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Abstract

On 4 January 2020, an M, 3.5 earthquake occurred in the Pearl River Estuary (PRE) and
was felt at a distance of more than 200 km. According to the China Earthquake
Networks Center, this event has been the only M >3 earthquake within the PRE since
1900. The Guangdong-Hong Kong-Macau Bay Area (GHMBA) surrounding the PRE is
one of China’s most critical financial circles, and coastal earthquake hazard has become
an increasing concern. Investigating the source parameter and causative fault of this
earthquake is helpful for seismic hazard estimation and mitigation in the GHMBA. In
this study, we first determined the focal mechanism of the mainshock using the cut-
and-paste method. We then used the sliding-window cross-correlation method to
detect foreshocks and aftershocks before relocating the earthquakes. Finally, we con-
ducted forward modeling to retrieve the rupture directivity of the mainshock, using
waveforms of one aftershock as empirical Green’s functions. The results demonstrate
that this earthquake was an M,, 3.7 strike-slip event, with a focal depth of 10 km. The
rupture direction of the mainshock was 78°, consistent with the northeast-east-trending
fault system in the region. The identified source fault confirmed a seismogenic segment
of the northeast-east-trending fault system in the PRE, which is the primary source of
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seismic hazard in the area.

Introduction
Earthquakes are among the most destructive natural hazards,
causing significant damage to human life, property safety, and
social stabilization. At coastal deltas where populous cities are
widely distributed, not only do earthquakes inland lead to great
damages (Saito et al., 2004; Galvis et al, 2017; Sepahi et al.,
2020), but also offshore earthquakes pose significant threats
by generating strong ground shaking and sometimes triggering
tsunamis (Ghobarah et al, 2006; Mimura et al, 2011).
Furthermore, the wide-spreading unconsolidated sediment
(Guo et al., 1995) at coastal deltas may amplify the ground
motions and intensify damage (Atkinson and Cassidy, 2000;
Hunter and Christian, 2001; Assimaki and Jeong, 2013). The
potential hazard of earthquakes on offshore causative faults
thus has become an increasing concern. Investigating offshore
causative faults becomes critical because they provide valuable
information on the potential scale and location of future
earthquakes.

Previous investigations of offshore faults have been carried
out mainly by analyzing topography, stratigraphic changes,
gravity and/or magnetic anomalies, and satellite images
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(Liu, 1985; Fichler et al, 1997; Tan et al, 2000;
Bhattacharyya et al., 2009). Studies based on seismic activities
and surface ruptures of onshore faults also have inferred the
distribution and historical activities of offshore faults (Dong,
2016; Yu et al., 2016). However, it is difficult for these studies
to give critical parameters of offshore faults without direct on-
fault observational evidence. In comparison, studies using seis-
mic reflection data have revealed the location, continuity, and
geometry of offshore fault zones (Stefatos et al., 2002; Hsiao
et al., 2004; Li et al., 2006; Cao et al., 2018; Xia et al., 2018).
This approach works well for dip-slip faults with significant
vertical displacements, but identifying strike-slip faults
becomes more difficult. In addition, it is still limited in
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mapping faults in a shallow water area because of the limitation
on data acquisition. For instance, a few faults were inferred near
the Pearl River Estuary (PRE) (e.g., Liu, 1985), which is located
in the central area of the Guangdong-Hong Kong-Macau Bay
Area (GHMBA; Fig. 1b). However, except for a small region that
has been surveyed comprehensively (Li et al, 2006; Fig. 1b, the
black box) and the Littoral fault zone (LFZ) that developed far-
ther offshore, critical fault parameters, including strike, dip
angle, and depth extent as well as precise position, are unknown
for numerous faults with smaller scales.

An essential consideration for hazard estimation of offshore
faults is the potential for a through-going rupture and the
maximum magnitude of future earthquakes (Grant and
Shearer, 2004). Based on the probabilistic seismic hazard
analysis, the maximum moment magnitude of earthquakes
in the PRE area is around 6.5 and even reaches 7.5 near the
Dangang Island, slightly outside the PRE (Lee et al., 2000;
Pappin et al, 2015). Near-coast earthquakes with such
magnitudes can be undoubtedly destructive, particularly in
delta areas with large populations and intensive economics,
such as the GHMBA. Considering the large population
(70 million), tremendous economic value (Gross Domestic
Product (GDP) > 8 trillion CNY), and numerous infrastruc-
tures (e.g., the Hong Kong-Zhuhai-Macau bridge, the longest
across-bay bridge in the world, and lots of offshore oil plat-
forms), seismic hazard assessment and mitigating the risks of
potential large earthquakes are essential in the area. Thus, the
precise estimation of the maximum magnitude of potential
PRE earthquakes is critical. However, direct evidence for esti-
mating the maximum magnitude of PRE earthquakes is still
absent. Therefore, mapping offshore causative faults is neces-
sary in the region because it could provide valuable informa-
tion on the potential scale and location of future earthquakes.

