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ABSTRACT: On September 5, 2019, a moderate earthquake of Mw5.4 unexpectedly occurred in the 
apparently quiescent central basin of the South China Sea. We immediately carried out a seismicity 
monitoring experiment around the epicenter by using broadband ocean bottom seismometers (OBS) 
for the following three scientific targets. The first is knowing the earthquake seismogenic mechanism, 
fault structure and further development. The second is finding the role of the residual spreading ridge 
playing in earthquake processes and further revealing the deep structures of the ridge directional turn‐
ing area. The third is confirming the existence and significance of the so called “Zhongnan fault”. This 
paper reports the preliminary results of the first phase experiment. Five OBSs were deployed for seis‐
micity monitoring with a duration of 288 days, but only three were recovered. Micro-earthquakes were 
firstly detected by an automatic seismic phase picking algorithm and then were verified by analyzing 
their seismic phases and time-frequency characteristics in detail. A total of 21, 68 and 89 micro-
earthquakes were picked out from the three OBSs respectively within the distance of 30 km. The domi‐
nant frequency of these micro-earthquakes is 12–15 Hz, indicating tectonic fracturing. During the first 
two months after the mainshock the seismicity was relatively stronger, and micro-earthquakes were 
still occurring occasionally till the end of observation, indicating the epicenter area is active. We used 
Match&Locate method to locate 57 micro-earthquakes preliminarily. Their spatial distribution shows 
that the seismicity is developed mainly along the NE direction roughly parallel to the residual ridge 
with depth variations between 10–20 km.
KEY WORDS: South China Sea, microseismic monitoring, earthquakes, fault, broadband OBS.

0 INTRODUCTION 
On September 5, 2019, a thrust-slide type earthquake of 

Mw5.4 occurred in the central basin of the South China Sea 
(SCS) (Fig. 1) with epicenter at longitude 116.16° E, latitude 
14.77° N and focal depth of 20 km (China Earthquake Net‐

works Center). It caused our concern and research interest be‐
cause of the following considerations.

The focal mechanism of earthquakes occurred at the resid‐
ual ridge may reflect some information of paleo spreading pro‐
cess, transform fault activity or magma activity (e.g., Stein and 
Klosko, 2002). If the 2019 Mw5.4 earthquake is confirmed to 
occur at the upper mantle of the SCS residual spreading ridge 
(crust thickness there is about 5–8 km, Ruan et al., 2016), it 
will make great changes about our knowledge of the SCS for‐
mation.

The SCS basin is a seismic quiescent area with few mod‐
erate earthquakes (Fig. 2) (Liu, 2002). The earthquakes concen‐
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trated in the Manila Trench and sporadically distributed in 
South China continental margin. The last moderate earthquake 
occurred 57 years ago on October 7, 1965 with magnitude of 
Ms5.8, epicenter at longitude 114.46° E, latitude 12.37° N and 
focal depth of 17 km (International Seismological Centre) be‐
neath Southwestern sub-basin (SWSB) of the SCS (Fig. 1a). 
Due to lack of seismometers around the 1965 Ms5.8 earth‐
quake, few studies have been done to reveal its seimogenic 
mechanism. According to the topography around the 1965 
Ms5.8 earthquake, a normal fault may exist there (Wu and 
Wen, 2019), which may be the reason for the 1965 Ms5.8 earth‐

quake. But because of an enormous distance (~324 km) be‐
tween the 1965 Ms5.8 earthquake and the 2019 Mw5.4 earth‐
quake, it is hard to conclude that there is a direct connection be‐
tween them. Therefore, it is interesting to know the seismogen‐
ic mechanism, geological structure and subsequent develop‐
ment with time of this rare earthquake. It is also important to 
assess the impacts of the moderate mainshock and aftershocks 
on the seabed ecology and geological environment of the SCS 
central basin.

