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On July 27, 2020, a shallow earthquake with a moment magnitude (M,,) of 5.0 occurred near Moc Chau in
Northwestern Vietnam. Several shallow aftershocks, clustered in a small area, followed the mainshock. The
mainshock caused damage to infrastructure in the source area, and considerable shaking was felt in many high
buildings in surrounding cities. This event was the first recorded significant earthquake by a newly operational

Vietnam broadband seismic network. The ground motions of this earthquake sequence were adequately recorded
by this network. The strike-slip rupture mechanisms of the events were evaluated through moment tensor
inversion analysis. After this earthquake, a field survey was conducted. A combined analysis of damage patterns
and source mechanisms revealed that this earthquake sequence might be associated with the active right-lateral
Da River fault. The site classification of each station that recorded data on the Moc Chau series was evaluated by
computing the horizontal-to-vertical spectral ratio. This earthquake sequence was analyzed to evaluate the
characteristics of the earthquake source and the seismic wave propagation in Northwestern Vietnam and to
address the potential earthquake engineering applications of this information.

1. Introduction

At 05:15 (UTC) on July 27, 2020 (local time 12:15 on July 27), an
earthquake with a moment magnitude (M) of 5.0 occurred near Moc
Chau District, Son La Province, in the northwest region of Vietnam. The
hypocenter of the mainshock was located at 20.929° N, 104.708° E
(approximately 12 km from the town of Moc Chau), and had a depth of 7
km. The mainshock was followed by several aftershocks, which included
two large events of My, 4.1 on July 28 and M,, 4.4 on August 17. The
mainshock caused moderate damage to the buildings in the nearby area;
however, no loss of life was reported. The ground motions were recorded
by 15 three-component stations in Northern Vietnam (Fig. 1). Most of
the stations are equipped with both an accelerometer and a broadband

velocity seismometer (Lu et al., 2018; Nguyen et al., 2012). The nearest
seismic station in the town of Moc Chau was less than 10 km from the
epicenter of the mainshock. In this study, new archived seismic obser-
vations from the Moc Chau earthquake sequence were analyzed to
identify the characteristics of the earthquake source, seismic wave
propagation, and seismic hazards of the Northern Vietnam region; the
potential applications of the study findings in earthquake engineering
are discussed herein.

2. Regional tectonic setting

The tectonics of the Northern Vietnam region has been governed by
the major tectonic events of the surrounding area since the Tertiary
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Period. The collision of India and Eurasia since 35 Ma (Tapponnier et al.,
1982) has continually pushed the entire Indochina block southeastward
(Huchon et al., 1994). According to GPS data, the block exhibits a crustal
movement of approximately 34.5 + 1 mm/year southeastward, which is
similar to the movement of the South China Block (Duong et al., 2013;
Huy Minh et al., 2020; Tran et al., 2013). This has consequently led to
the full development of a series of strike-slip faults in the area (Nguyen-
Van et al., 2020). Geological and geophysical studies in Northern Viet-
nam have reported a complex regional crustal structure and several
major strike-slip faults cutting the entire crust (Dinh et al., 2021; Nguyen
et al.,, 2020; Nguyen et al., 2013). Therefore, several studies of the
seismotectonics of Northern Vietnam have recommended the assess-
ment of the seismic risk of the area (Lap, 1991; Nguyen et al., 2019;
Pailoplee and Choowong, 2014; Phuong, 1991). Accordingly, re-
searchers have comprehensively studied the most notable faults of the
region (rank I; represented in Fig. 1 as thick red lines). Several minor
faults (rank II) linked to rank I faults have also been identified; the
notable rank II faults with potential seismic risk near the epicenter of the
Moc Chau earthquake were determined to be the Da River fault and the
Muong La-Bac Yen fault (Nguyen et al., 2019). On the base of analyzed
reports (Nguyen and Le, 2005; Huang et al., 2009; Nguyen et al., 2019),
earthquakes in the Northern Vietnam region can be characterized as
shallow. Seismic events with magnitudes>5.0 are related to major faults
(rank I), and events with magnitudes<5.0 are related to minor faults
(rank II) (Nguyen et al., 2019). Previous studies have indicated the
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possibility for destructive earthquakes with maximum magnitudes
higher than 6 in the Northern Vietnam region (Das, 2015; Duan et al.,
2013; Lu et al., 2016; Robinson et al., 2010). Two strong earthquakes
have already occurred in Northwestern Vietnam in the last century
(Fig. 1). The 1935 Dien Bien earthquake with a surface-wave magnitude
(My) of 6.8 and the 1983 Tuan Giao earthquake with a M; of 6.7 both
caused considerable infrastructural damage and loss of human life
(Duong et al., 2013; Tuyen and Lu, 2012). In recent years, proposals
have been presented to develop strategies for the reduction of seismic
hazards (Tran and Kiyomiya, 2012, 2013; Nguyen et al., 2012). How-
ever, only limited local data are available for the assessment of ground
motion behavior. In this study, data from the Moc Chau earthquake
sequence allowed for the evaluation of ground motion behavior and
proposal of seismic hazard reduction measures.