On 4 January 2020, an My 3.5 earthquake occurred in the
PRE and was felt at a distance of more than 200 km. This earth-
quake did not happen on the well-known LFZ but occurred
closer to populous cities with numerous high-rise buildings,
with the epicenter within 30 km of Hong Kong, 40 km of
Macau, 55 km of Zhuhai, and 65 km of Shenzhen. In this study,
we determined source parameters and rupture directivity of the
mainshock to identify the seismogenic fault using all available
local and regional seismic network data. The results can be
used to improve the seismic hazard assessment in the region.

Tectonic Setting

Our study area is located on the northern continental margin of
the South China Sea (SCS), an intensive neotectonics activity
zone since the Miocene Epoch (Zhao et al., 2004). It was a con-
vergent margin during the Mesozoic era (Li et al., 2018) and
became extensional possibly due to the subduction direction
reversal of Proto-SCS (Li et al., 2020). The stress field in the
northern SCS inferred from borehole measurements, earthquake
focal mechanisms, and numerical modeling is mixed, with the
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middle region (close to the PRE) showing tensional stress. The
principal stress axes change from west to east (i.e., northeast-
southwest close to Hainan, north-south near PRE, and
northwest-west—southeast-east near Taiwan) (Wei et al., 1996;
Chen et al, 2014). There are three sets of fault zones trending
mainly in the northeast, northeast-east, and northwest directions
(Fig. 1b) that dominate the structural characterization of this
region (Pigott and Ru, 1994; Liu et al, 1997). The northeast-
trending faults were mainly formed in the Mesozoic and got
extensively activated during the Yanshanian orogeny. They con-
trolled the northeast-trending near-parallel mountains and val-
leys (Zhang and Wu, 1994). The northeast-east-trending faults
were also formed at Mesozoic and reactivated as tensional faults
during the seafloor spreading of the SCS. These faults cut into the
deep crust and dominated the distribution and direction of sedi-
mentary basins in the northern SCS (Tan et al., 2000). The north-
west-trending faults were superficial faults mainly formed during
the late Yanshanian or Himalayan orogeny and became more
active recently (Liu, 1986; Zhang and Wu, 1994; Li et al., 2006).

A series of earthquakes have taken place in these fault sys-
tems (Fig. la). The 19 March 1962 M,, 6.1 Heyuan earthquake
and the 26 July 1969 M,, 6.4 Yangjiang earthquake occurred in
the northeast-trending faults system. The northeast-east-
trending faults are more active, with several M > 7 earthquakes
(13 July 1605 M,, 7.5 Qiongzhou earthquake and 13 February
1918 M,, 7.5 Nan’ao earthquake) and moderate events (23 June
1874 M,, 5.8 Dangan Island earthquake, 15 May 1911 M,, 6
Honghai Bay earthquake, and 14 September 2006 M; 4.0
Dangan Island earthquake). The northwest-trending faults are
in a relatively small scale, with the largest documented event
being the 11 August 1905 M,, 5.5 Macau earthquake (Free et al.,
2004; Megawati et al., 2004).

The intersection of these sets of faults complicates the seis-
mogenic process in the area. The northwest-trending faults cut
and offset another two sets of faults, and the intersections
became stress concentrators and caused abnormal stress
buildup that might generate earthquakes (Gangopadhyay and
Talwani, 2003). Zhang and Wu (1994) suggested that the struc-
tural dislocation caused by fault offsets changed the stress state
of northeast-east-trending faults and led to earthquakes. For
instance, the 1874 M 5.8 and the 2006 M; 4.0 Dangan
Island earthquakes were adjacent to the intersection of the
northeast- and northwest-trending faults (Xia et al, 2018).

