the source area, and reveal the seismogenic structures of
the 2006 DI earthquake.

2 Tectonic Setting

The SCS is one of the biggest marginal seas of the
western Pacific, and it has experienced continental rifting,
breakup, subsequent seafloor spreading, and current sub-
duction of the oceanic crust (Taylor and Hayes, 1983;
Tapponnier et al., 1986; Li et al., 2012; Sibuet et al.,
2016). Considering the complicated interaction among the
Pacific Plate in the east, the Eurasian Plate in the north,
and the Indian—Australian Plate in the west and south, the
formation and evolution of the SCS have always been the
focus of attention of geologists at home and abroad (e.g.,
Briais et al., 1993; Lester et al., 2014; Li et al., 2015;
Sibuet et al., 2016). The northern margin is the only well-
preserved extensional margin of the SCS (Gao et al.,
2016), and it has an important tectonic position. It not
only records important information about the rifting evo-
lution process and tectonic features of the SCS (Xia et al.,
2010; Barckhausen et al., 2014), but it is also the signifi-
cant cohesive zone from the convergent margin in late
Mesozoic to the rifting margin in Cenozoic (Li and Li,
2007; Shi and Li, 2012). Intrusion of magma and igneous
rocks extensively occurs in the northern margin of the

SCS (Yan et al., 2001; Wang et al., 2006). Under the
comprehensive influences of the NW-ward subducting
Philippines Sea plate and the extrusion of the Indo—Tibet
collision, neotectonic movement in the northern margin is
very strong (Liu, 1981), which is characterized by strong
seismic activity, fault movement, tectonic uplift, and sea
level changes. Since the earliest historical records, 11
earthquakes with magnitude larger than M6.0 have oc-
curred in the coastal region, including four earthquakes
with magnitude larger than M7.0 that belong to the typi-
cal intraplate seismic belt. These large earthquakes are
characterized by shallow focal depth and strong destruc-
tiveness, causing serious loss of life and property.

Structurally, the northern margin of the SCS is charac-
terized by an intersecting network with different strike
faults (Fig.1), which include dominant NE-trending set,
NEE-E-trending set, and subordinate NW-trending set
(Pigott and Ru, 1994; Liu ef al., 1997). These fault sets
have had an important and long-lived influence on mag-
matism and tectonics with individual faults acting as
conduits for magmas and the loci of fissure-like volcanic
centers (Ding and Lai, 1997; Campbell and Sewell, 1997).
The main performance of NE-trending faults is large scale,
extending up to several hundred kilometers or even thou-
sands of kilometers. This set of faults is characterized
with deep dissection, large separation, and major width of
the section. Strong metamorphism, such as extensive schist
and gneiss, siliceous rock, and mixed rock along the
faults, is composed of huge metamorphic belts. The NE-
striking elongated calderas, delineated by ring faults and
ring-like intrusions, indicate strong control of NE-trending
faults on the distribution and loci of volcanic centers
(Ding and Lai, 1997; Campbell and Sewell, 1997). The
NW-trending faults are relatively small scale, show in-
termittent distribution of shadows, and extend thousands
of meters to dozens of meters, with the largest up to hun-
dreds of kilometers. This set of faults was active during
the middle Jurassic to early Cretaceous volcanism (Cam-
pbell and Sewell, 1997) and has also been the focus of
some recent fault activity (Lee and Workman, 1996).

The NE-trending LFZ exists in the onshore—offshore
transitional zone in shallow water, along which many
large earthquakes occurred and the anomalous character-
istics of gravity and geomagnetism are evident (Hao et al.,
2002). It mainly dips southeast at a high angle (Cao ef al.,
2014). The crustal structure is greatly different on both
sides of the LFZ, which suggests that the LFZ is the
boundary between the normal continental crust of South
China and the thinned continental crust of the northern
SCS (Xia et al., 2010, 2014). A large number of cracked
metamorphic granites can be observed in DI and Nanpeng
Island, which may be due to the LFZ. The LFZ is exten-
sively intersected with NW-trending faults. Previous
studies inferred that the intersection of NW- and NE-
trending local faults can control the occurrence of most
small to moderate earthquakes, whereas the intersection
of NW-trending faults and the LFZ might dominate the
triggering of great earthquakes (Xu et al., 2006; Sun et al.,
2012).
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3 Data Acquisition

We conducted a large onshore—offshore seismic ex-
ploration experiment in the Pearl River Estuary from May
to July in 2015. We used 50 oceanic bottom seismometers,
24-channel seismic cable, more than 100 portable seis-
mometers on land, and seismic network in the coastal
area as the receiving network. An airgun array with 6000
inch® in sea and high energy explosions on land were used
as sources. A large number of 24-channel seismic and
wide-angle seismic data were obtained in the experiment.
The survey was carried out by R/V Haidiao 6. For naviga-
tion and shot timing, Global Positioning System was used.
The ship speeds were 5.0-5.5 knots, and the array was
fired at a time interval of 120s, so the shot distance in-
tervals ranged from 300 m to 330 m. More than 11000
shots were fired along ten NW-SE lines and three NE—
SW lines (Fig.3). During the field operation, we encoun-
tered good weather conditions.
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Fig.3 Location of 24-channel seismic and wide-angle
seismic experiments in 2015. The red lines show the loca-
tion of four single-channel seismic profiles used in this
study. The blue star denotes the source of the 2006 Dan-
gan Island earthquake. The dashed lines show the loca-
tions of NE and NW faults. The upper-right corner shows
the focal mechanism of the 2006 DI earthquake.