3. Identification of damage and intensity

The Moc Chau earthquake sequence caused considerable damage to
the infrastructure in the surrounding area (Fig. 2), including falling
bricks, cracks in walls and floors, and collapse of roofs. Minor injuries
were reported; however, no loss of human life was reported. Because the
earthquake’s magnitude was only classified as medium, the amount of
infrastructural damage suggests that buildings in Vietnam are generally
prone to earthquake damage. During the Moc Chau earthquake, people
in near-source regions and several sites of tall buildings in the nearby

Fig. 1. Map of seismicity (source depths are defined by scale bar) in the Northern Vietnam region from 1990 to the present. White symbols denote seismic stations
from four different networks (17 stations): Vietnam National network (VN), Academia Sinica-Taiwan (TW) (Huang et al., 2009), Regional Integrated Multi-Hazard
Early Warning System (RM), and Pacific21 (PS). Ground motions of the earthquake sequence were recorded by 15 stations; two stations (TGVB and PLVO) were not
operational during the period. Numbers indicate faults: (1) Lo River fault, (2) Chay River fault, (3) Red River fault, (4) Muong La-Bac Yen fault, (5) Da River fault, (6)
Son La fault, (7) Ma River fault, and (8) Dien Bien Phu fault. Fault types of rank I and II are described in the text. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Photos of damaged infrastructure near the mainshock within a radius of 5 km from the epicenter: a) roof collapse due to the earthquake shaking, b) falling
bricks from a local building, ¢) damage to the wall of the administration center of Na Muong commune (approximately 2.6 km from the earthquake location), and d)

cracks in walls and floors. Map of the locations where the photos were taken.

cities felt significant shaking. According to the records of the United
States Geological Survey response website for earthquakes (https://ea
rthquake.usgs.gov/earthquakes/eventpage/us6000b4kv/dyfi/

intensity), 31 local witnesses, in response to the question “Did you feel
it?”, reported having felt the Moc Chou earthquake at Modified Mercalli
Intensity III. Most responses were from witnesses in the city of Hanoi,
which is approximately 100 km away from the epicenter (Fig. 1). To
identify the seismic intensity in the source area, the Institute of
Geophysics (IGP) at the Vietham Academy of Science and Technology
conducted an interview survey in the near-source region and gathered
95 responses from people within a 60-km radius of the epicenter. The
Medvedev-Sponheuer-Karnik scale (Medvedev and Sponheuer, 1969)
was used to evaluate the intensities through interviewing witnesses’
reports of earthquake ground shaking (Fig. 3). These data points were
contoured to create an isoseismal map, which revealed intensities

ranging from III to VIL The distribution of the estimated individual in-
tensity points and the pattern of the isoseismal map demonstrated the
orientation of the intensity to be elongated from the epicenter toward
the northwest-southeast, following the strike direction of the Da River
fault.

