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Abstract The South China Sea region is potentially threatened by tsunami hazards originated frommultiple sources: the Manila
subduction zone in the east, the Littoral Fault Zone (LFZ) in the north, numerous submarine landslides on the continental slopes
and the volcanic islands in the Luzon Strait. Infrequent but potentially devastating tsunami hazard poses a great threat to the
populous coastal region, fishery, oil and gas exploitation in the deep sea, etc. Here we review the recent progress in tsunami
hazard assessment in the South China Sea region, focusing on two primary sources: submarine earthquakes and landslides. We
sort and review the literature by the two commonly used approaches: deterministic and probabilistic tsunami hazard assessment
for both source types. By simulating tsunamis generated by typical earthquakes originated from the Manila Trench, the LFZ and
landslides in the continental slopes, we investigate their tsunamigenic mechanism and key tsunami characteristics in the South
China Sea region. We point out the research gaps and highlight the key issues to be addressed in the future.
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1. Introduction

Tsunamis are infrequent but potentially devastating events,
among one of the deadliest marine geohazards. Tsunamis are
usually triggered by submarine earthquakes, submarine
landslides, volcanic activities and meteorites, etc. TheMW9.1
2004 Sumatra-Andaman earthquake and tsunami is a mile-
stone event in tsunami research. This earthquake triggered a
transoceanic tsunami which devastated the coastal countries
surrounding the Indian Ocean, causing nearly 230,000 death
and 12 billion USD economic losses (Titov et al., 2005).

Only seven years later, the 2011 Tohoku-Oki earthquake
(MW9.0) triggered another transoceanic tsunami in the Pa-
cific Ocean, causing 27,000 death or missing in Japan and
305 billion USD economic loss worldwide. The catastrophic
effect of this disaster is significantly exacerbated by the
damage to the Fukushima nuclear power plant, raising global
concerns about the potential effects of the released radiation
(Nanto et al., 2011). The rupture zones and magnitudes of
these two massive earthquakes challenge the traditional
perspective of earth scientists on the seismogenic mechanism
of megathrust faults at global subduction zones. Besides the
large earthquakes occurring at the subduction interfaces,
recent tsunami events raised the awareness that tsunamis
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could be generated by diverse sources with some of them
unexpected. For example, the September 28th, 2018 Sula-
wesi tsunami was associated with a MW7.5 strike-slip
earthquake, killing more than 1300 people in Indonesia
(Schambach et al., 2021). The December 22nd 2018, Anak
Krakatau tsunami event was triggered by the flank collapse
(0.1–0.2 km3) of the Anak Krakatau volcano, causing 437
deaths in Indonesia (Williams et al., 2019; Ye et al., 2020).
The MW6.9 Samos normal-faulting earthquake generated
nearly 4 m tsunami waves in the populous area in the Aegean
sea in Europe (Dogan et al., 2021). Such “atypical” tsunami
sources remind us that the complexity and diversity of tsu-
namigenic mechanisms. The tsunami hazard level could not
be simply assessed from the fault mechanism or magnitude
of the source earthquakes and the volumes of landslides.
Earthquakes with the moderate magnitude or landslides with
limited volumes could also generate devastating tsunami
event if they occur in unfavoured situations. This fact leads
the majority of coastlines globally not immune to potential
tsunami hazards.
The coastlines of the South China Sea (SCS) are particu-

larly vulnerable to tsunami hazards due to the following
reasons: (1) Many populous cities are distributed along the
coastlines. Some cities are among the most economically
active centers in their own countries. E.g., with only 0.6% of
the national-territorial area, the Guangdong-Hong Kong-
Macao Greater Bay Area contributes 12.57% GDP in China;
(2) The coastlines also have many major infrastructures in-
cluding harbors, airports and nuclear power plants, etc.
Taking the nuclear power plant as an example, nearly 10
nuclear power plants either under construction or operation
are located in the coastal areas of Guangdong, Guangxi,
Fujian and Hainan provinces, accounting for half of the total
number of power plants in the coastal region in China; (3)
The coverages of the infrastructures inside the deep sea in-
cluding oil platforms and submarine cables are expanding
rapidly; (4) The average elevations of coral islands inside the
SCS are only several meters above the mean sea level. With
many identified landslides nearby, the tsunami waves can
arrive at these islands and coastal regions in minutes or tens
of minutes once being generated. Consequently, improving
our capabilities of emergency response and disaster re-
sistance is imperative. For the recent progress on tsunami
early warnings, please refer to An (2021) and Yu et al.
(2020).
The formation and evolution of the SCS are governed by the

tectonic activity of the surrounding subduction system in the
west, south, and east. Under the influence of the subducting
Manila trench, active submarine faults and high sediment
accumulation rate, diverse marine geo-hazards with different
severity levels are present from the continental shelf to the
continental slope and deep basin. Earthquakes, landslides and
turbidity flows are among the most dangerous types. As the

SCS is a semi-enclosed basin, previous studies have shown
that tsunamis generated outside the basin can hardly affect the
coastlines bordering the SCS (Okal et al., 2011; Yu et al.,
2020; An, 2021). As a result, we shall focus our attention to
the potential tsunami sources inside the SCS (Figure 1), which
include the Manila subduction zone (Megawati et al., 2009;
Hsu et al., 2016; Qiu et al., 2019), the Littoral Fault Zone
(LFZ) (Ren et al., 2016; Cao et al., 2018; Xia et al., 2020),
other active faults in the northern SCS and submarine land-
slides widely distributed on the continental slope and carbo-
nate platforms (Gee et al., 2007; Li W et al., 2014a; Chen et
al., 2016; Sun et al., 2018a; Wang et al., 2018; Wu et al., 2018)
and a series of volcanic islands (Terry et al., 2017).
For the above-mentioned tsunami sources, lots of studies

have been done in recent years. Here we summarize the
important progress in the tsunami hazard assessment of the
submarine earthquakes and landslides in the SCS. Mean-
while, we discuss the seismogenic mechanism of the Manila
megathrust fault and the LFZ based on their geological
structures and available geophysical data. The key features
of tsunami impact associated with these sources are de-
monstrated through simulation results of typical scenarios.
Finally, we identify the research gaps and offer suggestions
for future research directions. We expect this contribution
could provide the scientific basis for tsunami hazard pre-
paration and mitigation in the SCS.

2. Tsunami hazard assessment for the Manila
Trench

The Manila subduction zone (MSZ) has been the major
subject of tsunami hazard studies since it has the highest
potential for generating great earthquakes and tsunamis. The
trench is characterized by three typical features: (1) The
subduction zone is seismically very active but absent of great
earthquakes. No earthquakes larger than MW7.6 have been
recorded along the trench since the Spanish colonization of
Luzon in 1560. The absence of significant megathrust related
earthquakes suggests that the megathrust is either creeping in
the form of slow slip events and slow silent earthquakes
(Obana and Kodaira, 2009; Wallace et al., 2016) or accu-
mulating strain energy which could be released during next
great or giant earthquakes (Yokota et al., 2016). (2) the
coupling ratio of the megathrust is likely up to 0.48 or even
higher. Hsu et al. (2016) estimated the coupling ratio through
the block modeling, which is constrained by the-20-years’
(1998–2015) continuous GNSS observations deployed in
Taiwan, China and the Philippines. (3) The convergence rate
across the Manila subduction zone is 65–100 mm yr−1 (Hsu
et al., 2012, 2016). The rate is even higher than those of very
active subduction zones which have hosted giant earthquakes
in the past i.e., 62–81 mm yr−1 of the Japan trench,
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50–60 mm yr−1 (Chamot-Rooke and Le Pichon, 1999) of the
Sumatran and 58–72 mm yr−1 of the Chilean subduction
zones (McCaffrey, 2008). These typical features imply that
the potential risk of imminent great or giant earthquakes
could not be ruled out along the Manila trench (McCaffrey,
2008; Schellart and Rawlinson, 2013; Bletery et al., 2016).
The tsunami hazard assessments conducted in the Manila

trench can be classified into two categories: the deterministic
assessment based on single or several end-member scenarios
(e.g., Huang et al., 2009; Liu et al., 2009; Wu and Huang,
2009; Okal et al., 2011; Qiu et al., 2019; Xie et al., 2019), and
the seismic probabilistic tsunami hazard assessment (S-
PTHA) which is based on historical events or enormous
synthetic earthquake scenarios (e.g., Liu et al., 2007; Thio et
al., 2007; Wen et al., 2011; Ren L et al., 2014; Li et al., 2016;
Sepúlveda et al., 2019; Yuan et al., 2021). In the following

sections, we will discuss these two categories respectively
regarding the specification of model parameters, advantage,
and disadvantage of the approaches. Meanwhile, we choose
some typical studies as examples to demonstrate the tsunami
characteristics triggered by megathrust earthquakes in the
MSZ.

2.1 Deterministic tsunami hazard assessment

The deterministic approach often considers the end-members
(i.e., worst-case scenarios) or a handful of credible fault
models with specific fault parameters including earthquake
magnitude and fault geometry (i.e., length, width, depth,
strike angle, dip angle, and rake angle), etc. Such fault
models (scenarios) are usually constrained by structural
geology, geophysical survey, and geodetic measurements.