The LFZ is a set of northeast-east-trending right-lateral
strike-slip faults located in the central portion of the northern
continental margin of the SCS (Fig. 1a), approximately along
the 30-50 m isobath of offshore PRE (Liu, 1985), dipping
southeast (Zhao et al., 2004; Cao et al., 2018). Gravity and geo-
magnetism anomalies are significant along the fault zone (Hao
et al, 2002). Active source seismic profiles show that the
crustal structure in the northern and southern LFZs are differ-
ent, suggesting that it is the boundary between the normal and
thinned continental crust (Zhao et al., 2004; Xia et al., 2010).
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Figure 1. (a) Locations of seismograph stations in Guangdong
Province and Macau and the distribution of historical earth-
quakes (red dots) and catalog events (purple circles). The
earthquake catalog comes from Guangdong Seismological
Bureau Network (GSBN). The red focal mechanism plots (not in
scale) represent the focal mechanisms of the mainshock (red) and
historical earthquakes (black). Thick black lines indicate the
Littoral fault zone, and dashed lines indicate the inferred faults.
Yellow triangles represent GSBN stations, and the purple triangle
represents Macau station. The inset at the top left represents the
location of the study region in china. (b) The population density
and major cities distribution of the Pearl River Estuary. Blue dots
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represent major cities. The focal mechanism plots have the same
meaning as panel (a). Orange triangles represent Hong Kong
Observatory Network (HKO) stations with available data, and
gray triangles represent stations without available data. Solid
lines show identified faults (black: Cao et al., 2018; red: Li et al.,
2006), and dashed lines indicate inferred faults. The black box
indicates the study region in Li et al. (2006). The background
color indicates the population density, sourced from Fu et al.
(2014) and the Census and Statistics Department of Hong Kong
(see Data and Resources). The color version of this figure is
available only in the electronic edition.
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Furthermore, the LFZ was cut into segments by several north-
west-trending faults. It has been suggested that both the LFZ
and the northwest-trending faults control the seismicity in the
offshore PRE (Lee and Workman, 1996) and that their inter-
sections might dominate the generation of great earthquakes
(Xu et al., 2006; Sun et al., 2012).

Historical earthquakes with magnitudes larger than 7 were
reported in the eastern and western LFZs (Xia et al., 2018),
whereas the segment near the offshore PRE was considered
a seismic gap (Fig. la), with the potential seismic intensity scale
of 8 (Guangdong Seismological Bureau, 2011; Pappin et al,
2015). The offshore PRE was suggested to have the potential
to produce earthquakes with magnitudes larger than 7 (Chau
et al., 2004; Megawati, 2007; Chen et al, 2009). Yet, many
faults that are capable of generating moderate to strong earth-
quakes remain unclear in their geometries and faulting mech-
anisms. Therefore, mapping faults in the region is of great
importance in terms of disaster estimation and mitigation
(Yang, 2015; Xia et al., 2018).

Data and Results

Seismic data used in this study consist of records at the seismic
stations of Guangdong Seismological Bureau Network
(GSBN), Hong Kong Observatory Network (HKO), and
Macau Observatory Network (MO), which include both seis-
mometers and accelerometers (Fig. 1a,b). The GSBN dataset
includes 38 stations with sampling rates of 100 samples per
second. The HKO dataset contains seven seismometers with
sampling rates of 100 samples per second (except for the
HKPS station with a sampling rate of 50 samples per second)
and five accelerometers with sampling rates of 100 samples per
second. The MO dataset includes one seismometer with a sam-
pling rate of 100 samples per second. We used seismometer data
for earthquake detection and focal mechanism determination,
and all data for earthquakes relocation. Stations within 200 km
of the epicenter were used in rupture directivity analysis.

Double-couple solution

The double-couple solution was computed using the cut-and-
paste (CAP) method (Zhu and Helmberger, 1996). The seis-
mograms were decomposed and separated into different time
windows (e.g., Pnl and surface wave), allowing for separate
time shifts to account for the effects of an imperfect velocity
model. Broadband waveform data from all of the previous net-
works were used, except for data with unclear P-wave onsets
and problematic amplitudes. The time-window length was 20 s
for Pnl phases and 60 s for surface waves. We applied a fre-
quency band from 0.05 to 0.2 Hz for the Pnl phases and from
0.03 to 0.1 Hz for the surface waves.