4. Analysis and results
4.1. Earthquake source characteristics

In this study, all recorded broadband seismic data of the Moc Chau
earthquake sequence were converted into the SEISAN format (Havskov
and Ottemoller, 1999) for further data processing. To analyze the
earthquake sequence, all phase arrival times from the selected events
were manually identified. Earthquake events were initially located

Fig. 3. Converted intensity from field survey after the mainshock and isoseismal line inferred from the survey points.
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through the HYPOCENTER method (Lienert and Havskov, 1995) by
using a one-dimensional (1D) P-wave velocity model (Table 1) and a
constant Vp/Vs ratio of 1.71 based on a combination of local and
regional velocity models (Huang et al., 2013; Nguyen et al., 2013;
Nguyen et al., 2020). This model is currently used by IGP to locate
earthquakes in Northern Vietnam. We examined the location, time re-
sidual, and location error on each event after the initial location. If the
time residual or location is large, we checked the phase pick and re-
picked if necessary, and located the earthquake again using the same
method. Location errors for earthquakes were determined as standard
errors in depth (ERZ), standard errors in epicenter (ERH), and the root
mean square of travel time residuals (RMS). Table 2 lists the final
location and estimation errors in the analysis of the events of the Moc
Chau earthquake sequence. The errors were relatively small, with an
average ERH of 3.05 km, average ERZ of 2.33 km, and average RMS of
0.33s.

We applied the Bayesian ISOLA method (Vackar et al., 2017) to
determine the focal mechanisms of the Moc Chau earthquake sequence
with M,y of > 3 (Table 2). In this study, moment tensors were determined
using waveform fitting between broadband velocity data and synthetic
seismograms through full-waveform inversion at 0.02-0.2 Hz. Fig. 4
presents the moment tensor solution of the M,, 5.0 mainshock deter-
mined by fitting velocity seismograms from 12 stations. To determine
the point source moment tensor solution, we inverted long-period sig-
nals of broadband waveforms by using synthetic Green’s functions for
compatible frequency content. Based on the results, we rejected records
from a near-source station (MCVB) that were dominated by high-
frequency signals as well as those from two other stations (the near-
coastal station THVB and BGVB, which had thick sediment) with sig-
nificant local site effects. Apart from the records obtained from the three
aforementioned stations, the waveforms of the records from the other
stations exhibited a reasonable fit.

The focal mechanism of the mainshock determined by our study was
compared with those determined by the Thai Meteorology Department
(TMD), United States Geological Survey (USGS), and Global Centroid
Moment Tensor (GCMT) catalog (Table 2 and Fig. 4c). Overall, these
focal mechanism solutions were consistent, presenting nearly vertical
strike-slip ruptures.

Table 2 lists the moment tensor solutions determined for the 12 af-
tershocks (3.0 < M, < 4.4) of the Moc Chau earthquake. The focal
mechanisms of all aftershocks were determined to be similar to those of
the mainshock. Fig. 5a illustrates a plot of the distribution of these af-
tershocks; the focal mechanisms exhibited a possible northwest-
southeast orientation along the Da River fault, which is a dextral
strike-slip fault (Dinh et al., 2018). In Fig. 5b, we plotted aftershock
hypocenters in a cross-section perpendicular to the Da River fault (green
line in Fig. 5a). All aftershocks were shallow earthquakes with depths
of<10 km and were adequately aligned in the vertical cross section. In
terms of spatial distribution, these events exhibited a nearly vertical
extension from the fault surface trace, indicating a nearly vertical fault
plane (Fig. 5b, dashed line). The distribution of these events fits well
with one of the fault planes of those focal mechanism solutions.
Accordingly, we speculated that the likely rupture fault was a near-
vertical dextral fault striking in the northwest-southeast direction and
that the Moc Chau earthquake sequence was characterized by dextral

Table 1
Employed 1D velocity model for locating earthquakes in this
study.
Layer (km) P-wave velocity (km/s)
0-4 5.86
4-14 5.94
14-18 6.22
18-30 6.24
30-50 7.80
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strike-slip events related to the activation of the Da River fault. To
further investigate the mechanism of the earthquake sequence, we
employed Vavrycuk, (2014) procedure to calculate the principal axes of
each event. The software proposed by Vavrycuk, (2014) reads the focal
mechanism of each earthquake and calculates the corresponding P-, T-,
and B-axes of each event and the best-fitted 61, 62, and ¢3 stress di-
rections. Fig. 5a and Fig. 6 present the P- and T-axes of the analyzed
events while the principal stress directions are shown in Fig. 6.