Figure 1 The spatial distributions of the historical and geological tsunami records and potential tsunami sources in the SCS. Yellow dots indicate the
tsunami records in the northeast of the SCS (Lau et al., 2010). Red triangles mark the tsunami records with possible volcanic origins in southeast Asia
(Raphaël Paris et al., 2014). Green dots represent tsunami records in Vietnam (Vu and Nguyen, 2008). Orange dots mark the tsunami records collected by
Philippine Institute of Volcanology and Seismology during 1589–2012 (Bautista et al., 2012). Red pentagrams represent the locations of possible tsunami
deposits. The boundaries of the Baiyun slide are digitized from Sun et al. (2018b), Qiongbei slide and Huaguang slide are from Wang et al. (2018),
Zengmuansha (Brunei) slide is from Gee et al. (2007). This figure is modified from Qiu et al. (2019).
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For example, the earlier worst-case scenario proposed by
Megawati et al. (2009) suggests a full-rupture scenario that
ruptures the entire Manila trench from 12.5°N to 23.5°N. By
assuming a fully-coupled megathrust since 1560, this model
yields an estimated moment magnitude of MW9.3 (Figure
2a), by using the velocity measurements from the GNSS sites
deployed along Luzon islands, Taiwan island and the islands
between them. The estimated maximum slip deficit is ~40 m
in north-western Luzon which corresponds to the fastest
convergence rate (86–90 mm yr−1) (Figure 2a) (Yu et al.,
1999; Megawati et al., 2009). In fact, the geological struc-
tures of the MSZ in the north differ significantly from the
south, whether the entire Manila megathrust could rupture as
a whole in a single event or rupture partially in small pie-
cemeals is still in active debate (Chen et al., 2014; Zhu et al.,
2017; Gao et al., 2018). The megathrust develops a shallower
dipping in the north than that in the south where it was
affected by the subducting process of the Philippine trench in
the east, resulting in a dual-subducting system. The northern
segment of the MSZ is controlled by the subduction accre-
tionary process, developing a large accretionary prism be-
tween the trench and the forearc region. In the central
segment at 16.5°N, the seafloor develops a series of north-
east-trending seamounts named Huangyan Dao Sea Mount
Chain (Zhu et al., 2017). Whether the seafloor roughness
raised by such seamount chain impedes seismic rupture
propagation or acts as asperity remains elusive (Wang and
Bilek, 2014; Bilek and Lay, 2018). Considering the spatial
variety of the key features in the trench, including the
structural difference between the northern and southern

segments of megathrust, the spatial distribution of the cou-
pling ratio on the fault, and tsunami excitation efficiency in
the shallow accretionary wedge, Qiu et al. (2019) develop a
series of possible rupture models. Qiu et al. (2019) imple-
ment the seamount chain as a boundary and divide the MSZ
into three segments, i.e., the southern segment (14°−16°), the
central segment (16°–19°), and the northern segment (19°–
22°). The corresponding slip deficit of each segment is cal-
culated by the coupling ratio and convergence rate from (Hsu
et al., 2016), assuming a seismic return period of 1000 years.
The cumulative strain of each segment is equivalent to mo-
ment magnitude MW8.8–9.0 earthquakes (Qiu et al., 2019).
In addition to these worst-case scenarios, many other rupture
models were proposed to investigate the characteristics of
tsunami waves and their associated impacts by considering
earthquakes occurring at different locations, depths on the
megathrust with variable moment magnitudes (e.g., Liu et
al., 2009; Wu and Huang, 2009; Nguyen et al., 2014). For
example, Liu et al. (2009) divided the “S-shaped” Manila
trench into 6 segmented faults. The magnitudes of these
segments were assumed as MW8.0 with the fault dimensions
and averaged slips being determined by the empirical scaling
relationship (Wells and Coppersmith, 1994). Using a similar
approach, Nguyen et al. (2014) specified 100 rupture sce-
narios with various magnitudes between MW6.5 and MW9.3
and different depths at 15, 30, and 55 km to assess the tsu-
nami hazard along the coastline of Vietnam.
Among many of the deterministic scenarios, we select

Megawati et al. (2009) and Qiu et al. (2019) as examples to
demonstrate the hydrodynamic features of tsunamis and the

Figure 2 (a) The slip distribution of the end-member worst-case scenario proposed by Megawati et al. (2009); (b) The resultant maximum tsunami wave
height and arriving time. Colored circles represent the wave height at 10-m water contour lines. The bathymetry data is retrieved from the 15 arc-second
resolution grid of General Bathymetric Chart of Oceans (GBECO_2019).
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hazard impact in the SCS region. We use tsunami software
package COMCOT (Cornell Multi-grid Coupled Tsunami
Model) (Liu et al., 1998; Wang and Power, 2011) to model
wave propagation from the deep basin to coastal areas in the
SCS. Nonlinear shallow water equations are applied to the
whole simulation domain to better resolve the nonlinearity
and bottom friction in the shallow water region. The mod-
elling results are shown in Figures 2 and 3. With the coastal
regions in Southern China as the main focus, we summarize
the most important tsunami features in the following aspects:
(1) Besides the coastlines of the southern Taiwan island and
the western Luzon which are located in the near-source re-
gion, the southern coastline of China faces the greatest tsu-
nami threat originated from great earthquakes in the MSZ
(Figure 2). Most importantly, the GNSS observations suggest
that the northern Luzon segment which poses the highest
tsunami threat to the southern China has the highest con-
vergence rate. Thus it has been accumulating the highest slip
deficit. Tsunami waves generated by earthquakes in the
offshore Luzon segment have a focused energy directing
towards the coastal area in Guangdong province, especially
in eastern Guangdong where the energized tsunami waves
reach up to 4–10 m, as the result of the fault orientation and
the bathymetric feature in the northern SCS (Figure 2b); (2)
Simulation results of the segmented rupture models suggest
islands in the SCS and the southern coastline of China would
experience hazardous tsunami waves, regardless of the rup-
ture locations. In particular, when rupture occurs in either the
northern or central segments, the tsunami waves will focus
their energy toward the southern coastline of China with the
maximum wave energy distributed mainly along the coastal
region of the Guangdong and Fujian province (Figure 3a,
3b). Note that when earthquakes happen in the central or
southern segment, the Zhongsha and Xisha islands in the
SCS will experience stronger hazard impact than ruptures in
the north segment (Figure 3c); (3) as the result of the strong
variation in bathymetry at the continental shelf in the
northern SCS, the energy of tsunami waves focuses in sev-
eral locations of the southern coast of China, including
Yangjiang, Macao and Zhuhai in the western Pearl River and
Shanwei from west to east . These regions would experience
higher waves than their neighbouring coastlines, thus having
a higher hazard potential than other regions (Figures 2b and
3); (4) tsunami waves could reach the Zhongsha and Xisha
island in less than half an hour or one hour, respectively.
Depending on the rupture location, the tsunami arrival times
differ slightly. Tsunami waves initiated in the northern seg-
ment could arrive at eastern Guangdong province in 2–3
hours, earlier than that generated by the remaining segments.
However, tsunamis initiated in the central and southern
segment arrive at the Zhongsha and Xisha islands half an
hour earlier than that initiated in the northern segment.
If a giant earthquake of MW9.0 similar to the 2004 MW9.1

Figure 3 Maximum tsunami wave height prediction from the rupture
models of Qiu et al. (2019). (a)–(c) present the maximum wave height and
arriving time predicted by ruptures in the northern segment, the central, and
the southern segment of the Manila subduction zone, respectively (model
parameters setup is the same as that in Figure 2). The figure is modified
from Qiu et al. (2019).
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Sumatra-Andaman earthquake in the Indian Ocean or the
2011 MW9.0 Tohoku-Oki earthquake in the Pacific ocean
occurs in the SCS, the disastrous consequences are unim-
aginable. As the area of the SCS is only 350 km2, which is
1/20 of the Indian Ocean (7056 km2), and 1/50 of the Pacific
Ocean (18134 km2). The semi-enclosed nature of the SCS
implies that the energized tsunami waves can only propagate
and dissipate within the small basin without leaking into the
surrounding oceans. Giant tsunami waves would distribute in
the source region and along the path of wave propagation.
Even when the waves dissipate to smaller amplitudes, they
can also be reflected back and forth between the coastlines in
the basin, leading to high-amplitude water oscillation that
could sustain an ultra-long time period in the coastal regions.
Such tsunami events had occurred in the Japan sea, which
also features with the semi-enclosed setting similar to the
SCS. The 1983 MW7.9 Japan sea earthquake generated da-
maging tsunami waves that cause sea level fluctuation last-
ing for 2-days (Satake and Shimazaki, 1988). Based on the
spectral analysis of recorded tsunami waveforms and nu-
merical simulations, Satake and Shimazaki(1988) conclude
that the ultra-long water level fluctuation is mainly caused by
multi-reflection of the tsunami waves between coastlines
within the semi-enclosed Japan sea. The multi-reflection
caused the free oscillation of the water levels in the entire
Japan sea. Even for the Pacific Ocean which has vast ocean
size, basin-wide oscillations could also be excited by large
earthquakes, as illustrated in the case of the 2011 Tohoku-
Oki giant tsunami event (Heidarzadeh and Satake, 2014).
Sea level oscillations induced by this tsunami sustained for
4–5 days in the Pacific Basin (Saito et al., 2013). In view of
this phenomena, for the tsunami hazard generated by the
earthquakes in the MSZ, besides the disastrous hazard
caused by coastal inundation, we need to pay special atten-
tion to the long lasting tsunami oscillation generated by the
multiple reflections between the coastlines and continental
slope within the semi-enclosed SCS basin.

2.2 Probabilistic Tsunami Hazard Assessment (PTHA)

The tsunami hazard assessment based on deterministic ap-
proach only provides limited numbers of scenario-based
results and does not provide the probability of the corre-
sponding rupture scenarios. Therefore, the results have
limited use for land-use planning and disaster prevention and
mitigation. In contrast, the probabilistic approach can offer
the probability of disaster level within different return peri-
ods (Mori et al., 2018; Behrens et al., 2021). The PTHA has
been widely applied in many regions near subduction zones,
e.g., the northeast Atlantic Ocean and the Mediterranean Sea
by the joint effort from countries in the European Union
(e.g., Sørensen et al., 2012; Gibbons et al., 2020; Basili et al.,
2021), the SCS region (e.g., Liu et al., 2007; Wen et al., 2011;