Seismicity of one area is a crucial window to study the 
crustal/mantle structure, stress field, fault characteristics and 

Figure 1. The geological setting of the research area and OBSs’  locations of the seismicity monitoring experiment. (a) The geological setting of the research ar‐

ea with the location of the 2019 Mw5.4 earthquake (red star) and the 1965 Ms 5.8 earthquake (yellow triangle). (b) The linear distribution of seamounts (white), 

the extension of spreading ridge (yellow) and “Zhongnan fault” (black). CL-ZN. “Changlong-Zhongnan” Seamount Chain; ZB-HY. “Zhenbei-Huangyan” Sea‐

mount Chain; LN. Longnan Seamount; NY. Nanyue Seamount; LB. Longbei Seamount; HBS. Hongbaoshi Seamount; LBS. Lanbaoshi Seamount; ZN. Zhong‐

nan Seamount; BY. Beiyue Seamount; ZS. Zuanshi Seamount; ZB. Zhenbei Seamount; ZZ. Zhangzhong Seamount; HYX. Huangyanxi Seamount; XN. Xian‐

nan Seamount; SX. Shixing Seamount; YH. Yihang Seamount; XB. Xianbei Seamount; ZZJ. Zhangzhongjing Seamount; HYI. Huangyan Island; HYD. Huang‐

yandong Seamount; BK. Beike Seamount; DM. Daimao Seamount. (c) The locations and terrains of the five OBSs; the topography data are multibeam data. 

NWSB. Northwestern sub-basin; ESB. Eastern sub-basin; SWSB. Southwestern sub-basin; XSI. Xisha Islands; ZSI. Zhongsha Islands; MNLT. Manila Trench; 

PHI. Philippines; RT. Reed Bank.
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magmatic activity in this area, especially for the seismic quies‐
cent area of sea basin where is no long-term seismic observa‐
tion network. We noticed that the 2019 Mw5.4 earthquake oc‐
curred at the southern end of Zhenbei Seamount. The epicenter 
area is at the junction zone of “Changlong-Zhongnan” Sea‐
mount Chain with “Zhenbei-Huangyan” Seamount Chain 
where the residual spreading ridge changes its strike suddenly 
from NE in the SWSB to EW in the Eastern sub-basin (ESB). 
Also, the epicenter fell on the famous “Zhongnan fault” (Ruan 
et al., 2016; Barckhausen et al., 2014; Li and Song, 2012; Yao, 
1994) (Fig. 1b).

After the 2019 Mw5.4 earthquake, we made a research 
plan including three phases of seismicity monitoring experi‐
ment in the SCS basin. The first phase of experiment was car‐
ried out immediately after the mainshock, and five broadband 
ocean bottom seismometers (OBS) were deployed around the 
mainshock epicenter (Fig. 1c). This paper reports the details of 
the first phase OBS experiment, the data and its processing and 
the preliminary analyzed results of the seismicity after the 
2019 Mw5.4 earthquake.

1 SCIENTIFIC TARGETS OF THE SEISMICITY MON‐
ITORING EXPERIMENT 
1.1 Seismogenic Mechanism of the 2019 Mw5.4 Earth‐
quake and Subsequent Development　

Due to the absence of seismic networks around the sud‐
denly occurred earthquake, the published focal parameters that 
determined by remote land stations are not accurate enough. 
For example, the focal depth of the mainshock was suggested 
to be 20 km by China Earthquake Networks Center (CENC) or 
11.2 km by United States Geological Survey (USGS). This is a 
crucial difference for an earthquake that occurred in the crust 
or in the mantle, because previous studies showed that the 
thickness of the SCS oceanic crust is only 5–8 km with water 
depth ~4 km (Ding et al., 2021; Zhao et al., 2018; Ruan et al., 
2016; Qiu et al., 2011; Yao and Wang, 1983). Generally, the 
crust is relatively brittle and prone to earthquakes (Yu et al., 
2018; Scholz, 2002). If a moderate earthquake occurs inside 

the oceanic mantle, it might have very complicated mecha‐
nisms such as a remnant slab removal fractured caused by 
large-scale mantle magmatism beneath the residual spreading 
ridge and fractured (Wang et al., 2016) or lithospheric local 
convection and destruction due to subducted plate rollback 
(Fan and Zhao, 2021; Niu, 2013). Monitoring on micro-
earthquakes spatial distribution would reveal the focal depth 
and seismogenic fault (Ha et al., 2022). Moreover, although it 
is impossible to obtain this earthquake precursory, we are 
strongly interested in knowing its type and further develop‐
ment through the monitoring experiment. Because the impacts 
of the seismic activities on the seabed environment at the epi‐
center area are also of global interest. Moreover, the micro-
seismic activities and their development trend after the main‐
shock are also the basis for studying other related scientific tar‐
gets.