4.2. Ground motion attenuation model assessment

The Moc Chau earthquake has been the largest recorded local
earthquake since the deployment of a broadband seismic network in
Vietnam (Huang et al., 2009; Lu et al., 2018). Through this network,
high-quality seismograms of the Moc Chau earthquake and its after-
shocks could be recorded. Furthermore, the seismic stations adequately
covered the locations of this sequence, thereby providing improved
access to data on the ground motion properties within the station
network. In this study, we collected 49 three-component seismograms of
the mainshock (M,y = 5.0) and three aftershocks (M,, = 3.1, 4.1, and
4.4) recorded by the 15 stations; these seismograms had a high signal-to-
noise ratio and were used for further analysis.

We calculated the pseudo-spectral acceleration (PSA) of a 5% dam-
ped single-degree-of-freedom oscillator, which is a commonly used in-
tensity measure for hazard assessment. We computed peak ground
acceleration (PGA) and 5% damped PSA data in 105 oscillation periods
ranging from 0.01 to 10 s for each component of a ground motion ac-
celeration time series (one vertical and two horizontal). The geometric
mean of the observed horizontal motion components was then calcu-
lated. The ratios of the horizontal to the vertical spectra were also
estimated to identify the site characteristics on the basis of the dominant
frequency of a given station.

The recorded PGA values were compared with those predicted using
the attenuation equations proposed by Nguyen et al. (2012; hereafter
N12) and Tran and Kiyomiya, (2012; hereafter TK12). The N12 and
TK12 equations are both considered simplified ground motion predic-
tion equations (GMPEs) and were developed using Vietnamese earth-
quake data. We calculated the epicentral distance for each record,
retrieved its horizontal PGA value, and plotted attenuation curves for
both GMPEs. Fig. 7 presents a comparison of the observed ground mo-
tions with the N12-predicted (solid curve) and TK12-predicted (dashed
curve) ground motions caused by the mainshock (Fig. 7a) and three
aftershocks (Fig. 7b) of the Moc Chau series. The observed PGA revealed
a clear distance attenuation between stations. The N12-predicted
ground motions generally exhibited good agreement with the
observed data for all four events. Although the same events were used,
the TK12-predicted ground motions were significantly greater than the
N12-predicted ground motions.