Li et al., 2016, 2018; Sepúlveda et al., 2021; Yuan et al.,
2021), Japan subduction zone (Fukutani et al., 2014; Goda et
al., 2015), US (e.g., González et al., 2009; Park and Cox,
2016), Java (e.g., Davies and Griffin, 2018), New Zealand
(e.g., Mueller et al., 2015; Power et al., 2015) subduction
zones.
The basic procedure of tsunami hazard assessment is

borrowed from the Probabilistic Seismic Hazard Assess-
ment, PSHA. PTHA is often carried out at synthetic wave
gauges deployed at isobaths with certain water depth (e.g.,
10 m/20 m/50 m) by simulating all the possible earthquake
scenarios which could generate appreciable tsunami waves at
these gauges. For each potential seismogenic zone, the Gu-
tenberg-Richter relationship, namely earthquake frequency-
magnitude, needs to be established in order to create a long-
term (i.e., 100,000 years) earthquake catalog. Within the
catalog, tsunamigenic earthquakes (e.g., MW≥6.5) are ran-
domly chosen (e.g., using a Monte Carlo method) to conduct
a large number of tsunami simulations (e.g., 104–106). Then
the database of maximum tsunami wave height can be de-
veloped at each synthetic wave gauge. To maximumly re-
duce the computational demand, the megathrust fault is
discretized into many rectangular unit sources, on which
Green’s functions database is built. By using Green’s func-
tions database, the tsunami wave height at any synthetic
wave gauge is determined by the linear superimposition of
all Green’s functions corresponding to different rupture lo-
cations and slip distributions. Finally, for any particular
synthetic wave gauge, the probability of peak wave height
can be quantified for different return periods or a specific
time range.
The regional PTHA provides the relative hazard level at

nearshore region which serves as the key reference for local
PTHA. Local PTHA usually involves high-resolution si-
mulations of coastal inundation in selected high-disastrous
areas (Li et al., 2018). Different with the regional PTHA in
which the maximum wave height at offshore synthetic wave
gauges are the main output, the outputs of local PTHA in-
clude tsunami wave height, inundation depth, and flow ve-
locity in the inland inundation areas. As a result, the
simplified Green’s functions approach becomes in-
appropriate. More complexed physical processes including
the wave nonlinearity and bottom friction needs to be in-
corporated into the tsunami modeling when tsunami waves
propagate into the shallow water region. Consequently, the
full-life span of tsunami waves from generation, propagation
to inland inundation processes need to be simulated for all
the earthquake scenarios that can potentially cause inunda-
tions. To ensure the practicability of simulation results, the
resolution of the topography needs to be in the order of 1–10
mwhich will significantly increase the computational burden
(e.g., Volpe et al., 2019; Gibbons et al., 2020; Behrens et al.,
2021).
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In the procedure of PTHA, considerable uncertainties exist
in the analysis, which include the physical characteristics of
the earthquake source, hydrodynamics of the tsunami wave
propagation and inland inundation process (Behrens et al.,
2021). Among them, the earthquake sources have the largest
uncertainty, which has been the research focus and yet the
most challenging problem in the PTHA (Grezio et al., 2017;
Behrens et al., 2021). The major uncertainties of the earth-
quake source come from the potential maximum magnitude,
occurrence frequency, rupture extent and slip deficit dis-
tribution, etc. The common challenge for the whole research
community is that the earthquake magnitude and frequency
are poorly determined due to the insufficient historical re-
cords. The potential rupture extents and return periods of
great or giant subduction earthquakes play a crucial role in
tsunami hazard assessment (Behrens et al., 2021). The
challenge exists not only in places where moderate to great
historical earthquakes are missing or regions with relatively
short historical records, such as the Manila trench, but also in
the seismically active regions with more complete historical
records. For instance, a typical example in the Japan trench,
where the magnitude of the 2011MW9.0 “3.11” earthquake is
way beyond of the expectations predicted by the historical
earthquakes (Mori et al., 2018). In some innovative effort,
the regional tectonic structures and seismogenic mechanisms
are integrated for more comprehensive PTHA analysis, with
focus on the complexity of earthquake rupture character-
istics. For example, developing more realistic slip deficit
models that can be more consistent with observations of local
geological structures and characteristics of the previous
earthquakes (Goda et al., 2015; Davies and Griffin, 2018). In
addition to considering the structural complexity, hetero-
geneous slip rupture models (Geist, 2002; Mueller et al.,

2015; Li et al., 2016), amplified tsunami excitation in the
shallow portion of the megathrust (Murphy et al., 2016), and
also depth-dependent changes in shear modular rigidity
(Davies and Griffin, 2020) are incorporated in the tsunami
sources. Additionally, the state-of-the-art PTHA research
also focuses on more detailed description of tsunami wave
propagation and inundation process e.g., implementation of
high-resolution bathymetry and topography data (Goda and
Song, 2016), the nonlinearity of waves in the shallow water
region (Yuan et al., 2021), the astronomical tidal effect on
tsunami waves (González et al., 2021), and the effect of
rising sea-level on tsunami impacts (Li et al., 2018; Se-
púlveda et al., 2021).
Due to the scarcity of great earthquake records and modern

seismicity, the PTHA in the Manila trench is challenging. In
addition to the incomplete seismicity records, the limited
spatial and temporal GNSS measurements, especially the
measurements in the shallow trench, result in a poor under-
standing of the seismogenic behaviours in the MSZ. The
current status of the MSZ including the absence of great
earthquakes, rapid convergence rate, and high coupling ratio
suggests that the MSZ has a high potential for great earth-
quakes, although the magnitude, frequency, and rupture ex-
tent are largely uncertain. To take these uncertainties into
account, Li et al. (2016) develop two sets of earthquake-
frequency relationships by using the historical seismicity
records (1973–2014) and constraints from geodetic mea-
surements (convergence rate and coupling ratio) (Table 1).
These two datasets differ significantly in the earthquake re-
turn periods. Taking the MW8.0 earthquake as an example,
the estimated return time period is 232 years based on the
geodetic data, while the return period is 1043 years based on
the seismicity records, leading to a 5 times difference (Table

Table 1 Seismic return period of earthquakes estimated in the Manila subduction zonea)

Estimated from historical seismicity Estimated from geodetic observation

Mw

Zone I Zone II Zone III Zone I Zone II Zone III

a=5.97 a=4.96 a=6.20 a=5.45 a=5.74 a=5.96

b=1.20 b=0.94 b=1.12 b=1.0 b=1.0 b=1.0

7.0 467 93 80 75 39 23

7.2 810 143 133 120 61 37

7.4 1406 220 223 190 97 58

7.6 2441 338 372 300 154 93

7.8 4238 521 623 476 244 147

8.0 7357 802 1042 755 387 232

8.2 12772 1235 1743 1196 614 368

8.4 22172 1901 2915 1895 973 584

8.6 4876 925

8.8 8157 1466

9.0 13644 2324

a) Zone I, Zone II, and Zone III correspond to the segments defined in Figure 4a and 4b
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1). To account for the possibility of these two datasets, Li et
al. (2016) assigned 50% weighting to each of them for the
final results.
Different from the traditional tsunami hazard assessment

technique at that time, Li et al. (2016) introduced a novel
approach by randomly selecting a rupture area on the
megathrust where a heterogenous slip distribution is gener-
ated to compute the Green’s functions. Such heterogenous
slip distributions are expected to mimic the co-seismic slips
more realistically, thus providing more reliable tsunami ha-
zard assessment results (Figure 4c–4e). Recent studies have

also assessed how the uncertainties associated with the
maximum earthquake magnitude (Li H et al., 2017), earth-
quake frequency (Sepúlveda et al., 2019), and rising sea-
level (Sepúlveda et al., 2021) affect the PTHA. Li H et al.
(2017) conducted an analysis of the tapered Gutenberg-
Richter relationships, which are determined by different
approaches, including tectonic and seismic moment balance
and occurrence of historical events. By comparing how the
upper limit of the magnitude affects the PTHA results, they
suggest the difference in magnitude upper-bound can lead to
2–6 times variations in the PTHA results. Sepúlveda et al.

Figure 4 Fault segment and unit-slip element distribution in the Manila subduction zone. (a) Fault segments defined in the Manila subduction zone, (b)
Unit-slip element source distribution, (c) a heterogeneous slip distribution example of MW8.0 earthquake in the northern segment, (d) a heterogeneous slip
distribution example ofMW8.2 earthquake in the central segment, (e) a heterogeneous slip distribution example ofMW8.4 earthquake in the southern segment.
Figures are modified from Li et al. (2016, 2018).
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(2019) proposed a Stochastic Reduced Order Model that can
significantly reduce the numbers of earthquake scenarios in
the Monte-Carlo simulation while still reasonably captures
the uncertainty from the heterogeneous slip distribution.
Under a non-static Poisson process framework, Sepúlveda et
al. (2021) performed the PTHA analysis considering the
effect of the global sea-level rise and concluded that the
uncertainty raised by the sea-level change is comparable with
that introduced by the earthquake occurrences.
In the following section, we take the study of Li et al.

(2016) as an example to show the PTHA results in the SCS
region with the megathrust earthquakes in the MSZ as the
tsunami sources. The coastal regions between latitudes of
10°N–25°N, including the Philippines, China, and Vietnam
face a larger tsunami impact than the remaining coastal areas
(Figure 5). As expected, the near-source regions, e.g., the
Philippines and southern Taiwan, China receive the worst
tsunami hazard. It’s worth to note that the southern coast of
China, especially in Guangdong province would experience
a comparable tsunami hazard level with the near-source re-
gion. In particular, in the coastal zone of the Guangdong
province, the peak tsunami wave with 500-year return period
reaches 1–2 m and could locally reach 2–3 m under fa-
vourable conditions; the wave can reach 2–3 m once in
1000 years, with some locations up to 5 m. Note that this
hazard level is almost comparable with that in the near-
source region like west Luzon. A detailed analysis about why
the tsunami hazard level is surprisingly high is already
mentioned in the previous section. We conclude with two
main reasons: (1) the convergence rate of the western Luzon
is the highest along the Manila trench as suggested by the
long-term GNSS measurements, together with the coupling
ratio estimates, this portion of the megathrust accumulates a
huge slip deficit. Additionally, the tsunami energy path di-

rectly points toward the coastal region of the Guangdong
province, especially in the coastline of eastern Guangdong.
(2) The changes in wave directivity during tsunami propa-
gation and the effect of the continental slope in the northern
SCS. The maximum tsunami-wave energy is controlled by
tsunami wave directivity and the characteristics of seafloor
bathymetry along the propagation path. When an earthquake
occurs, the generated tsunamis propagate along the direction
perpendicular to the fault strike. During the propagation
process from the deep ocean to the coastal area of southern
China, tsunami waves are refracted as the result of shoaling
effect due to the continental slope, eventually turning their
direction perpendicular to the coastlines, towards Guang-
dong province.
When comparing the spatial distribution of the population

density in and around the SCS with the tsunami hazard map,
we notice that the places with high tsunami hazard levels
coincide well with the populous areas. As one of the typical
coastal flooding hazards, similar to the storm surge hazard,
the tsunami hazard is strongly influenced by the local sea-
level during the occurrence time. In the coastal zone of
southern China, many places are characterized with low-
lying topography, which are prone to disastrous hazards from
extreme sea-level events. Under the effect of global warm-
ing, the sea level is rising rapidly, in this framework, both
tsunami and storm surge are increasingly exacerbated. Take
one of the representative city: Macao as an example, Li et al.
(2018) upgrade the regional PTHA to the local coastal area
and investigate the impact of sea level rise with 0.5, 1, and
1.5 m. They find that, with half meter sea level rise, the
return period of the inner harbour of Macao Peninsula ex-
periencing 1-meter tsunami wave reduces from 800 to
458 years (Li et al., 2018). This finding implies that in the
context of sea-level rise as the result of global warming, the

Figure 5 Tsunami hazard assessment in the SCS from megathrust earthquakes in the Manila subduction zone. (a) Maximum tsunami wave height
distribution once in 500 years, (b) Maximum tsunami wave height distribution once in 1000 years. These observational locations are located along with the
10-m isobathic bathymetry. Figures are modified from Li et al. (2016).
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possibility of the coastal area suffering the same level of
tsunami hazard will be largely increased, therefore the
coastal engineering protection facilities are needed to be
upgraded or improved properly.