We then modified a 1D crustal velocity model of South
China (Fan et al., 1990) on top of the 1D IASP91 global velocity
model (Kennett and Engdahl, 1991) (Table 1). We computed the
Green’s functions using a Haskell propagator matrix method
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TABLE 1
Velocity Model Used in This Study

Depth (km) Vp(km/s) Vs(km/s)
0 6.01 3.43
214 6.88 3.93
32.4 7.98 4.56
310 8.66 495

(Zhu and Rivera, 2002) based on the velocity model. We set
equal weights for the Pul and surface waves for CAP inversion.
The result of waveform inversion showed that the earthquake
was a strike-slip event, with two nodal planes (NPs) 78°/88°/
169° (NP1) and 168°/79°/2° (NP2). The moment magnitude
was ~3.7, with a focal depth of 10 km (Fig. 2a,b).

We then performed uncertainty analysis of the CAP
inversion result using a bootstrapping inversion method
(Tichelaar and Ruff, 1989; Sheng et al., 2020), in which sta-
tions were randomly selected from the station pool (21 sta-
tions in total), allowing multiple sampling. Specifically, we
sampled one station from the pool each time and repeated
the sampling 21 times. The 21 sampled stations (with repeat-
ing ones) were used for CAP inversion, and more weight
given for stations that were sampled multiple times. We then
repeated the process 1000 times (Fig. 2c). Histogram of the
1000 results showed a highly concentrated distribution in
the strike, but with more scattered results in the dip and rake
(Fig. S1, available in the supplemental material to this article).
Based on these 1000 focal mechanisms, we employed a par-
ticle swarm optimization algorithm (Fukuyama, 2002) to
search for the best solution by minimizing the sum of the
minimum rotation angle (MRA) (Yu et al., 2009), with the
following procedure.

When using the coordinate of the P-, B-, and T-axes of a
focal mechanism solution, the difference between two solu-
tions is described by the MRA:

a+abs(f+y) -1
2

(Omn)min = aI‘CCOS( ), (0 < (8,11 min < 120),

(1)
in which m and n are two coordinate systems, (6,,,) min is the
MRA between the two coordinate systems, and «, 8, and y
are the maximum, minimum, and median of the dot product
of P-, B-, and T-axes of two solutions (ie., P, -P,- T,
T,-B,,-B,), respectively. The optimal solution showed a
strike of 167.18°, dip of 78.87°, and rake of 2.86°, which are
very close to our CAP inversion result (Fig. 2c). The standard
deviation of the MRA between the average solution with all
inversion results is 4.6°, the double of which (9.2°) reflects the uncer-
tainty of our CAP result.
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Figure 2. (a) Waveform inversion result for the mainshock. Black
and red waveforms are observed and synthetic seismograms,
respectively. The numbers below the station names are epicentral
distances and azimuths. The numbers below the seismograms
are time shifts and cross-correlation (CC) coefficients in percent.
Stations used in the inversion are indicated as crosses on the focal
mechanism plot. (b) Waveform misfit versus centroid depth.
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(c) Results of bootstrapping inversion. Gray lines indicate the
focal planes of 1000 times bootstrapping inversion results, and
red lines indicate the focal planes of cut-and-paste (CAP)
inversion. (d) The distribution of minimum rotation angle (MRA)
between the bootstrapping inversion results with the average
solution. CLVD, calibrated linear vector dipole. The color version
of this figure is available only in the electronic edition.
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shocks in the time window.
In comparison, we found five
aftershocks, two of which
were reported by networks.
Waveforms of the five after-
shocks were similar to those
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Figure 3. Three-component waveforms comparison of the mainshock (black traces) and aftershocks
(red traces). Waveforms are aligned according to S-wave arrival times. The short vertical lines mark
the P-wave arrivals of the mainshock (black) and aftershocks (red) and the S-wave arrivals of all of
the events (blue). The numbers above waveforms are the origin times of aftershocks and

of the mainshock (Fig. 3), indi-
cating that they originated from
the same fault and had similar
focal mechanisms.

We also determined the
magnitudes of the detected
earthquakes by:

simultaneous CC coefficients on three components. The color version of this figure is available only

in the electronic edition.

Myew = Mtemplate + Cloglo R,

We also tested different velocity models, including the
IASPI1 crustal velocity model and a crustal velocity model of
the Guangdong area. These velocity models differed most in shal-
low depths and became similar in greater depths (Fig. S2). The
solutions did not change much using these velocity models. The
dips of the NP from all solutions were the same, whereas there
was only 1° difference in the strike direction and 5° difference in
the rake angle.