4.3. Seismic site condition classification

Similar to earthquake source and path effects, seismic site effects
play a major role in determining the characteristics of strong ground
motions (Boore, 2003; Bindi et al., 2014). The shear wave velocity in the
upper 30 m (Vg3p) has been widely used in GMPEs and building codes as
a parameter for determining site conditions. However, information on
the Vg3p of the Vietnam region is limited; therefore, most studies have
used a constant Vg3g value for GMPEs (Tran and Kiyomiya, 2012, 2013).
Recently, to facilitate the employment of GMPEs, the horizontal-to-
vertical spectral ratio (HVSR) has been documented for classifying
sites and estimating the Vg3p range (Di Alessandro et al., 2012; Zhao
et al., 2006). In this study, Vs3p was determined through a similar pro-
cedure. As mentioned, most of the stations record earthquakes through
two types of sensors: broadband velocity seismometers record velocity
seismograms, and accelerometers record acceleration seismograms.
Because the broadband velocity seismometers (high-gain channels) have
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Table 2
Source parameters of the Moc Chau earthquake sequence.
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Event id ML M,, Location Depth ERH ERZ RMS Nodal plane Nodal plane Moment tensor method/
(km) (km) (km) (s) 1 2 Author
202,007,270,514 (Main 5.0 5.0 20.929°N 7.1 2.4 2.1 0.5 115/84/- 24/83/61 (€]
shock) 104.708°E 173
49  20.863°N 10.0 217/61/25 115/69/148  (2)
104.624°E
5.0 21.11°N104.80°E 5.0 299/51/177  32/87/39 3)
5.0 20.94°N104.74°E  13.1 119/77/167  212/78/63 “@
202,007,270,537 31 3.0 20.929°N 6.8 2.0 1.3 0.43 129/78/- 39/89/-12 (@))]
104.683°E 179
202,007,270,850 3.4 34  20.930°N 4.1 3.9 3.9 0.16 122/80/- 32/89/-10 @
104.714°E 179
202,007,270,915 3.3 31 20.928°N 6.1 2.3 1.5 0.36 16/81/-25 111/65/- (@))]
104.708°E 170
202,007,272,316 3.4 33  20.926°N 1.9 6.7 4.3 0.05 305/89/173  35/83/1 (@)
104.725°E
202,007,280,125 41 41  20.910°N 5.3 3.9 3.4 0.13 26/90/-7 116/83/- (@))]
104.716°E 180
202,007,280,500 3.1 3.0 20.913°N 7.8 2.6 1.9 0.4 304/85/167 36/77/5 (€]
104.703°E
202,007,281,107 3.4 33 20.925°N 7.0 3.0 3.4 0.1 129/83/- 38/86/-7 (@)
104.708°E 176
202,007,281,326 3.5 33 20.925°N 6.1 2.3 1.5 0.49 308/90/174  38/84/0 (@))]
104.716°E
202,008,031,015 3.4 34 20911°N 6.6 2.5 1.3 0.45 121/75/178  212/88/15 1
104.734°E
202,008,041,525 3.4 3.0 20.928°N 10.1 2.7 1.4 0.39 103/74/170  196/80/17 @
104.686°E
202,008,062,328 3.0 3.3 20.933°N 10.0 2.5 1.8 0.34 190/89/31 100/59/179 (€]
104.693°E
202,008,170,113 44 44  20.907°N 6.9 2.9 2.5 0.55 15/73/-26 113/66/- (@)
104.749°E 161

(1) Bayesian ISOLA full waveform inversion (Vackar et al., 2017)/ this study.
(2) Body-wave moment tensor/ USGS.

(3) Body-wave moment tensor, TMD.

(4) GCMT solution.

greater sensitivity than the accelerometers (low-gain channels), we used
broadband velocity seismograms in place of acceleration seismograms,
which have previously been commonly used by earthquake engineering
as tools for estimating site conditions. Therefore, using broadband ve-
locity seismograms, the ground motion from small events can be well
recorded to analyze and to add to the databases. According to Zhao et al.
(2006), the soil at a site can be classified as rock, hard soil, medium soil,
or soft soil on the basis of information on the predominant period (Tg)
and the peak HVSR, both of which can be determined from seismic re-
cords. Tg can be set to < 0.2 s for a rock site, to 0.2-0.4 sec for a hard-soil
site, to 0.4-0.6 s for a medium-soil site, and > 0.6 s for a soft-soil site
(Zhao et al., 2006). In this study, the soil types were defined according to
the specifications of Zhao et al. (2006). Fig. 8 illustrates four typical sites
in Northern Vietnam classified according to Tg and the peak HVSR. It is
noted that the sites under consideration of at least 3 recordings whose
peak of the HVRS ratios are obvious in term of its amplitude and loca-
tion. Table 3 presents a summary of the estimated site conditions for the
stations according to the peak HVSR and related period Tg. These sta-
tions exhibit as a variety of site conditions, from soft soil (Vg3o < 200 m/
s) to rock stiff soil (Vs3p > 600 m/s). These estimated site conditions of
the seismic stations were applied to quantify several GMPEs.