2.3 The challenges of tsunami hazard assessment in the
MSZ

Although many studies have been conducted to assess the
tsunami hazard using both deterministic and PTHA ap-
proaches in the MSZ, we must keep in mind that these results
still remain largely uncertain. The uncertainties mainly come
from lacking of great earthquake records and near-trench
seafloor observations. Our understanding of the earthquake
frequency, maximum earthquake magnitudes and rupture
characteristics is still very limited (Yue et al., 2020). We
summarize the major uncertainty in the tsunami hazard as-
sessment as follows:
(1) Whether the Manila subduction zone rupture in seg-

ments or as a whole remains largely uncertain. Available
geophysical data including multi-seismic reflection profiles,
seismic profiles determined by OBS, and high-resolution
bathymetry suggests that the geological structures in the
northern and southern Manila trench differ dramatically
(Chen, 2014; Zhu et al., 2017; Gao et al., 2018). Separated by
the central seamount chain, the MSZ can be divided into the
northern, central, and southern segments: the northern seg-
ment is controlled by the accretionary subduction process,
which has developed a wide accretionary prism between the
trench and the forearc basin; the southern segment is likely
governed by the erosive subduction process and tectonic
erosion process; while in the seamount chain area of the
central segment where the seafloor bathymetry is complex,
and roughness is high. Under the effect of both accretionary
and erosive subduction processes, the central segment de-
velops a much narrower accretionary prism (Zhu et al., 2013;
Armada, 2016). The key question is whether the presence of
subduction seamount can act as a barrier that impedes the
rupture from propagating into the northern segment or an
asperity that can promote rupture through or nucleate
earthquake itself. Earthquakes with both mechanisms have
occurred globally, indicating that both whole-trench-rupture
and segmented rupture are possible (Taylor et al., 2008;
Meltzner et al., 2012; Wang and Bilek, 2014; Philibosian and
Meltzner, 2020).
(2) Enhanced tsunami excitation triggered by shallow

megathrust earthquakes. In recent 20 years, many destructive
tsunami events are observed at the global subduction zones,
which were triggered by shallow ruptures in the trench. For
example, the 2006 MW8.3 Kuril (Ammon et al., 2008), the
2006 MW7.8 Java (Fan et al., 2017), 2010 MW7.8 Mentawai,
western Sumatra (Hill et al., 2012), and the 2011 MW9.0
Tohoku-Oki Japan “3·11” events (Wei et al., 2012). These

events widely occurred in many subduction zones globally,
We can classified these events into two categories: tsunami
earthquake and trench-breaking ruptures (Lay, 2018; Geer-
sen, 2019). These two classes differ in the seismic moment
by two orders of magnitude, but a common characteristic of
them is that they both rupture the shallow portion of the
megathrust, and generate a similar order of the maximum
runup, suggesting the shallow megathrust or outer wedge is
the primary source responsible for the tsunami amplification.
The occurrence of the shallow earthquakes challenges the
widely accepted perception that the shallow megathrust be-
neath the accretionary sedimentary wedge is aseismic. In
contrast, the shallow accretionary sedimentary wedge can
accumulate strain energy and is capable of producing large
earthquakes (Moore et al., 2007). The clay-rich sedimentary
wedge is mechanically weak and has relatively low rigidity,
thus the coseismic slip value is larger with the same seismic
moment, and sometimes co-seismic weakening phenomenon
occurs, which further lubricates the fault by slipping a huge
distance, thereby amplifying tsunami waves (Bilek and Lay,
2018; Lay, 2018). The best example for a huge shallow slip
event is the 2011 Tohoku-Oki earthquake and tsunami event.
Solid evidence from the seafloor measurements show that
the megathrust slipped by ~50 m in the trench, and generated
a huge tsunami (Lay, 2018). In addition to the direct ob-
servation in the Japan trench, geological surveys in many
subduction zones disclose that the outer wedges develop
many complex high-angle imbricate thrust faults and fold
structures. The fault-related structures are believed to be
activated during several typical tsunami earthquakes and
trench-breaking ruptures. Such structures can transfer the
shallow megathrust slip to the high-angle thrust system in the
outer wedge, therefore efficiently exciting the tsunami waves
and producing unexpectedly larger tsunami impact (Moore et
al., 2007; Hubbard et al., 2015; Fan et al., 2017; Hananto et
al., 2020). The activities of outer wedges are poorly mon-
itored as they are commonly located in the near-trench areas,
which are usually far away from land-based geodetic ob-
servational systems. However, Yokota et al. (2016) and
Gagnon et al. (2005) successfully captured the activity of the
shallow megathrust by using the seafloor geodetic system.
They conclude that the Nankai and Peru-Chilian subduction
zones are highly coupled and have a large shallow slip def-
icit, highlighting that the shallow megathrust is capable of
initiating damaging tsunami waves. In the Manila trench, the
geological structure in the northern segment is strikingly
similar to the fault system of the Nankai trench and several
other subduction zones where great or giant earthquakes and
tsunamis had occurred (Lin et al., 2009; Hubbard et al., 2015;
Yang et al., 2020). Consequently, we should pay special at-
tention to the tsunamigenic potential of the shallow mega-
thrust.
(3) The spatial distribution of coupling ratio on the
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megathrust remains poorly determined. The coupling ratio
reflects the status of the strain accumulation during the
convergence process, which is a crucial factor to assess re-
gional potential earthquake and tsunami hazards. Yet, this
ratio is largely unknown in the MSZ. Hsu et al. (2016)
proposed two distinctive coupling models (A and B) by
conducting a block modelling which is constrained by GNSS
observation in Philippines and Taiwan, China between 1998
and 2015 (Figure 6). The major difference between A and B
is that model B included the North Luzon Trough Fault
(NLTF) in the block modelling. Model B yielded sig-
nificantly higher coupling ratio estimates on the shallow
megathrust between 17°N and 20°N which coincides with
the source region responsible for tsunami excitation. Model
A estimates a relatively low coupling ratio on the majority of
the megathrust, while Model B yields a high, nearly 50%,
coupling ratio. As limited by the spatial distribution of ob-
servational data, the estimated coupling ratio only covers the
region between the latitudes of 14°N–20.5°N. The coupling
ratios in the northern and southern segments are missing,
therefore, the current status of cumulative strain cannot be
quantified. Unfortunately, the northern segment of the MSZ
is exactly the place which poses the largest tsunami threat to
the southern coastline of China.
The uncertainties we summarized in this section affect the

tsunami hazard assessment in various ways. For example, the

tectonic setting and morphology structure of the seismogenic
zone in the MSZ essentially define the earthquake nucleation
mechanism; fault segmentation determines the maximum
magnitude of earthquake; the coupling ratio defines the
earthquake occurrence frequency. Neglecting the tsunami
amplification effect of the shallow megathrust ruptures
might result in a significant underestimation of tsunami ha-
zard. These are the key factors that strongly affect the PTHA
results (Li et al., 2016; Sepúlveda et al., 2019; Yuan et al.,
2021). To minimize the effects associated with these un-
certainties, we suggest the following future research direc-
tions: (1) Geologically, investigate the geological structure
and rock properties of the shallow megathrust by drilling,
coring, and logging, through ocean drilling program in the
northern segment of the Manila megathrust. In addition,
deploy seismometer and all sorts of sensors in the borehole to
build up the seafloor observational system which can better
monitor the earthquake activity, pore-fluid pressure, tem-
perature and rock frictional properties in the fault zone,
therefore, leading to a better understanding of the stress
evolution changes and characteristics of the earthquake nu-
cleation phase (Lin et al., 2017). (2) Seismologically, deploy
broadband OBS to monitor long-term seismicity and im-
prove the accuracy of earthquake locations, then achieve
better constraints on the geometry of the subduction slab
(Ren et al., 2020). Alternatively, conducting joint surveys

Figure 6 The spatial distributions of coupling ratio estimated from (a) model A and (b) model B on the Manila megathrust (modified from Hsu et al.
(2016)).
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through broadband OBS and 2D/3D deep seismic reflection
to obtain high-resolution fault structures, especially the
megathrust structure shallower than 50 km. Such data
provides a scientific basis of the seismogenic mechanism
and fault segmentation. (3) Geodetically, deploy seafloor
GNSS to monitor the relative and absolute deformation in
the northern segment of the Manila trench or incorporating
the deformation monitoring instruments in the nodes of
seafloor cable observation network to measure the slip rate
of the megathrust. Such data allow us to quantify the cou-
pling status of the trench and offer a crucial scientific basis
for tsunami early warning and hazard assessment (Yokota et
al., 2016). In summary, the assessment of earthquake ac-
tivity and tsunami hazard requires constantly updated
geophysical data, and calls for an integrated knowledge of
seismology, geodesy, and ocean drilling etc. Seafloor de-
formation observations and geophysical surveys in the fault
zone are the key approaches to study the kinematics re-
lationship between the megathrust and the branching faults,
as well as the slip rate and coupling ratio. All these efforts
provide quantitative constraints on the seismics and tsu-
nami hazard assessments.