1.2 Deep Structure of the Residual Spreading Ridge of 
the SCS　

The spatial distribution of seamounts in the SCS basin has 
distinguished linear structural characteristics (Fig. 1b, white 
solid line), especially the seamount chains of the residual ridge 
extending from the SWSB to the Manila trench at the eastern 
border. And the residual spreading ridge changes its strike di‐
rection between “Changlong-Zhongnan” Seamount Chain and 
the “Zhenbei-Huangyan” Seamount Chain (Li and Song, 2012; 
Briais et al., 1993). It is interesting that the 2019 Mw5.4 earth‐
quake is just located in the area where the residual spreading 
ridge strike changes abruptly and its one mechanism solution 
of faulting strike is 206° roughly parallel to that of 
“Changlong-Zhongnan” Seamount Chain in the SWSB. How‐
ever, its deep mechanism is still unclear. We noticed that the 
profile OBS2014-ZN roughly crosses the Mw5.4 epicenter area 
(Ruan et al., 2016) and its velocity anomaly model reveals that 
the epicenter of the 2019 Mw5.4 earthquake is approximately 
at the junction of high-speed anomaly and low-speed anomaly. 
Therefore, the observation of micro seismicity around the epi‐
center area together with remote earthquakes might help us un‐
derstand the residual spreading ridge deep structure and its role 
in the SCS formation mechanism and evolution.

1.3 “Zhongnan Fault” Structure Dynamics and Its Role 
in the SCS Evolution　

We also noticed that one mechanism solution of the main‐
shock faulting strike is 357° roughly parallel to that of “Zhong‐
nan fault” and the epicenter is also just on the fault. This large-
scale fault is thought to be a deeply fractured system with NW 
strike and passing through the whole SCS and separating the 
basin into two parts (Xu et al., 2021; Ruan et al., 2016; Barck‐
hausen et al., 2014; Li and Song, 2012; Yao, 1995). Huang et 
al. (2019) recently put forward a new hypothesis for the SCS in 
which the “Zhongnan fault” plays an important shear striking 
role in opening up the SCS. Through seismicity monitoring, we 
could find out deep dynamic mechanism, focal depth and fault 
dislocating strike of the mainshock which can help us under‐
stand whether it is related to “Zhongnan fault” or not. In other 
words, due to the particular position of the experiment, the 
monitoring data also provide possibilities to understand 

Figure 2. The distribution of earthquakes around the South China Sea. The 

red start represents the 2019 Mw5.4 earthquake.
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“Zhongnan fault” dynamics, its relationship with the residual 
spreading ridge and its role in the evolution of the SCS.

2 SEISMICITY MONITORING EXPERIMENT 
AROUND THE 2019 Mw5.4 EARTHQUAKE EPICEN‐
TER AREA (PHASE I) 

After the 2019 Mw5.4 earthquake occurred in the SCS 
central basin, we immediately carried out a seismicity monitor‐
ing experiment around the epicenter by using broadband ocean 
bottom seismometers (OBS). We also designed an experiment 
plan of three consecutive monitoring phases: October 2019 to 
July 2020, July 2020 to May 2021 and May 2021 to May 2022. 
The OBSs used in the seismicity monitoring experiment are de‐
veloped by Institute of Geology and Geophysics, Chinese 
Academy of Sciences which are all composed of three geo‐
phones and one hydrophone with a frequency of 30 s-150 Hz 
and a sampling rate of 50 Hz. This paper reports the first phase 
of the experiment and its preliminary results.