5. Discussion

As presented in Fig. 6, all of the events had similar northwest-
southeast P-axes and northeast-southwest T-axes on the horizontal
plane. This stress pattern is consistent with previous reports of the
Northern Vietnam tectonic stress field in which the maximum horizontal
compression direction ranges from northwest-southeast to north-south
and the maximum extension direction is northeast-southwest (Dinh
etal., 2020; Zuchiewicz et al., 2013). This stress pattern of the Moc Chau

earthquake sequence was caused by the same regional stress field with
the major regional large dextral faults, including the Red River fault
(Zuchiewicz et al., 2013), Son La fault, and Ma River fault (Wu et al.,
2018). Similar focal mechanisms and stress states were determined in
the Son La and Ma River fault through a focal mechanism inversion of
microseismic data (Wu et al., 2018). Similar to our results, previous
geological and seismological studies (Dinh et al., 2020; Replumaz et al.,
2001; Wan et al., 2016; Wu et al., 2018) have indicated that the
Northern Vietnam region is under a stable stress regime that is capable
of producing dominantly right-lateral strike-slip earthquakes along
northwest-southeast faults.

Geological studies on the seismotectonics of Northern Vietnam have
suggested that relatively strong earthquakes with magnitudes of > 6
may occur along the major faults of the area, including the Red River, Lo
River, and Chay River fault (Allen et al., 1984; Phan et al., 2019; Trinh
et al., 2012; Zuchiewicz et al., 2004). Moreover, minor faults including
the Da River fault, are capable of producing earthquakes with a
magnitude of > 5 (Phuong, 1991).

As displayed in Fig. 7, the N12 equation generally predicted the PGA
of the Moc Chau earthquakes. However, as observable in the mainshock
prediction, the N12 equation prediction is slightly over the PGA at the
MCVB station, for which the epicentral distance was 9.7 km. The N12
equation does not account for information regarding site conditions or
frequency-dependent variations of ground motion, which limits its
applicability in seismic hazard studies and engineering applications.
Both site condition and signal frequency are sensitive parameters to
ground motion amplification and are necessary for modern GMPEs
(Bommer et al., 2010). The TK12 equation has a similar limitation.
Therefore, to more accurately assess the seismic hazards for Northern
Vietnam, we evaluated the effects of site condition and
frequency-dependent attenuation of ground motion by using the Moc
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Fig. 4. Focal mechanism solution for the M, 5.0 Moc Chau mainshock: a) comparison between observed and synthetic waveforms for best fitting solutions; b) map of
seismic stations used in moment tensor inversion; c) beachball representation of focal mechanism solutions obtained by this study, the TMD, the USGS, and

the GCMT.

Chau earthquake data, and we compared our observations with those
predicted using existing GMPEs.

In Vietnam, measures for the mitigation of seismic hazards in con-
struction have recently been updated to include a seismic design code
for Vietnam TCVN9386:2012 (IBST, 2012). However, to improve
seismic risk preparation, a reliable GMPE is necessary. To develop such a
GMPE, we compared observations obtained for the Moc Chau earth-
quake with site-specific predictions. The PGA and 5% damped PSA at 0.2
and 1 s were analyzed to determine the ground motions in short, middle,
and long periods. We selected eight candidate GMPEs and categorized
them into three groups. The first group comprised four equations,
namely ASK14 (Abrahamson et al., 2014), BSSA14 (Boore et al., 2014),
CB14 (Campbell and Bozorgnia, 2014), and CY14 (Chiou and Youngs,
2014), developed for global application as a part of the NGA-West2
project. The second group comprised two Taiwan-specific GMPEs,
namely CH20 (Chao et al.,, 2020) and Ph20 (Phung et al., 2020),
developed for a probabilistic seismic hazard analysis study in Taiwan
(NCREE, 2015). The final group comprised two equations, namely CBO8
(Campbell and Bozorgnia, 2008) and ASB14 (Akkar et al., 2014), used in
a recent PSHA study in Vietnam (Truyen and Phuong, 2019).