3. Characteristics of the earthquake and tsu-
nami in the LFZ

3.1 Tectonic structure features and historical earth-
quakes in the LFZ

Under the driven force of the complex subduction systems,
the SCS regions have developed different tectonic elements.
Among which, the zonation of the continent of Southern
China and the continental shelf of northern SCS is very
distinctive (Liu, 1981). The distinct zonation is also clearly
reflected in the observational and survey data in gravity,
magnetic anomaly, geomorphology, and satellite images etc
(Zhong, 1987). Using these observations, Liu (1981), for the
first time, defined this subarea as the LFZ. The LFZ connects
Niushan island in the east and the Beibu Bay in the west,
going through Nanri Island, Nanpeng Islands, Dangan Is-
lands, etc at a water-depth ranging between 30 and 50 m in
the continental shelf. The fault has the general orientation of
NEE and extends more than 1000 km (Liu, 1981, 1985; Zhao
et al., 2003; Xu et al., 2006). Previous studies (Xu et al.,
2006; Cao et al., 2014) suggest that the tectonic stress that
controls the development of the LFZ is strongly affected by
the surrounding subduction zones and the evolution process
of the SCS basin itself, behaving differently over a geolo-
gical time scale. In particular, the tectonic stress was re-
versed during the transition time from Mesozoic to
Cenozoic, which can be characterized as compressional
stress, extensional stress, complex stress adjustment, and
compression-shortening stress processes. Such complexed

stress field forms the fault systems orientated in NE, NEE
and NW directions (Liu, 1985; Yao, 1993; Cao et al., 2014;
Xiong et al., 2018). These fault systems interact with each
other and have developed a unique tectonic element in the
continental margin of the northern SCS, generating a com-
plicated tectonic stress field. This stress field controls the
seismogenic behaviours of the LFZ and the associated tsu-
namigenic capacity in this region.
The LFZ is the most seismically active zone in northern

SCS, which has generated 18 earthquakes with M>6 and 4
earthquakes with M>7 historically (Figure 7). Along this
zone from west to east, the earthquakes with magnitude
larger thanM≥7 include the 1605M7.5 Qiongzhou, 1600M7
Nan’ao, 1918 M7.5 Nan’ao and the 1604 M8.0 Quanzhou
events (Chen and Huang, 1984; Sun et al., 2012). These
earthquakes were all initiated at shallow focal depth with a
thick sediment coverage in the continental margin, which are
very destructive and caused huge casualties and property loss
(Xu et al., 2006; Peng et al., 2017). Among them, the 1605
Qiongzhou (Xu, 2007) and the 1918 Nan’ao (Peng et al.,
2017) are clearly accompanied with tsunami phenomenon.
The source mechanisms of historical earthquakes occurring
in the east portion of the LFZ such as the 1604 Quanzhou,
1600 and 1918 Nan’ao earthquakes, are most likely the right-
lateral strike-slipping and thrusting mechanism (Peng et al.,
2017). However, the focal mechanisms of historical events in
the west portion such as the 1605 Qionghai earthquake, be-
haved as a right-lateral strike-slip and normal mechanism
(Chen and Huang, 1989). In the Pearl river basin region, the
central portion of the LFZ, no event with MW>6 has been
reported in historical records (Sun et al., 2012). Recently, on
1 Jan 2020, a MW3.7 strike-slipping earthquake rattled this
region. The striking angle of rupture surface is 78° which is
consistent with the NEE orientation of the LFZ (Chen et al.,
2021). The source mechanisms of these regional earthquakes
suggest that the principal stress on the LFZ is orientated to
northwest and southeast, but is modulated from east to west
as the result of local tectonic structure and stress field.
In the eastern portion of the LFZ, affected by the sub-

ducting process of the Philippine plate, the stress field of the
area between western Niushan Island and southern Penghu
Islands is in shear and compression status (Xu et al., 2006).
While in western LFZ, from western Leizhou to Qionghai
region, the stress field is mainly in shear and extension sta-
tus, as the result of complex tectonic activity between the
Beibu Bay, southeastern of Qionghai basin and the Red-
River fault (Chen and Huang, 1989). In the central portion of
LFZ, the Pearl River mouth basin seats in the middle be-
tween the Philippine subduction zone (compression) to the
east and the Red-River fault system in the west (extension)
(Sun et al., 2012), in which the majority of earthquakes have
a strike-slip faulting mechanism, while normal or thrust
faulting mechanism is rarely observed (Chen et al., 2021).
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Recent micro-seismicity along the continental shelf in
northern SCS can be grouped into 4 major regions. In par-
ticular, the southern Fujian-Eastern Guangdong, Yangjiang,
Leiqiong are seismically very active, while the Pearl River
Mouth Basin region is seismically quite characterized by
sparse micro-seismicity (Sun et al., 2012). Different from the
western and eastern of LFZ, the Dangan Islands segment of
the LFZ in the offshore region of the Pearl River Delta has
not ruptured by moderate or great earthquakes for a long
time, and no earthquakes with MW>6 occurred historically,
forming a seismic gap (Sun et al., 2012). As it stays in the
center area under a mixture of stress field from extension of
basin area, compression from Philippine subduction zone in
the east and extension from the Red-River fault in the west,
this portion of LFZ segment may have a low slip deficit rate
than that of the eastern and western fault segments, thus the
seismic return period for a moderate or large earthquake is
relatively longer. If this gap is indeed cumulating strain en-
ergy, large earthquakes could be expected.
The development in onshore-offshore seismic technology

allows us to gain a more accurate and complete under-
standing of the fault structures from inland to oceanic (Zhao
et al., 2003, 2004; Xu et al., 2006; Xia et al., 2012; Sun et al.,
2012). The onshore-offshore seismic experiments in the LFZ
reveal that the fault zone is about 6–10 km wide in the
coastal area of southern Fujian to eastern Guangdong and
Dangan Islands offshore the Pearl River Mouth basin. There
is a lower velocity zone that starts at the seafloor dipping to
southeast continuously extends to the Moho. Northwest of
the fault zone, it is a typical continental crust within the
subplate of southern China with a thickness of ~30 km;
southeast of the fault zone, it is the thinned continental crust

with thickness between ~25 and 28 km. A low velocity zone
with a thickness of ~3–4 km is found located at the depth of
10–18 km within the lower crust. The thickness of this low
velocity zone declines from the SCS basin to the continental
margin in the northern basin and eventually vanishes at the
LFZ (Xu et al., 2010; Cao et al., 2014). Further detailed
studies of the relationship between seismicity and the fault
structure suggest that seismicity often occurred at the
boundary or in the transition zone between the low- and
high-velocity zone that closes to the intersection of the
conjugate fault system. For instance, the epicentre of the
1918 M7.5 Nan’ao earthquake (Xu et al., 2006; Xia et al.,
2020) and locations of micro-seismicity in the Dangan Is-
lands segment of the LFZ offshore the Pearl River Estuary
(Xia et al., 2012). The presence of low-velocity zone in the
crust is probably related to the partial melting under a high
pressure and temperature thermal environment, which acts as
a weak transition zone connecting the upper and lower crusts
(Yang, 2003). It also plays a role in balancing and guiding
stress, therefore transferring stress on fault or the conjugated
NW fault branch. Once the stress concentrates in the weak
zone at the fault intersections, sudden displacements could
be triggered through seismicity (Shelley and Segall, 2000;
Cao et al., 2014). Such dynamic process in the low-velocity
zone most likely explains the rupture mechanism of the 1918
M7.5 Nan’ao earthquake (Xu et al., 2006). The complexed
tectonic structures connecting the low-velocity zone and the
conjugated fault system of the LFZ is recognized as the
crucial stress-strain concentration regions in the northern
continental shelf of the SCS region, thus is an important
mechanic source for nucleating and developing large earth-
quakes (Xu et al., 2006, 2010; Cao et al., 2018).

Figure 7 Historical and modern seismicity along the LFZ. The earthquake locations and magnitudes are from Cao et al. (2014), and the traces of F8-F15
faults are from Ren et al. (2016).
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3.2 Tsunami hazard assessment in the LFZ

The LFZ is located in the shallow water region whose depth
ranges from 30 to 50 m. Consequently, attention is largely
given to the associated seismic hazard rather than its tsunami
hazard. Here we list several representative studies related to
the tsunami hazard assessment in the LFZ region. Ren Y
(2014) divide the LFZ into 8 potential tsunami sources
(Figure 7), based on the seismic ground motion parameters
zonation map of China (GB 18306-2015), as well as the
regional geological structure, seismicity, and distribution of
stress field. From east to west, the sources include the
Quanzhou fault (F8), the Xiamen fault 1–3 (F9-F11), the
Nan’ao fault (F12), the Taiwan fault (F13), the Zhu-Ao, and
the Dangan faults (F14-F15). Among these faults, the eastern
faults (F8-F12) are assigned with a maximum magnitude of
MW8.0, and the western faults (F13-F15) are assigned with a
maximum magnitude of MW7.5, which are implemented as
the earthquake sources for the PTHA analysis in the SCS
(Ren et al., 2016). Their results show that Hong Kong and
Macao will have a probability of 5–10% to experience a peak
tsunami wave up to 0.5 m within a 100-year return period,
and such probability in Xiamen and Quanzhou is up to 30–
40%. In Xiamen and Quanzhou, they will experience 1-
meter tsunami wave once in 400–600 years. More recently,
Yuan et al. (2021) implement the LFZ as the major tsunami
source for the tsunami hazard assessment along the coastal
region of China. It is important to point out that many fea-
tures of the LFZ remains largely uncertain, e.g., the exact
locations of the seismogenic zone, high-resolution fault
geometries, potential maximum magnitude, seismic return
period and focal mechanisms, etc. Unfortunately, these
parameters are the crucial for assessing the potential hazards.
For example, under the safety consideration, the majority of
fault models are conservatively assumed as a thrust me-
chanism, yet in reality, previous analyses show that, from
east to west of the LFZ, the focal mechanism changes from
thrust faulting dominant to normal-faulting dominant. Dif-
ferent mechanisms generate dramatically disparity in tsuna-
mi magnitude, characteristics, and hazard level.
In this section, we take the 1918 Nan’ao earthquake as an

example to demonstrate the hydrodynamic features of tsu-
nami waves. Based on Li et al. (2022), we discuss how the
focal mechanism of earthquakes influence their tsunami-
genic capacity. Among all the recorded earthquakes in the
LFZ, the 1918 M7.5 earthquake is one of few tsunamigenic
events in the northern SCS. The tsunami phenomenon was
clearly observed and documented along the coastlines of
Guangdong and Fujian provinces after the earthquake. The
“Compilation of Chinese historical earthquake data” men-
tions that “At 14:07 on 13 February of 1918 (the 7th year of
the Republic of China, the third day of the new year in Lunar
calendar), an earthquake with M7.3 occurred in Nan’ao re-