Aftershock detection

To find more earthquakes, we performed earthquake detection
using the Sliding-window Cross-correlation (SCC) detection
technique (Yang et al., 2009). SCC detection on multiple stations
may minimize false alarms, which is desired in regions with a
large number of seismicity. However, to detect as many nearby
earthquakes as possible (Zhu et al., 2019), we carried out the SCC
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)

in which Mieypiae = 3.7, C is a constant, and R is the ampli-
tude ratio between the new event and the template (Yang et al.,
2009; Schaff and Richards, 2014; Meng et al., 2018). Here, we
took C = 2/3 because we adopted the moment magnitude of
the template event (Hanks and Boore, 1984; Shelly et al., 2016).

The vertical-component profiles of the mainshock and
aftershocks were shown in Figure 4a-f. P- and S-wave arrivals
of the mainshock and aftershock numbers 1, 3, and 4 can be
identified at almost all stations, whereas the arrivals of the
aftershock numbers 2 and 6 were only visible at stations with
distances less than 150 km.

Earthquake relocation
We then relocated these earthquakes using the HYPOINVERSE-
2000 program (Klein, 2002) based on their P- and S-wave travel
times. We manually picked their P- and S-wave arrivals on all
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available stations after applying a band-pass filter from 2 to 8 Hz.
We only selected impulsive phases to reduce the uncertainties of
arrival picking, having 111 P-wave arrivals and 83 S-wave arriv-
als in total. All events were relocated after 7-8 iterations with
uncertainties in horizontal locations and focal depths smaller
than 1 km, except for the smaller aftershocks.

We further improved the location results using the double-
difference relocation algorithm (HypoDD) (Waldhauser and
Ellsworth, 2000). P- and S-wave differential times between
any two events at stations were obtained through waveform
cross correlation (CC) with a CC coefficient threshold of
0.4, complemented by the manually picked P and S waves.
Then, 153 P-phase pairs and 114 S-phase pairs based on picked
arrivals and 81 P-phase pairs and 76 S-phase pairs from CC
were used. All events were successfully relocated, and the
uncertainties were significantly reduced, with the root-
mean-square travel time residual decreasing from 1.2 to
0.1 s. The relocation errors were around 100-200 m (Table 2).

The locations of all events were adjacent to the intersection
of two inferred faults (Fig. 5a—d). The interevent distances were
comparable with the uncertainties in locations. Therefore, we
cannot infer which fault was responsible for these earthquakes,
given the small number of events.

Rupture directivity analysis

We then analyzed the rupture directivity of the mainshock via
the azimuthal variation of source duration to determine the
causative fault. The waveforms of a reference event can be
adopted as empirical Green’s functions (EGFs) to approximate
the path effect (Hartzell, 1978). Then, the relative source dura-
tion of the mainshock at different stations can be obtained by
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Figure 4. Time—distance profiles of the (a) mainshock and

(b—f) aftershocks aligned with their original times. Red and blue
bars indicate the picked P- and S-wave travel times, respectively.
The color version of this figure is available only in the electronic
edition.

deconvolving with the EGFs or through a forward-modeling
approach (e.g., Tan and Helmberger, 2010).

For strike-slip events, the azimuthal variation of relative
source durations at local stations is approximated as follows:

L L
tilaz) =2 xt, + — — — x cos(az — stk), 3)
Vi Vp

in which ¢;(az) is the relative source duration with the azimuth
of az, t, is the differential rise time between the mainshock and
reference event, L is the rupture length, V/ is the rupture veloc-
ity, Vp is the P-wave velocity, and stk is the strike of either NP
of the moment tensor solution.