To make predictions using the aforementioned GMPEs and compare
them with the ground motion observations for the Moc Chau earth-
quake, source and path effects and site conditions were required as input

parameters. M,, and focal depth (H) were adopted from moment tensor
inversion. The selected GMPEs were based on two different distance
metrics: the rupture distance (Ryyp) and Joyner-Boore distance (R;p). The
ASK14, CY14, CB14, CH20, PH20, and CB08 equations were used in the
Rryp-based models, and the BSSA14 and ASB14 equations were used in
the Rjp-based models. Because all earthquakes considered in this study
were small (M,, < 5), we considered a point source model would be
appropriate. Therefore, Ry, was considered to be the hypocentral dis-
tance (Ryyp), and R, was considered to be the epicentral distance (Repy).
In most of the GMPEs (ASK14, CY14, CB14, CH20, PH20, and CB08), the
depth to the top of the rupture (Z) is used as an additional source
parameter, and Z, can be used as the H-depth. Regarding site condi-
tion, all selected GMPEs require Vgso as an input; accordingly, in this
study. the Vggq values for each site were inferred from the data presented
in Table 3. The focal mechanism was set to strike-slip earthquake. All
other parameters, such as the hanging-wall effect, directivity effect, and
basin depth (Z; or Z 5), were set to their default levels (i.e., zero effect).
Our analysis procedure and earthquake source parameter definitions
were based on those outlined by Phung et al. (2020).

On the basis of the analysis procedure outlined by Phung et al.,
(2020), we visually compared the predictions obtained using the
candidate GMPEs with the seismic observations for the Moc Chau
earthquake sequence in terms of PGA and PSA at different oscillation
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Fig. 5. Map of location and focal mechanism of Moc Chau earthquake sequence with magnitude of > 3: a) beachballs represent focal mechanisms of the Moc Chau
earthquake sequence, with the lines indicating P- and T-axes of corresponding events; b) hypocenter locations with depth across the section (green line) of the
illustration in a), with dashed line indicating possible fault plane. Error bars on each event are ERH and ERZ for horizontal and vertical axes, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Principal stress axes 61, 62, and 63 obtained through stress inversion
using 13 focal mechanism solutions of the Moc Chau sequence. Red circles
denote the P-axes for each earthquake in the sequence and blue plus symbols
denote T-axes. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

periods (T = 0.2 and 1 s), as displayed in Fig. 9. The first panel in this
figure presents the comparison results for the PGA data, and the second
and third panels present the comparison results for the PSA data at
oscillation periods of 0.2 and 1 s, respectively. The strong ground mo-
tions caused by the three events (My, = 4.1, M,, = 4.4, and the main-
shock M,y = 5) did not differ significantly at the station located at 10 km
from the source. Notably, the candidate GMPEs were executed using the
data for the M,, 5 event to compare with the main event. Overall, as
presented in Fig. 9, the average PGA and PSA (at 0.2 s) values observed
were lower than those predicted by the candidate GMPEs. However, the
predictions of the candidate GMPEs exhibited a significantly poor fit
with the observed data for the period T = 1 s, suggesting a different rate

of distance decay in Northern Vietnam than that reported in the data of
Taiwan (CH20, PH20) and California, USA (ASK14, BSSA14, CB14, and
CY14). Among the candidate GMPEs, the predictions by the CH20
equation exhibited a superior fit to the data across all periods. Thus, the
CH20 model was determined to be the most suitable; it had stronger
attenuation and was consistent with the data.

In probabilistic seismic hazard analysis (PSHA), standard practice is
to select a set of appropriate GMPEs, which describe the mean and
standard deviation of ground motion in the computation procedure of
PSHA. As mentioned, the CH20 model exhibited the best fit to the ob-
servations in this study. CH20 predictions with different standard de-
viations can be selected as input; for example, one standard deviation at
T =15 (sigma = 0.75) can allow for accurate estimates of ground motion
levels as input for PSHA calculations. Nevertheless, for it to be applied in
a PSHA study, the standard deviations of the CH20 model’s predictions
in different periods must be further examined. In the near future, new
ground motion records in Northern Vietnam are expected to build a local
GMPE; the existing model of CH20 is likely the best candidate for an
initial model and is expected to predict ground motions with greater
accuracy than the previous candidate GMPEs.