The OBS deployment cruise for the first experiment phase 
was conducted from October 5, 2019 to October 6, 2019 by us‐
ing a fishing boat named “Lurong·Yuanyuyun 899”, and de‐
ployed five OBSs around the mainshock epicenter with a mini‐
mum distance of ~3 km and a maximum distance of ~15 km. 
The coordinates of OBS stations are listed in Table 1. From Ju‐
ly 18, 2020 to July 19, 2020, we recovered the OBSs by using 
the same fishing boat. Three OBSs (B, C, D) were recovered 
but two were lost. GPS was used for timing (UTC) and posi‐
tioning. The maximum recording time of recovered OBSs is 
288 days, and the minimum is 81 days. See Table 1 for details.

2.1 Data Processing　
The data were processed as follows: (1) Converting the 

raw data format into the general used sac format; (2) Using lin‐
ear method to correct the clock drift time after time calibration 
by GPS; (3) Inputting the various information of OBS stations 
into the header files, respectively; (4) Using a band-pass filter 
of 1–15 Hz to reduce the interference of noise to micro signals.

2.2 Automatic Selection of Micro-Seismic Events　
The method combined the ratio of Short-Term Average en‐

ergy to Long-Term Average energy (STA/LTA) with Auto Re‐
gression Akaike Information Criterion (AR-AIC) (Sleeman and 
van Eck, 1999) is adopted to automatically detect the micro-
seismic events and pick up phase arrival time. The operation 
processes are as follows: First, a new time series called charac‐
teristic function (CF) is constructed to replace the original seis‐

mic signal. It can sensitively respond to the change in signal 
frequency or amplitude. Then, we select classic STA/LTA and 
calculate energy content attribute of two different length of 
time windows, a short-term average (generally 1 – 2 s) and a 
long-term average (generally 10s). The amplitude of signal 
change is enhanced by calculating the ratio of STA/LTA. Next, 
the advent of the given phase is estimated by a setting thresh‐
old of CF value. Finally, we precise arrival time of seismic 
phases through utilizing Auto-Regressive (AR) model and 
Akaike Information Criterion (AIC) as described to determine. 
The minimum AIC value which corresponding time-point is 
the P (or S) arrival time. Figure 3 shows the waves arrivals 
picking out method and results of one micro-seismic event. 
The summary of the picked out micro-seismic events from the 
three OBSs is listed in Table 1. Among them, there are 21 
micro-seismic events recorded by all three OBSs at the same 
time and 45 ones recorded by two OBSs.

2.3 Verification of the Selected Micro-Earthquakes　
In order to confirm the picked out micro-earthquakes and 

to affirm accurately the time of waves arrivals, we calculated 
short-time Fourier transforms with a 1-s (i.e., 50 samples) slid‐
ing window, Hanning tapering and an overlap of 45 samples to 
analyze the time-frequency characteristics of micro-
earthquakes. Figure 3 shows one OBS four components fil‐
tered waveforms and spectra of one micro-earthquake as an ex‐
ample. It is analyzed as follows.

(1) The direct P-wave and S-wave phases are clearly re‐
corded in OBS three components. The hydrophone component 
that has no S-wave signal is useful in highlight of both P-wave 
and S-wave arrivals in OBS three components.

(2) According to the automatically picked out P-wave ar‐
rival, we can roughly estimate the distance of this micro-
earthquake relative to Station B about 24.9 km, by supposing 
Vp 6.0 km/s and Vs 3.5 km/s.

(3) In addition, based on waveforms and their spectra, we 
manually identified that the arrivals of P-wave and S-wave are 
nearly the same as the automatically picked out. Therefore, we 
always used automatic method to pick out micro-seismic 
events first and then manually to re-determine their accurate 
wave arrivals again.

(4) According to the energy spectra, the dominant frequen‐
cies are 12–15 Hz for P-wave and 6–9 Hz for S wave, respec‐
tively. It indicates that the micro-earthquake is of tectonic rup‐
turing (Konstantinou et al., 2013).