gion (23.60°N, 117.3°E) in Guangdong province. In Ton-
g’an, Fujia province, the ground experienced strongly
shaking, and the seawater receded before rose again, sank
many ships. In Shantou, Guangdong province, a ship was
moored in the harbour, but was stranded after the earth-
quake” (Xie and Cai, 1983). The phenomenon including “the
seawater receded and rose again” and “ships were stranded
after the earthquake” indicate that the coastal regions had
experienced a leading-negative tsunami wave, most likely
caused by the co-seismic subsidence during the earthquake.
Constraint by this information and the latest geophysical
data, Li et al. (2022) specified the 1918 Nan’ao earthquake
parameters (i.e., epicenter, rupture extent, fault geometry),
and conducted a series of tsunami simulations using various
earthquake parameters. The simulated tsunami impacts
suggest that the tsunami waves concentrate in the east and
south of the Nan’ao island near the rupture area with the
maximum wave height up to 3–4 m in the Qingao Bay of
Nan’ao island. Tsunami impact is less severe in Dongshan
county in Fujian province and Shantou in Guangdong pro-
vince (Figure 8). The tsunami waves arrive at coastal region
of Nan’ao and Shantou in half an hour, and the arrival times
at Quanzhou, Hong Kong and Macao are about 3 and 4–5
hours, respectively (Figure 8). Limited by the shallow water
depth between 30 and 50 m, earthquakes in the LFZ can only
generate localized tsunamis, but the tsunami waves triggered
in this region have two alarming features: (1) the broad
continental shelf and the LFZ running parallelly to the
coastline of southern China afford an efficient structure to
trap the tsunami waves within the continental shelf, which
allows the waves to be reflected back and forth between the
coastlines and the edge of continental slopes. The shelf re-
sonance induced wave oscillation could sustain more than
~48 hours long (Figure 9). (2) the rapid rise and fall of
seawater could produce strong currents that can cause po-
tential damages to the harbours, wharves, aquacultural zones
and infrastructures in the southern coast of China. Mean-
while, large coastal earthquakes could trigger a hazard chain
including ground shaking, slumps, landslides/submarine
landslide and associated tsunamis, which deserves special
attention.
Li et al. (2022) conduct the sensitivity analysis of the fault

parameters of the 1918 Nan’ao event. They find that the
tsunami impact is largely dependent on the fault geometry
and focal mechanisms. The thrust earthquakes and normal-
faulting earthquakes are more tsunamigenic than the earth-
quakes with strike-slipping mechanism (Figure 10). Com-
pared with studies investigating inland fault activities,
investigating the fault geometry and present activity of the
LFZ is much more challenging since the faults are buried
under seawater. However, the advantages of studying sub-
marine faults is that the geological record could be better
preserved than that of inland faults. A crucial scientific
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question to be explored is how to investigate the activities of
submarine faults through the relationship between the sedi-
mentation and coseismic displacements and eventually un-
covering the characteristics of large earthquakes. Integrated
marine geophysical surveys are required to investigate the
fault activities in the northern SCS, especially in regions with
high seismic potential, e.g., the LFZ and active faults near
the edge of northern continental slope. High-resolution 3D
onshore-offshore seismic experiments and seafloor geodetic
measurements are important tools to better understand the
seismogenic behaviors, together with the detailed structure
of the active oceanic faults. A comprehensive understanding

of the characteristics of fault activities, segmentation, and
seismogenic mechanisms is the scientific basis for seismic
and tsunami hazard assessment in the northern SCS.

4. Submarine landslides and the potential ha-
zard

4.1 The spatial distribution of submarine landslides in
the SCS and analysis of historical events

Chen et al. (2007) have pointed out that large-scale sub-
marine landslides in the SCS region are one of the potential

Figure 8 The distribution of maximum tsunami wave height overlaid by the contours of tsunami arrival time generated by the 1918 M7.5 Nan’ao
earthquake. Colour scale is saturated at 1.5 m.

Figure 9 Time history of waves at typical locations in the SCS following the 1918 M7.5 earthquake tsunami. Figures are modified from Li et al. (2022).

797Li L, et al. Sci China Earth Sci May (2022) Vol.65 No.5



tsunami sources more than a decade ago when seafloor
geophysical surveys are relatively scarce. With the increase
in submarine explorations, numerous submarine landslides,
particularly in the continental slopes, are identified through
multi-beam bathymetric data and high-resolution seismic
data (Figure 1). The volumes and numbers vary significantly
in different continental slopes. Most of the landslide regions
contain geological evidence of repeated paleo-slide records
(Sun et al., 2018a; Wang et al., 2018). Among all the iden-
tified landslides so far, large-scale landslides are most den-
sely distributed in the northern slope (Wang et al., 2018; Wu
et al., 2018, 2019), which includes the Qiongbei slide in the
Qiongdongnan basin (Li W et al., 2015), the Huaguang slide
(Wang et al., 2013), the Baiyun slide complex in the Zhu-
jiangkou Basin (e.g., Li W et al., 2014a, 2014b; Sun et al.,
2017, 2018a, 2018b; Wu et al., 2011) and the Jiulong slide in
the Taixinan basin (Wu et al., 2011). For the small to med-
ium-scale landslides in the northern SCS, a few studies have
investigated the landslides located in the Shenhu Canyon (He
et al., 2014; Zhou et al., 2018; Wu et al., 2019). In the south, a
giant slide (the Brunei slide) is reported in the continental
slope between the Baram delta and the Nansha Trough (Gee
et al., 2007; Ren et al., 2021). Influenced by the tectonic
activities, the continental slopes are steeper in the west near
Vietnam and in the east near the Philippines. Landslides in
these regions are featured with large numbers but small vo-
lumes due to the limited accommodation space (Armada,
2016). Besides the landslides in the continental slopes, a
large number of landslides are also revealed in areas sur-
rounding the carbonate platforms in the SCS basin (Wang et
al., 2018), e.g., typically, the Yongxing slide near the Xisha
island (Li X et al., 2017) and the slumps in the Zhongsha
island (Huang et al., 2020). The existence of a large number
of landslides highlights the urgency of conducting a quanti-
tative hazard assessment of landslide tsunamis in the SCS
region.
Submarine landslides could cause direct damage to infra-

structures located in the deep sea or seafloor, e.g., submarine

cables, oil platforms, and pipelines (Fine et al., 2005; Hsu et
al., 2008). Strong disturbance produced by the landslide
movement could also induce localized but damaging tsunami
waves, threatening the coastal region (Løvholt et al., 2019;
McSaveney et al., 2000). The most typical example includes
the MW7.0 Pingtung earthquake doublet on December 26th,
2006, which triggered submarine landslides and turbidity
currents in offshore southwest Taiwan, China. The sub-
marine landslides and turbidity currents with the current
speed of ~3.7–20 m s−1 broke nearly 20 submarine cables
across the Kaoping Canyon and Manila trench, causing
major failures in international telecommunication in the
Southeast and East Asia (Hsu et al., 2008; Su et al., 2012).
The Grand Banks earthquake and tsunami on 18th, No-
vember 1929 is another typical example demonstrating the
damaging power of submarine landslides. The landslides
broke 12 telegraph cables connecting the North America and
Europe (Fine et al., 2005).
Historically, there are several tsunami events inside the

SCS region which might involve the contribution of sub-
marine landslides: the tsunami event occurred in the southern
Hainan island on January 4, 1992 (Ren et al., 2019; Yu et al.,
2020) and the 1781 tsunami event in the southwest of Taiwan
island (Li L et al., 2015). The 1992 tsunami event was as-
sociated with a MW3.7 earthquake in the offshore area of
southern Hainan. After the earthquake, tsunami waves with
an amplitude of 78 cm were recorded by a tide gauge (Yulin
station) in the southern coast of Hainan island (Yu et al.,
2016). This is the first instrumentally recorded tsunami event
in the northern SCS. Since the magnitude of the earthquake is
unproportionally small compared with the typical magni-
tudes of so-called tsunamigenic earthquakes, the earthquake-
triggered submarine landslides are suspected as the main
source for the tsunami (Ren et al., 2019). The Tainan event
that occurred in the late 18th century is the most deadly
tsunami event recorded in the SCS which are reported in the
literature by different languages: English (Mallet, 1854),
French (Perrey, 1862) and Chinese (Chen, 1830). According

Figure 10 Comparison of the maximum tsunami wave height generated by earthquakes with different rake angles. The dip angle and strike angle are 75°
and 70°, respectively for both models. Figures are modified from Li et al. (2022).
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to the report in the Chinese literature: Taiwan Interview
Catalogue “In around the 4th and 5th month, 46th Qianlong
year, the weather was fine. Suddenly the sea roared like
thunder. Giant waves appeared. The water rose for tens of
zhang high (1 zhang approx. equals 3+1/3 m). Villagers
nearby were all submerged…”: this description eliminates a
typhoon-induced storm surge as the causative event. The
French document reported that this event affected three
principal cities and 20 villages, leaving thousands of people
perished (see the detailed translation in the supporting in-
formation of Li L et al. (2015). Despite consistent reports
from southwest Taiwan island, no corroborative information
exists for neighbouring shorelines in southeast China or
northwest Luzon island, Philippines, and a plausible source
of this tsunami was mysterious. With the constraint from the
documented tsunami impact, fault structure of the Manila
trench and tectonic settings in southwest offshore Taiwan
island, Li L et al. (2015) investigated tsunami characteristics
generated by different sources (earthquake, volcano and
submarine landslides) using numerical models. They suggest
that the most likely source of this major tsunami event is a
seismically-triggered submarine landslide (Li L et al., 2015).
Considering the tectonic setting of southern Taiwan island,
which features as steep continental slopes with complex
submarine canyons, it is not unexpected that submarine
landslides could have contributed to this tsunami event. In
fact, landslide tsunamis triggered by moderate earthquakes
have occurred worldwide, e.g., the July 17, 1998 Papua New
Guinea (PNG) landslide tsunami event (Synolakis et al.,
2002; Tappin et al., 2001) and the 2018 Palu earthquake and
tsunami event (Liu et al., 2020; Schambach et al., 2021).
With active faults up to thousands of kilometres developed
along the nearshore and continental edge in the northern
SCS, close attention should be given to the submarine
landslides in the northern continental slope and the asso-
ciated disaster chain. Submarine landslides are commonly
located in continental slopes or near the islands which in
most cases are closer to the target coastlines. Their un-
predictable nature and limited arrival time challenge the
current tsunami warning system. Quantifying the potential
tsunami impact (e.g., tsunami arrival time, wave amplitude
and inundation extent) generated by those landslides, there-
fore, becomes the primary approach to prepare the coastal
communities.