6. Conclusions

The Moc Chau earthquake sequence has provided new data for
exploring the characteristics of source and ground motions in Northern
Vietnam. Analyses of focal mechanisms and earthquake locations
revealed the earthquake sequence to be related to the activation of the
Da River fault under the stress regime of northwest-southeast to north-
—south maximum horizontal compression and northeast-southwest
maximum extension. The results of this study also indicate that the
Northern Vietnam region is under a stable stress regime that can produce
dominantly right-lateral strike-slip earthquakes along the faults on
northwest-southeast direction. The Moc Chau earthquake sequence
serves as an example of the potential strong earthquake occurrence in
Northern Vietnam.

The recorded PGA data of the 2020 Moc Chau earthquake sequence
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Fig. 7. Comparison of observed ground motion for PGA and those estimated through N12 and TK12 GMPEs. (a) Moc Chau mainshock (M,, = 5.0) and (b) three
aftershocks (M, = 3.1, 4.1, and 4.4). MCVB station with epicentral distances of<10 km for mainshock and its aftershocks.

Fig. 8. HVSR values used in site classification for four typical sites in Northern Vietnam. Individual and mean HVSR values are presented in each plot. The map

contains locations of seismic stations.

were compared with N12- and TK12-predicted motion. The N12-
predicted ground motions generally agreed with the observed data,
and the TK12-predicted motions significantly exceeded the N12-
predicted motions.

We also tested eight candidate GMPEs for Northern Vietnam by using
observations of the Moc Chau earthquake sequence. We performed a
visual comparison of the predictions obtained by candidate GMPEs with
the earthquake observations to evaluate the applicability of the GMPEs.
This comparison revealed the CH20 equation to be the most suitable
model among the candidates. However, an establishment of a new

GMPE for Northern Vietnam is necessary for this equation to be appli-
cable in earthquake engineering. To achieve this, new observations and
systematic analyses are required.
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Table 3
Classification of sites for each station in this study.
Station ~ Network  Number of Peak of H/V Dominant period, Tg ~ Zhao et al. 2006 & Alessandro etal. ~ NEHRP Average Note
Records ratio (s) 2012 class Vs30
classification
BGVB VN 1 4.12 0.2 SCII:(Hard soil) C+D 300-600 m/
s
BKVB VN 4 3.00 0.13 SCI:(Rock Stiff soil) A+B+C >600 m/s
CBVB VN 4 2.34 0.6 SC IV: (soft soil) D+E <200 m/s
CCVB VN 4 1.28 0.1 - - >600 flat H/V and peak
<2
DBVB VN 4 2.97 0.55 SC III: (Medium soil) D 200-300 m/
s
HBVB T™W 4 5.57 0.32 SCII:(Hard soil) C+D 300-600 m/
s
HGVB VN 4 1.72 0.85 - - >600 flat H/V and peak
<2
LSVB VN 2 2.03 0.065 SCI:(Rock Stiff soil) A+B+C >600 m/s
MCVB VN 4 2.84 1.2 - D+E <200 unclear peak
MLVB VN 4 2.19 0.36 SCII:(Hard soil) C+D 300-600 m/
s
SLV RM 4 1.49 0.13 A+B+C >600 flat H/V and peak
<2
THVB VN 3 2.83 0.36 C+D 300-600 m/ unclear peak
s
TYVB VN 4 4.20 0.15 SCI:(Rock Stiff soil) A+B+C >600 m/s
VCVB VN 4 2.38 0.48 SC III: (Medium soil) D 200-300 m/
s
VTVB VN 1 3.17 1.1 SC IV: (soft soil) D+E <200 m/s

Fig. 9. Comparison of candidate GMPEs for PGA (a) and PSA at periods of 0.2 s (b) and 1 s (c) with observed data from the four events (M,, = 3.1, 4.1, 4.4, and 5).

Candidate GMPEs were computed using M, = 5.
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