The waveforms of the first aftershock (4 January 2020
23:01:05 M,, 3.0) were highly correlated with the mainshock
(Fig. 2a) with an averaged CC coefficient of 0.703 on three
components in a time window spanning from 2 s before to
10 s after the S-wave arrivals. We also low-pass filtered the ver-
tical waveforms with a corner frequency of 5 Hz and found a
higher CC coefficient (0.85) of the low-pass filtered waveforms
between two events (Fig. S3). In addition, we manually picked
the P-wave polarities at regional stations, which showed good
consistency with the focal mechanism of the mainshock, indi-
cating that the fault solution is similar to the mainshock
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(Fig. S4). Therefore, the waveforms of the first aftershock pro-
vided ideal EGFs for the mainshock. In total, 25 local stations
(epicentral distance <200 km) recorded both the mainshock
and the reference event. We applied a low-pass filter of
5 Hz to retain the finite-source feature of the mainshock.
We then picked P onset manually and kept 14 stations with
clear P onset (Fig. 6a,b). The apparent source durations at sta-
tions to the northwest were significantly longer than stations to
the northeast for the mainshock, indicating a rupture direction
toward the northeast. Details about the selection of the filtering
frequency band are provided in the supplemental material
(Supplementary Note 1).

Distance

Distance

Figure 5. (a) Locations of the mainshock and aftershocks obtained
using the hypoDD method (orange dots) and HYPOINVERSE
method (gray circles). The focal mechanism plot shows the focal
mechanism of the mainshock. Dashed and solid lines indicate the
inferred and identified faults, respectively. (b) Zoom-in view of
the earthquake locations. (c) Cross-section view of earthquakes
with a strike the same as nodal plane (NP1) (78°). The focal
mechanism plot indicates the mainshock, and orange dots
indicate aftershocks. Panel (d) is the same as panel (c) but with a
strike the same as NP2 (168°). The color version of this figure is
available only in the electronic edition.

TABLE 2
Earthquakes Locations

Date and Time of Event Longitude Latitude Depth Magnitude Horizontal Vertical
(yyyy/mm/dd hh:mm:ss) (°E) (°N) (km) (m.,) Error (m) Error (m)
2020/1/4 22:55:38 113.854 22.091 13.09 3.7 25.7 52.2
2020/1/4 23:01:05 113.852 22.092 12.93 3.0 17.7 46.0
2020/1/4 23:03:56 113.855 22.090 12.84 2.2 39.5 61.8
2020/1/14 06:02:48 113.854 22.093 12.69 2.8 56.1 84.0
2020/1/15 06:09:50 113.850 22.093 12.87 2.6 21.4 52.3
2020/2/12 23:34:42 113.854 22.091 12.91 2.0 25.1 204.9
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Figure 6. Rupture directivity analysis of the mainshock. (a) Low-pass filtered (5 Hz) vertical-com-
ponent waveforms of the mainshock aligned to P-wave onset. Gray traces show the discarded data
with CC coefficients lower than 0.8. Dashed lines indicate the time window in CC calculation.
Panel (b) is the same as panel (a) but for the reference event. (c) Waveform comparison of the
observed (black traces) and modeled seismograms (blue traces). Red dots show the resolved
relative source duration, the red line shows the best-fitting prediction for NP1 by equation (3), and
the red-dashed line shows that for NP2. The three traces with azimuth ~300° have been shifted to
illustrate the waveforms better. (d) Waveform comparison of observed (black traces) and synthetic
data (red traces) modeled with different source durations. The color version of this figure is
available only in the electronic edition.

To obtain robust relative source durations, we performed
forward modeling of the mainshock seismograms with the
EGFs and source time functions (Fig. 6¢). We generated source
time functions with durations ranging from 0.1 to ~1.0 s and
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convolved them with the EGFs
to match the waveforms of the
mainshock. Then, we calculated
CCs between the observed and
synthetic data in a time window
of 0.8 s to cover the direct P
wave and suppress the coda
waves. Nine stations with CCs
coefficients larger than 0.8 were
retained, and the resolved rela-
tive source durations ranged
between 0.2 and 0.5 s. We then
fitted the resolved relative
source duration with equa-
tion (3) by the least-squares
method. Because there is a large
azimuthal gap (~180°) for the
nine stations due to the offshore
position, we could only resolve
the fault plane, rupture length,
and differential rise time,
assuming that the rupture
velocity and P-wave velocity
were 2.5 and 6.0 km/s, respec-
tively. Relative source durations
of both NPs (78° and 168°) were
calculated and fitted.

The fitting results (Fig. 6d)
suggest that the mainshock
ruptured toward northeast
(78°) for about 0.6 km and
the differential rise time was
about 0.05 s. The resolved rup-
ture length (0.6 km) was close
to the prediction for an M,, 3.7
event (0.5 km) based on the
scaling law (Gibson and
Sandiford, 2013). The differen-
tial rise time (0.05 s) was also
consistent with the predicted
value (0.04 s). In comparison,
the calculated source durations
for NP2 were even negative at
azimuths of 140°-200°, sug-
gesting that the NP2 was not
the ruptured plane.