4.2 Landslide tsunami hazard assessment in the SCS

Similar to the tsunami hazard assessment of seismic sources,
tsunami hazards from submarine landslides can also be as-
sessed through deterministic and probabilistic approaches.
The tsunami generation mechanism of landslides is much
more complex than earthquakes. The tsunamigenic capacity
is determined by various kinds of factors, e.g., initial water

depth (Fine et al., 2003; Li et al., 2019), landslide dynamics
(sliding, slump, debris flow and turbidity flow etc.) (Zen-
gaffinen et al., 2020), sliding speed and acceleration (Harbitz
et al., 2014), landslide material and rheological behavior, etc.
(Løvholt et al., 2015, 2017; Schambach et al., 2018; Kim et
al., 2019). So far, the assessment of landslide tsunami ha-
zards heavily relies on the numerical modelling of fluid
dynamics. The procedure commonly starts with re-
constructing the initial spatial distribution of landslides from
the available geophysical and geotechnical data, including
2D/3D seismic data, multi-beam bathymetric data and sedi-
ment cores. The landslide dynamics are then simulated (Kim
et al., 2019; Li et al., 2019) by treating the landslide material
as a rigid slump (Enet and Grilli, 2007), viscous mudflow
(Grilli et al., 2017; Ren et al., 2019), granular flow or multi-
phase flow (Si et al., 2018; Shi et al., 2019; Zhang et al.,
2021a, 2021b). The initial surface elevation is generated by
considering the interaction between the dynamic sliding
process and the upper water layer. For the tsunami propa-
gation and inundation process in a larger domain, numerical
models based on nonlinear shallow water equations (e.g.,
COMCOT, GEOCLAW) or Boussinesq type equations (e.g.,
FUNWAVE, COULWAVE) are commonly applied (Geist
and Lynett, 2014; Løvholt et al., 2020; Behrens et al., 2021).
Several studies have assessed the potential tsunami impact

from several representative submarine landslides in the SCS
using the scenario-based approach, including the Baiyun
slide (Sun and Huang, 2014; Li et al., 2019; Ren et al., 2019;
Sun and Leslie, 2020), the Brunei slide (Tan et al., 2017; Ren
et al., 2018) and the landslides in the offshore Taiwan island
(Li L et al., 2015), etc. Taking the Baiyun slide as an ex-
ample, the landslide materials are treated as rigid slump (Sun
and Huang, 2014; Sun and Leslie, 2020), viscous mudflow
(Li et al., 2019) and mudflow based on Herschel-Bulkley
rheological theory (Ren et al., 2019). Although these simu-
lations used different landslide materials, volumes, and in-
itial distributions, the results all indicate the tsunami hazard
posed by submarine landslides is nonnegligible.
Here we demonstrate the potential tsunami impact of two

giant landslides in the SCS: the Baiyun slide and the Zeng-
muansha slide (the Brunei slide). Both slides are located in
the open continental slopes which contain geological evi-
dence of previously repeated landslides (Gee et al., 2007;
Sun et al., 2018b). Interestingly, based on the high-resolution
seismic and bathymetric data, we find the two slides have
comparable sizes with the estimated volumes of 1035 km3

for Baiyun slide versus 1200 km3 for Brunei slide and areas
of 5500 km2 versus 5300 km2 (Gee et al., 2007; Sun et al.,
2018a; Ren et al., 2021) (Figure 11). We investigate the
sliding dynamics and their tsunamigenic capacity by apply-
ing the combined modelling approach NHWAVE (Ma et al.,
2012) and FUNWAVE-TVD (Shi et al., 2012), treating the
slides as translational mudflow. The Brunei slide could

799Li L, et al. Sci China Earth Sci May (2022) Vol.65 No.5



generate significantly larger tsunami waves than the Baiyun
slide despite that their sizes are similar (Figure 12). The key
factors determining the difference are the steepness of the
slope and the initial water depth of the slides. The Baiyun
slide covers the water depth between ~1000 and 3000 m with
an average slope of 0.6°–0.7°, while the initial water depth of
the Brunei slide is shallower (200–2500 m). The slope near
the head of the slide is ~2.6° and slowly becomes gentler
from 1.3° to 0.4° (Figure 11c and 11d). The slope of the
landslide source region is one of the key parameters de-
termining the initial acceleration and sliding velocity of
landslide. The initial water depths of landslides affect their
efficiency of tsunami generation. When the sliding velocity
is comparable with the propagation speed of tsunami waves,
the wave could reach the peak due to the superposition of
resonance (Fine et al., 2003; Yavari-Ramshe and Ataie-
Ashtiani, 2019).
The results suggest that giant submarine landslides may

cause damaging effects in the following aspects: (1) infra-
structures located in the seafloor could be destroyed by the
high-speed sliding material. Compared with the inland
landslides, the spatial coverages of submarine landslides are
significantly larger, up to thousands of square kilometres.

With a sliding speed of 20–35 m s−1, the moving landslide
materials are powerful enough to break submarine cables and
the foundations of ocean platform (Li et al., 2019); (2) Ocean
engineering could be affected by the huge tsunami waves
right above the source area. During the sliding process,
tsunami waves could reach tens of meters (e.g., 8–15 m for
the Baiyun slide) in regions above the source area, covering
tens or hundreds of square kilometres. Oil platforms near the
Shenhu Canyon or other ocean engineering facilities within
this range could be affected by the hazardous waves (Figure
12); (3) Tsunami waves generated by the Baiyun slide could
cause devastating damage to the densely populated Greater
Bay Area. The wave focusing phenomenon in front of the
Greater Bay Area shown in the earthquake scenarios is more
pronounced in the scenarios with landslide sources. We at-
tribute this focusing phenomenon to the unique bathymetric
features and tsunami directivity effect. In the southern SCS,
if landslides with volumes similar to the Zengmuansha
(Brunei) slide occur, tsunami waves with localized wave
heights of ~10–20 m could arrive at the Nansha islands in
0.5–1.0 hours, resulting in catastrophic effect (Figure 12).
PTHA is lagging behind for landslide sources (L-PTHA)

compared with seismic sources (S-PTHA), especially in the

Figure 11 The initial distributions of landslide thickness of (a) the Baiyun slide and (b) the Zengmuansha (Brunei) slide. The slope and initial thickness
along (c) transects I-I′ and d) II-II′.
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SCS region. Although the scenario-based approach is still the
main method worldwide (e.g., Geist et al., 2009; Leslie and
Mann, 2016; Grilli et al., 2017; Li et al., 2019), L-PTHA is
applied in regions with relatively rich geological and geo-
technical data, e.g., the east coast of the United States (Grilli
et al., 2009; Geist and Parsons, 2010; ten Brink et al., 2014),
the Gulf of Mexico (Pampell-Manis et al., 2016), Canada
(Leonard et al., 2014), New Zealand (Mueller et al., 2016;
Lane et al., 2017) and the Mediterranean (Grezio et al., 2012,
2020), etc. Many assessments apply Monte Carlo simulation
as the core algorithm. The first step is to establish the re-
lationships among landslide numbers, areas, volumes and
thicknesses according to the available landslide database.
The relationships are commonly determined by their tectonic
settings (ten Brink et al., 2006, 2014; Urgeles and Ca-
merlenghi, 2013). The regions with landslide potential are
then divided into different zones. For each zone, random
landslide events can be generated based on the relationships
established in the previous step using Monte Carlo simula-
tion. The final step is to conduct tsunami simulations for each
landslide event and assess the tsunami impact in the near-
shore (Grilli et al., 2009; Pampell-Manis et al., 2016). Some
processes involve simplified assumptions, for example,
using the earthquake frequency as an important constraint on
the recurrence interval of landslides (ten Brink et al., 2009),
obtaining the estimated tsunami wave heights by applying
the theoretical equations of long waves to idealized con-
tinental slope instead of modelling all the tsunami events
(Grilli et al., 2009).
L-PTHA is very challenging due to several factors: (1) The

temporal and spatial distributions of landslides are scarce in

most regions. The majority of submarine landslides identi-
fied so far lack reliable occurrence times (Grezio et al.,
2017). The recurrence interval of large-scale landslides could
be several thousand years or even longer (Urgeles and Ca-
merlenghi, 2013; Urlaub et al., 2013; Pope et al., 2015); (2)
The tsunamigenic mechanism of landslide is very complex
and diverse. Factors including landslide material, volumes,
initial distribution, sliding speed/acceleration and rheologi-
cal property all affect tsunami genesis. The complexity in the
tsunami genesis and propagation process lead to great un-
certainties in L-PTHA (Løvholt et al., 2020; Behrens et al.,
2021). Despite great efforts have been made to obtain the
spatial and temporal distribution of submarine landslides in
the SCS region (Wang et al., 2018), challenges exist as the
characteristics of submarine landslides developed in the
different tectonic environments (submarine canyons or open
continental slopes) are diverse in terms of their volumes and
typical material (carbonate, viscous/non-viscous), thus dif-
fering in triggering mechanisms and landslide dynamics. For
example, the landslides identified in the western continental
slope near Vietnam are numerous but all with relatively small
volumes due to the limited accommodation space. Before the
L-PTHA could be more reliably conducted, more detailed
landslide parameters are required, e.g., frequency-magnitude
distribution and key geometrical features like volume,
length, width, thickness, initial water depth and slope, etc.
The focus of future research should include establishing the
relationship between the peak ground acceleration associated
with earthquakes from the active faults in the northern SCS
and triggering criteria of landslide, the effect of natural gas
hydrate decomposition and landslide instability, etc.