(5) Both the waveform and spectrum of hydrophone com‐

Table 1 OBS coordinate, record duration, epicenter distance and result of picking out micro-earthquakes in Phase Ⅰ 

Number

Mw 5.4

28

A

B

C

D

Origin/deployed 

time (UTC)

2019.09.05 13:58:35

2019.10.05 07:31:14

2019.10.05 08:37:41

2019.10.06 07:04:33

2019.10.05 06:15:33

2019.10.05 07:58:24

Recovered time 

(UTC)

-

-

-

2020.07.19 01:09:30

2020.07.18 22:45:00

2020.07.19 03:30:00

Lon. (°)

116.160 0

116.163 6

116.032 4

116.216 7

116.289 1

116.134 2

Lat. (°)

14.770 0

14.742 7

14.721 8

14.724 6

14.823 0

14.695 8

Epicentral dis‐

tance (km)

-

3.045

14.738

7.906

15.084

8.667

Depth

(km/m)

20

4 300

4 286

4 300

4 300

4 251

Recovery

-

×

×

√
√
√

Record 

duration (d)

-

-

-

81

288

288

Micro-earthquake 

number

-

-

-

68

21

89

The hypocenter parameters are based on ISC; Lon. Longitude; Lat. Lantitude.
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ponent show that, in addition to the direct P-wave, the second‐
ary P-wave phase reflected by water surface is also recorded. 
The interval between the direct wave and the secondary wave 
is about 5.5 s, which is consistent with the water depth of 
4 300 m (velocity is ~1.5 km/s).

2.4 The Seismicity after the 2019 Mw5.4 Earthquake　
One of the most important targets of this seismicity moni‐

toring experiment in the SCS basin is to trace seismic activity 
development after the 2019 Mw5.4 earthquake. We counted the 
number of the picked out micro-earthquakes from three OBS 
stations respectively with 7 days as a statistics unit and plot 
them in Fig. 4.

(1) After the mainshock, from the very beginning to No‐
vember 1 (56 days), the micro seismicity around the epicenter 
area was remarkable with the maximum frequency of 6 times/
day. It was then followed by a downward tendency but it did 

not stop thoroughly.
(2) The number of micro-earthquakes recorded by Station 

B in October 2019 was obviously larger than that of the other 
two stations. In contrast, Station C recorded very fewer, only 1–
2 times a week. Except the difference in effective observation 
time among three OBSs due to equipment technique problems 
such as water leakage (which resulted in two OBSs were failed 
to be recovered), we think the distances or seafloor geogra‐
phies between stations and the micro-earthquake epicenters 
maybe the important factors for observation efficiency. For in‐
stance, Station B recorded a high frequency of micro-
earthquakes at the very beginning because of its small distance 
and flat terrain, but failed to record anymore after 81 days due 
to its equipment problem. In contrast, although Station C had 
been working normally, its recording efficiency is not good 
enough because of its farther distance (~15 km) and the ob‐
struction of seamount.

Figure 3. The method for picking out one micro-seismic event of Station B. (1) The automatic method combined STA/LTA with AR-AIC. In this case, the arriv‐

al time of P wave is 3.59 s and S wave is 6.55 s. (2) The further manually identification of micro-earthquake in waveforms. (3) The analysis of waveform spec‐

tra of the micro-earthquake.
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(3) According to the gradually reduced seismicity frequen‐
cy in the experiment area, we think after the 2019 Mw5.4 earth‐
quake, the influence of micro-earthquakes on seabed environ‐
ment is limited.

2.5 Locating Micro-Earthquakes with Match & Locate 
Method　

Match & Locate (M&L) (Zhang and Wen, 2015) method 
is more sensitive to weak seismic signals and less dependent 
on velocity models. It can detect and locate micro-earthquakes 
with lower magnitude and poor signal-to-noise ratio. Its opera‐
tion processes are as follows: (1) Selecting an event of clear 
seismic phases and high signal-to-noise ratio as a template 
event (Fig. 5) and determining its location. (2) Calculating 
slide cross-correlation function between template reference 
phase waveforms (e.g., S phase) and all continuous waveforms 
recorded by three OBSs. At the same time, three-dimensional 
meshing in longitude, latitude and depth is applied to the area 
taking the template event as center (e.g., search scope: 0.15°/
0.15°/10 km; search accuracy: 0.01°/0.01°/2 km), and calculat‐
ing travel time differences between the template location and 
each grid point. (3) Stacking the cross-correlation waveforms 
based on the corresponding travel time differences and calculat‐
ing mean correlation coefficient (mean CC) and signal-to-noise 
ratio. (4) Determining the location of the detected event at the 
grid point with the maximum mean CC when they exceed the 
pre-set threshold (e.g., 0.3/12).