In this study, we used three NW strike and one NE strike
24-channel seismic profiles near the DI sea area to investi-

gate the locations and geometries of NE- and NW- trend-
ing faults. After a series of processing (Xia et al., 2007),
four 24-channel seismic sections were imaged (Figs.4 and
5). Amplitude spectra showed that the main seismic en-
ergy was in the frequency range of 3-20 Hz. Thus, the
record sections were band-pass filtered from 3 Hz to 20
Hz to enhance the S/N ratio. We also used the published
three-dimensional crustal structure in the DI area based
on the 2004 onshore—offshore wide-angle data (Xia ef al.,
2012) to analyze the structural variation in the source area
of the 2006 DI earthquake. In addition, the 2006 M;4.0
DI earthquake occurred at 19:53 in the evening of Sep-
tember 14, 2006 (Wong et al., 2007), which induced the
earth tremor felt widely in the Pearl River Estuary, in-
cluding Hong Kong, Macau, Shenzhen, Zhuhai, Dong-
guan, Foshan, and Guangzhou. The epicenter was located
at 21.99°N, 114.23°E over the sea near DI, and the focal
depth was about 17km (Wong et al., 2007). The strike
angles of the two nodal planes were ENE-WSW and
NW-SE by determining the best fitting double-couple
fault-plane solutions based on P-wave polarities recorded
by the seismographic networks in Hong Kong, Guang-
dong, and Hainan (Wong et al., 2007). Accordingly, we
exploited the above integrated seismic data to study the sei-
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Fig.4 Single-channel seismic profiles along the NW-SE
strike. The NE-strike Dangan Island (DI) fault is evident
in the profiles (black dashed lines).

Fig.5 Single-channel seismic profiles along the SW-NE strike. The NW-strike fault is evident in the profile (black dashed

line).
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smogenic structure of the 2006 DI earthquake.

4 Results and Discussion

Two main sets of faults, namely, a dominant NE strike
set and a subordinate NW strike set, were identified in
and around Hong Kong (Lai and Langford, 1996; Fletcher,
1997), but how these different strike faults develop in the
sea area remains unclear. Our present seismic profiles
revealed the clear locations of NE and NW strike inter-
secting faults in the sea area (Figs.4 and 5). The NE-
trending fault is located south of DI with water depth of
30-50 m, which is called the DI fault and considered part
of the LFZ (Fig.4). This fault dips to the southeast direc-
tion and is parallel to the strike of DI. Figs.4a—4c show
that the thickness of sedimentary strata sharply increases
in the south of the fault, thereby suggesting the control
effect of the DI fault on sedimentation. Lee et al. (1997)
evaluated the movement potential of the major faults in
and around Hong Kong, and they suggested that the
NE-trending DI fault has the highest movement potential
and capability to generate destructive earthquakes. The
NW-trending fault was clearly observed in Fig.5 with the
southwest dip, which intersected with the DI fault and cut
DI into a number of separate peaks. The focal position of
the 2006 DI earthquake was located near the intersection
of the two sets of faults, indicating the important role of
the intersecting faults with different strikes in the genera-

tion of an intraplate earthquake.

The 2006 DI earthquake was located at 21.99°N,
114.23°E with a focal depth of about 17km, and its focal
mechanism showed a strike-slip fault in either the ENE—
WSW or NW-SE direction with a small normal faulting
component (Wong et al., 2007). To determine the deep
features of the two sets of faults, we exhibited the P-wave
velocity plan view at 17km depth and two vertical cross-
sections of the crustal structure that were approximately
perpendicular to the strikes of intersecting faults (Fig.6)
on the basis of the three-dimensional crustal model of Xia
et al. (2012). Fig.6¢ reveals that a high-velocity (high-V)
anomaly was detected in the Hong Kong region, whereas
an obvious low-velocity (low-V) anomaly was imaged in
the Pearl River Mouth; these results were consistent with
surface geological features. We obtained about 3%—6%
fast velocity anomaly with size of approximately 35kmx
20km in the west of DI. This fast anomaly was a seismic
and separated from the high-V anomaly beneath Hong
Kong by a weak low-V zone denoting the NW-trending
fault that is revealed in Fig.5. The region south of DI is
characterized by distinct velocity anomaly that is anoma-
lously slow in the upper crust but fast in the lower crust,
which is in sharp contrast to the consistent positive veloc-
ity anomalies to the west of DI and in the Hong Kong
region (Fig.6). The NE strike DI fault demarcates the
transitional zone between the high-V region beneath
Hong Kong and the distinct entity in the south of DI.
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Fig.6 Seismic velocity structure along the NW—SE vertical section (a), SW-NE vertical section (b), and depth section at 17
km (c). Fractured granites extensively outcrop in DI (d). The NE-strike DI fault and NW-strike fault are shown in (a) and (b)
with low to high-velocity transition, respectively. The red star in (a) and (b) is the location of the 2006 DI earthquake. The
blue small and big stars denote the location of the 2006 and 1874 DI earthquakes according to the reference (Wong et al.,

2007), respectively.