Figure 12 The maximum tsunami wave height generated by the Baiyun slide (a) and the Zengmuansha (Brunei) slide (b). The contours of tsunami arrival
time are overlaid on the map.
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5. Paleo-tsunami deposits in the SCS

The big challenge of tsunami hazard assessment in the SCS
is to answer whether this region has experienced large-scale
tsunami events and what’s the frequency of hazardous
events. Taking the seismic activity of the global subduction
zones as an example, the recurrence of large earthquakes and
their associated tsunami event is usually in the scale of
hundreds of or even thousands of years long (Satake and
Atwater, 2007; Sieh et al., 2008; Philibosian and Meltzner,
2020). Such long return periods challenge the majority of
coastal regions which only have scarce historical documents.
Historically, 58 tsunami events with different levels of

validity are reported in the northeastern SCS (Lau et al.,
2010) (Figure 1). Philippine Institute of Volcanology and
Seismology (PHIVOLCS) documented 41 tsunami events
with high creditability during 1589–2012 (Bautista et al.,
2012). Vu and Nguyen (2008) reported 5 suspected tsunami
events along the Vietnamese coast. Paris et al. (2014) col-
lected 39 tsunami events with volcanic origin in Southeast
Asia. The spatial distribution of these historical events sug-
gests that most of the events surround Taiwan, China (Lau et
al., 2010) and the Philippines (Bautista et al., 2012), espe-
cially in the eastern coast of these regions which are exposed
to the circum-Pacific subduction zones. Few tsunami events
are reported along the coasts inside the SCS. The most da-
maging event is the 1781 tsunami event which occurred in
Tainan and Kaohsiung with tsunami wave heights up to tens
of Zhang (an ancient unit used in China, 1 Zhang=3.33 m).
The death toll is probably up to 40,000–50,000, according to
different literature. Other events associated with possible
tsunami phenomena include the 1076 “the sea surge” event
in Chaozhou, Guangdong, the 1604 Quanzhou earthquake in
Fujian, the 1605 Qiongzhou earthquake in Hainan (Xu,
2007), the 1918 Nan’ao earthquake in Guangdong (Peng et
al., 2017) and the 1992 Hainan tsunami event (Yu et al.,
2016). Moderate tsunami events with 1–2 m tsunami waves
are also reported in the western offshore Luzon island of the
Philippines (Figure 1). The source earthquakes responsible
for these tsunami events include the 1983MS6.5 earthquake,
the 1934 MS7.6 earthquake, the 1924 MS7.0 earthquake, the
1999MS6.8 earthquake and the 1828MS6.6 earthquake from
north to south (Bautista et al., 2012). The historical docu-
ments are very limited in Vietnam due to historical reasons.
Vu and Nguyen (2008) reported 5 suspected tsunami events
that occurred in the years of 1877, 1882, late 19th and early
20th century, 1923 and 1978. Among all these events, a field
survey suggests the tsunami wave may have reached 18 m
high during the 1882 event. Considering the limitation of
observational instruments during historical time, various
classification and preservation of historical documents in
different countries, the validity of existing tsunami records in
the SCS region still varies considerably. The events recorded

after the year of 1589 in the Philippines and 1604 in China
are relatively more reliable.
Besides the historical documents, the only effective ap-

proach of reconstructing longer tsunami records is to rely on
the paleo-seismic and paleo-tsunami records (Qiu et al.,
2009; Yang et al., 2021). Tsunami deposits are the physical
traces left behind by tsunamis when they propagate to the
shallow sea and carry nearshore sediments, boulders and
microbes inland. These deposits can be preserved in the
geologic record in favourable conditions (Paris et al., 2010;
Goff et al., 2011; Goto et al., 2012; Richmond et al., 2012).
By using various proxies (e.g., inland sediment deposits,
boulders, microbes, nearshore deposits and turbidite depos-
its) and interdisciplinary approaches (e.g., geological, geo-
physical, geochemical and sedimentological data),
researchers reconstructed the recurrence of large earthquakes
and tsunami events along the subduction zones of the Su-
matra-Andaman (Jankaew et al., 2008; Meltzner et al., 2010;
Maselli et al., 2020), Cascadia in north America (Satake et
al., 2003; Atwater et al., 2005; Kelsey et al., 2005), Kuril
Trench (Nanayama et al., 2003, 2007; Satake et al., 2005)
and Chilean Trench in south America (Cisternas et al., 2005),
etc. The physical property and spatial distribution of sedi-
ment deposit provide a valuable constraint on hydrodynamic
parameters of tsunamis, including flow speed, flow depth
and inundation distance, etc. (Li L et al., 2012, 2014; Su-
gawara and Goto, 2012). Inversion models and forward
modelling could help in disclosing the tsunami impact and
tsunamigenic mechanism (Dominey-Howes et al., 2006;
Spiske et al., 2010; Srisutam and Wagner, 2010; Jaffe et al.,
2011; Li L et al., 2014).
Finding paleo-tsunami deposits is very challenging in the

SCS region. The challenge lies in two main issues: (1) The
SCS region is located in the northwest Pacific region which
is one of the regions most frequently hit by typhoons (Yang J
et al., 2019). Distinguishing tsunami deposits from storm
deposits thus become the main obstacle (Yang et al., 2021).
(2) Many coastal areas in the SCS are densely populated and
highly economically developed. Intense human activities
including constructing infrastructures, land reclamation and
nearshore aquaculture may have removed any possible tsu-
nami deposits in coastal lowlands. So far, a few geologic and
geomorphological studies have identified possible tsunami
deposits in the SCS. These deposits are all located in offshore
islands which are less disturbed by human activity (Yang et
al., 2021). The reported locations include Dongdao Island
(one of the Xisha Islands) (Sun et al., 2013), Nan’ao island
(Yang W et al., 2019), Badoc island in the offshore Luzon
island, Philippines (Ramos et al., 2017) and Penghu island
(Lu et al., 2019). For the review of geological tsunami re-
cords in the SCS, please refer to Yang et al. (2021). One
remarkable note is that the date of all these reported events is
all around 1000 years ago. Whether these independent geo-
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logical records were indeed produced by one tsunami event
deserves more investigation. If the answer is positive, the
spatial distribution of the geological evidence would imply
the need for the earthquake to rupture a sufficiently large
portion of the Manila Trench (Qiu et al., 2019; Yang et al.,
2021). Tsunami deposits could be well-preserved in regions
with favorable conditions, allowing the reconstruction of
tsunami history during the Holocene (Rubin et al., 2017;
Nakanishi et al., 2020). No geological evidence containing
such long tsunami records has been discovered so far in the
SCS. Researchers with diverse expertise in sedimentology,
geochemistry, geophysics and fluid dynamics simulation are
expected to continue unearthing the tsunami deposits in the
inland region and deep sea, Such effort could ensure more
scientific basis for the tsunami hazard assessment in the SCS.

6. Conclusions and future perspectives

This paper reviews the progress of tsunami hazard assess-
ment for the megathrust earthquakes along the Manila
Trench, nearshore earthquakes along the LFZ and submarine
landslides. Through detailed analysis of representative
earthquakes and submarine landslides scenarios, we sum-
marize the main conclusions as follows:
(1) Earthquakes from the MSZ are the most probable

sources for triggering ocean-wide tsunamis in the SCS. Due
to the combined effects of tsunami directivity and the
bathymetry, the coastal regions of south China (e.g.,
Guangdong, Fujian, Hainan and Guangxi), Taiwan island
and islands inside the SCS would experience various degrees
of damages. The coastal region of Guangdong province is
among one of the worst-hit areas. The wave focusing effect
caused by the local bathymetric hump right in front of the
bay leads to a higher tsunami risk to the Greater Bay Area.
Basin-wide resonance is expected due to the semi-enclosed
nature of the SCS, resulting trapped tsunami energy and
long-lasting oscillation in the basin. The existing tsunami
hazard assessments suffer great uncertainties due to our
limited knowledge of the seismogenic behaviours, geologi-
cal structures, coupling ratio of the Manila Trench. Future
research requires multiple disciplinary approaches including
seafloor geodetic observation, 2D/3D seismic surveys, ocean
drilling to investigate the fault geometries, kinematics,
depth-dependent rock properties, and earthquake nucleation
characteristics.
(2) The earthquakes initiated in the LFZ occur at a shallow

water region which usually only trigger very localized tsu-
namis. Due to the unique seismogenic condition, when the
initiated tsunami waves propagate from the shallow con-
tinental shelf region to the deep water in the SCS basin, the
waves would be largely reflected back by the edge of con-
tinental slopes along the continental margin, and trapped in

the continental shelf. The trapped tsunami waves would
cause oscillation sustaining for a very long time period. The
drastic rise and fall of sea water would induce strong wave
currents along the southern coast of China, causing damages
to infrastructures, harbors, and marinelands etc. Although
geophysical surveys have been conducted to investigate the
active faults in the northern SCS previously, the exact traces
of these active faults, high-resolution geometrical structures
and seismogenic characteristics remain poorly understood.
Consequently, it is highly necessary to conduct comprehen-
sive marine geophysical surveys of the active faults in the
northern SCS including the LFZ, to gain knowledge on the
3D geological structure, the present activity and seismogenic
behaviors of the major active faults. Such geophysical data
ensures a more informed assessment of earthquake and tsu-
nami hazard along the southern coast of China, and provide
more solid scientific basis for the disaster prevention and
mitigation planning.
(3) Numerous submarine landslides with various scales are

extensively distributed in the continental slopes with differ-
ent geological settings in the SCS. The unpredictable nature
of submarine landslides challenges the current tsunami
warning system. Large-scale submarine landslides could
cause severe damage to submarine cables, ocean platforms
and engineering in the deep sea and threaten coastal regions
near the source. Tsunami hazard assessment for submarine
landslides is still in the beginning stage in the SCS. To fur-
ther construct the spatial and temporal distribution of land-
slides and establish a landslide database, more seafloor
surveys including multi-beam seafloor surveys, 3D seismic
surveys, and sediment coring and in-situ measurements are
required. Integrated approaches of the seafloor surveys,
physical experiments and numerical modelling techniques
help better understand the triggering mechanism, instability
and occurrence interval of submarine landslides. The for-
mation mechanism, kinematic behaviour and disaster effect
of identified landslides are to be investigated in the SCS.
The key challenge of assessing tsunami hazard in the SCS

is our limited knowledge of the tsunami sources: the seis-
mogenic characteristics of active faults and triggering me-
chanism of submarine landslides. Other aspects including the
hydrodynamic features of tsunami wave propagation in the
deep sea and nearshore (Ren et al., 2015; Liu et al., 2015;
Wang et al., 2016), sediment transportation and deposition
(Yang et al., 2021), and damaging effect on the coastal
structures during the inundation process (Shen and Liu,
2018) all require more in-depth investigations. Compared
with the inland geo-hazards of the same types, submarine
earthquakes and landslides are more frequent, often with
larger magnitudes. While restricted by the technological le-
vel of marine surveys and the high cost, we have very limited
knowledge of their occurrences, generation mechanism and
spatial distributions. Although tsunami hazard is infrequent
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in the SCS, but the coastal region is highly economically
developed and densely populated nowadays. It’s very likely
that a small tsunami event could cause a big disaster. The
development of the petroleum, gas resource and marine
fishery in the deep-sea area put forward the pressing needs of
an improved understanding of marine geohazards. In-
vestigating submarine earthquakes, landslides, and their as-
sociated tsunamis, therefore, is of great significance for
disaster prevention and mitigation. Improving the capability
of emergency response is also significant in terms of meeting
the country’s critical needs and ensuring the safety of peo-
ple’s lives and property.
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