In this study, Station B stopped recording on December 
25, 2019, while M&L method needs at least three stations, 
therefore, only 57 micro-earthquakes (Table S1) occurred from 
October 5, 2019 to December 25, 2019 were preliminarily lo‐
cated. The spatial distribution of 57 micro-earthquakes (Fig. 6) 
shows that the seismicity is developed in a large area mainly 

along the NE direction roughly parallel to the residual ridge 
with some diversities. Their depth variations suggest that the 
seismogenic zone is large, and it is difficult to confirm accu‐
rately the main shock depth at present.

3 CONCLUSIONS 
This paper introduces the first phase of seismicity moni‐

toring experiment in the SCS basin around the epicenter area 
of the 2019 Mw5.4 earthquake, and presents some preliminary 
results.

3.1 The Seismicity after the 2019 Mw5.4 Earthquake　
After the 2019 Mw5.4 earthquake, there are indeed some 

micro-earthquakes occurred around the epicenter. Their time 
development shows that the closer to the 2019 Mw5.4 earth‐
quake, the higher occurrence frequency of micro-earthquakes. 
The seismicity downward trend suggests the 2019 Mw5.4 
earthquake is of mainshock-aftershocks type with lasting time 
at least 8 months or more. But according to their reducing ten‐
dency with time, we think their influence on the seabed is limit‐
ed. The waveform spectra indicate that the observed micro-
earthquakes are tectonic ones with a dominant frequency of 12–
15 Hz, not caused by magmatic activities.

3.2 Relationship between the 2019 Mw5.4 Earthquake 
and the Residual Spreading Ridge or “Zhongnan Fault”　

The preliminary positioning results show that the seismici‐
ty after the mainshock is developed in a large area mainly 
along the NE direction roughly parallel to the residual ridge 
with some diversities. This is a result of very important signifi‐
cance which suggests the residual ridge is still active and re‐
sponsible for the mainshock. In other words, “Zhongnan fault” 
has no relation with the 2019 Mw5.4 earthquake. We believe 

Figure 4. Seismicity development after the 2019 Mw5.4 earthquake. Picking out micro-earthquakes with 7 days as a statistics unit.
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these micro-earthquakes spatial distribution is beneficial to re‐
veal the spreading ridge deep structure through future detailed 
study.

3.3 About the Mainshock Focal Depth　
In this study, the depths of most micro-earthquakes are lo‐

cated from 10 to 20 km suggest there is a larger seismogenic ar‐
ea. It should explain why USGS and CENC gave so obviously 
different focal depths. However, at present we cannot give out 
an accurate focal depth either. In the further study, we will try 
new method to accurately locate micro-earthquakes and com‐
bine the constraints from deep lithosphere structure to deter‐
mine focal depth of the 2019 Mw5.4 earthquake.

3.4 Prospect　
The seismicity monitoring experiment around the 2019 

Mw5.4 earthquake epicenter area is proceeding as planned. At 
present, it is in the process of OBS recovery of the second 
phase from July 2020 to May 2021 and OBS deployment of 
the third phase from May 2021 to May 2022. Therefore, more 
data are expectable. The future researches mainly include three 
aspects as follows.

(1) Based on previous active seismic profiles and tomogra‐
phy results in the study area, we will construct 3-D velocity 
models to relocate hypocenter of the picked micro-earthquakes 
and reveal Mw5.4 earthquake faulting mechanism and focal 
depth.

(2) To further understand the geological background of 

the SCS seismicity, remote earthquakes recordings are about to 
be used to study velocity structure of lithosphere, the thickness 
of mantle transition zone and the direction of mantle flow by 
using tele-seismic receiver function and anisotropy methods.

(3) Combined the two study aspects mentioned above 
with numerical simulation, we can analyze some more compli‐
cated questions related to the residual ridge or to “Zhongnan 
fault”, especially the question of their roles in the SCS evolu‐
tion process.
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