Furthermore, we added ran-
dom error (within 4+0.1 s) to
the relative source duration data

at each station and fit the modified data with equation (3) for an
additional 500 runs. The results show that (1) for 90.8% cases, the
misfit of NP1 (78°) was smaller than that of NP2 (168°), indicat-
ing that the mainshock ruptured toward northeast; (2) the
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resolved rupture length ranged from 0.2 to 1.1 km, and thus the
averaged rupture length was estimated as 0.6 km (Fig. 7a—c).

Discussion

By combining the focal mechanism solutions, the locations
of the earthquakes, and the rupture directivity analysis, we
suggest that the 4 January 2020 M,, 3.7 Zhuhai earthquake
occurred on a northeast-east-trending strike-slip fault, with
the orientation direction of 78°, which is consistent with the
previously inferred northeast-east-trending faults. These faults
offshore of PRE that were inferred from the gravity anomaly
(Li et al., 2006) were less convincing than near-coast faults
traced according to inland faults or the large-scale LFZ with
a more pronounced gravity anomaly. Our results provide
the first direct evidence to confirm the distribution of one
of the inferred faults. The 2020 M,, 3.7 earthquake enhances
the interpretation that the northeast-east-trending fault system
behaves as dextral strike-slip faults under the current north-
west-west-northeast-east stress field in the northern SCS that
was caused by the subduction of the Philippine Sea plate (Briais
et al., 1993).

Rupture propagation and extent are governed by many fac-
tors, such as fault geometry, heterogeneous stress distribution,
and frictional properties on seismogenic faults (Weng and Yang,
2018; Yu et al., 2018; Yang et al,, 2019; Yao and Yang, 2020). For
strike-slip earthquakes, the eventual earthquake magnitudes are
largely affected by the seismogenic width. The ruptures can
become breakaway (i.e., breaking a large or full portion of a fault
segment) and independent of the nucleation size when the seis-
mogenic width is larger than the critical value of ~10 km (Weng
and Yang, 2017). Our results show that these earthquakes are
located at a depth of around 12 km. However, the results are
insufficient to reveal the seismogenic width in the region because
of the limited number of earthquakes. It is plausible that the seis-
mogenic width of the faults is larger than the critical value
because the focal depths of earthquakes in the past 10 yr in
Guangdong’s coastal region were distributed in depths of
5-20 km (Xia et al., 2018). Thus, we cannot rule out the possibil-
ity that destructive strike-slip earthquakes may occur at the PRE.
Further studies on the seismogenic width of faults are needed to
better estimate the maximum magnitude earthquake in the PRE.

1922 Seismological Research Letters

Figure 7. Uncertainty estimation of the rupture directivity analysis.
(a) Histogram of the misfit of two NPs (red for NP1 [78°]; gray for
NP2 [168°]). (b) Histogram of the misfit between NP1 and NP2.
(c) Histogram of the resolved rupture length. The color version of
this figure is available only in the electronic edition.

Conclusion

In this study, we conducted detailed investigations of source
parameters for the 4 January 4th, 2020, earthquake in the PRE.
The earthquake was followed by five aftershocks, all of which
exhibited highly similar waveforms, indicating that they occurred
on the same strike-slip fault. The results of rupture directivity
analysis show that the 2020 M., 3.7 Zhuhai earthquake occurred
on a northeast-east-trending strike-slip fault, with the orientation
direction of 78°. The fault coincided with the northeast-east-
trending fault system in the offshore PRE region.

Data and Resources

Waveform data for this study are provided by Data Management Centre
of China National Seismic Network at Institute of Geophysics
(SEISDMC, DOI: 10.11998/SeisDmc/SN), China Earthquake Networks
Center and GD Seismic Networks, China Earthquake Administration,
Hong Kong Observatory Network, and Macau Observatory Network.
We collected the five month seismograms of the HKPS station through
the Incorporated Research Institutions for Seismology. The supplemen-
tal material for this article includes Supplementary Note 1 and
Figures S1-S5. Data about Census and Statistics Department of
Hong Kong are available at https://www.censtatd.gov.hk/hkstat/sub/
sp150_tc.jsp?productCode=D5320189 (last accessed May 2020).
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