Almost all earthquakes are distributed along the DI
fault, and a good spatial correlation exists between seis-
micity and the distinct entity. These high-V bodies are
separated and laterally offset from one another by NE and
NW strike intersecting faults with relatively low-V fea-
tures in the upper crust and then gradually form a united
high-V body in the lower crust. Thus, the intersecting
faults might be limited to the base of the lower crust. Pre-

vious studies implied that the intersecting fault zone
might act as a localized stress concentrator and cause
anomalous stress buildup in the vicinity, eventually re-
sulting in the observed seismicity (Gangopadhyay and
Talwani, 2005). Our present results showed that the 2006
DI earthquake occurred in the contact zone between the
intersecting faults and the underlying high-V body in the
south of DI, indicating that the underlying high-V body
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might be rigid and capable to store strain energy and re-
lease it as a brittle failure. The initiated rupture was
propagated through the structural boundary between the
intersecting faults and the underlying high-V body due to
the relative mechanical weakness (Kato et al., 2005).
However, the seismicity was only limited to the south of
DI and the high-V region west of DI was a seismic, which
indicated that the seismic activities might be suppressed
by the stable high-V anomaly west of DI that functions as
a seismic barrier (Aki, 1979). In addition, the intersecting
fault zone was composed of minerals of low shear strength
and highly cracked rocks according to field studies on DI
(Fig.6d), which could become the path of fluids. Many
studies have proven that fluids can lower the mechanical
strength and frictional coefficient and play an important
role in the nucleation and rupture of earthquakes (e.g.,
Yamamoto ef al., 2006; Reyners et al., 2007; Zhao et al.,
2004b; Xia et al., 2008). Combined with the mechanisms
of the high-V body as a strong and brittle asperity in the
fault zone and the relatively low-V intersecting faults as a
fluid path, we think that the complex of HV3 and inter-
secting faults in Fig.6 could be considered as the seis-
mogenic structure.

In seismic risk studies, earthquakes along the DI fault
are considered to have the greatest potential to give rise to
strong earth tremors in Hong Kong (Chau et al., 2004).
The present results demonstrated the possibility of a po-
tential seismic hazard in the intersecting fault zone. Fur-
thermore, our results indicated that the underlying high-V
body in the south of DI reflected a strong and brittle as-
perity, which could further affect the dynamics of faults
and alter stress of the fault zone, resulting in the rupture
of an earthquake. In addition, fluids can pass through the
cracked fault zone to affect the long-term structural and
compositional evolution of the fault zone (Zhao et al.,
2004b). These influences will enhance stress concentra-
tion in the seismogenic zone, leading to mechanical fail-
ure of a strong asperity (Zhao et al., 2004b) and possibly
the nucleation of a large earthquake. Cochran et al. (2009)
inferred that the fault damage zone is most likely weaker
than the surrounding rock, facilitating the localization of
regional strain. Strain localization of faults should be
more responsive to relatively small stress changes (Coch-
ran et al., 2009), thereby enhancing the potential of an
earthquake-prone area in the intersecting fault zone. Thus,
the contact zone between the intersecting fault zone and
the underlying high-V body in the south of DI is the most
potential earthquake-prone area near Hong Kong. This
result is consistent with the present seismicity.

5 Conclusion

We used integrated seismic data to obtain the geome-
tries from shallow to deep crust of different strike inter-
secting faults. The 2006 DI earthquake was found to oc-
cur adjacent to the intersection of NE and NW striking
faults. A distinct entity with low velocity in the upper
crust but high velocity in the lower crust was revealed in
the south of DI. Both 1874 and 2006 DI earthquakes oc-

a) Springer

curred along the edge of the distinct entity. Furthermore,
the focal depth of the 2006 DI earthquake was located in
the transitional zone of the low- and high-V bodies in the
distinct entity. These results indicated that the intersecting
faults might act as a localized stress concentrator and
cause anomalous stress buildup in their vicinity, and the
high-V body in the distinct entity could be rigid and ca-
pable of storing strain energy and releasing it as a brittle
failure. Given the mechanisms of the high-V body as a
strong and brittle asperity in the intersection of different
strike faults and low-V faults as a fluid path, the contact
zone between the intersecting faults and distinct entity
may be the earthquake-prone area offshore Hong Kong.
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