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ABSTRACT

The seismic activities and hazards in People’s Democratic Republic Laos were
analyzed using the most up-to-date seismicity data. Both the a- and b-values of the
frequency-magnitude distribution model, including the return period of earthquake
magnitude in the range of 5.0 - 6.0 M,,, were evaluated spatially in a region that ex-
tends 300 km from Laos. Six seismic source zones with different seismic activities
were found. Based on these seismic source zones and a suitable attenuation model,
seismic hazards were then analyzed in both deterministic and probabilistic scenarios.
The deterministic map showed a possible maximum ground shaking up to 0.4 g in
Northern Laos, whereas the ground shaking calculated from the probabilistic ap-
proach was < 0.32 g for 2% probability of exceedance in the next 50 yr. The prob-
ability of exceedance of an earthquake with a Modified Mercalli intensity scale of
level IV - V, VI and VII in Laos in the next 50 yr was > 90, 70 - 90, and 20 - 40%,
respectively, and was higher in the northern part. From these seismic activities and
hazard analyses, Laos can be clearly separated into the three hazard zones of north-
western, northeastern and southern Laos with a high, medium and low earthquake
hazard, respectively. Therefore, effective mitigation plans to reduce the impact of
seismic hazards should be formulated and in particular for a number of major prov-
inces located in the northern part of Laos.

1. INTRODUCTION

Although People’s Democratic Republic Laos (hereaf-
ter called Laos) is far away from the major tectonic plate
boundary (the Sumatra-Andaman Subduction Zone), the
tectonic stress caused by the present-day Indian-Eurasian
plate collision influences areas within the plate (Vergnolle
et al. 2007). As a result, Laos and the adjacent areas are
dominated by some inland seismogenic fault zones, such as
the Dien Bien Phu (Zuchiewicz et al. 2004), Mae Ing (Fen-
ton et al. 2003), Nam Ma (Morley et al. 2007), and the Red
River (Duong and Feigl 1999) fault zones. Based mainly on
instrumental earthquake records, a number of shallow crust-
al earthquakes have been recorded in the vicinity of Laos,
and in particular in the northern part, during the last three
decades of 1980 - 2015 (Fig. 1). Among these earthquake
records, at least 17 large earthquakes with a M, = 6.0, plus
the three major earthquakes of the M,-7.0 and M,-7.7 in
1988 and the latest M,,-7.1 earthquake posed in 2011, have
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been reported. Accordingly, Laos has experienced recent
hazardous earthquake ground shaking.

Up to the present, the only seismic hazard map of Laos
was a preliminary one developed by the United Nations
Office for Coordination of Humanitarian Affairs (OCHA,;
http://ochaonline.un.org). This map, however, depicts the
severity of earthquakes in terms of the Modified Mercalli
Intensity (MMI) scale for a 250-yr return period. In order
to serve the infrastructure and utility advancements in Laos
according to the upcoming ASEAN Economics Community
(AEC), seismic hazard maps showing the ground shaking
distribution should be proposed, and so this was the main
aim of this study.

2. SEISMICITY DATA AND COMPLETENESS

Within seismic hazard analysis (SHA), seismogenic
faults are recognized as the major sources of earthquakes
and local paleoseismological evidence is required for the
determination of earthquake activities and in particular for
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Fig. 1. Map of mainland Southeast Asia showing the epicentral distributions of the completeness earthquake data (grey circles). Earthquakes with a
M, = 6.0 and = 7.0 are illustrated as blue circles and red stars, respectively. The red lines delineated in the maps are the seismogenic faults previously
proposed by Pailoplee et al. (2009). (1) Red River, (2) Nam Ma, (3) Mae Ing, and (4) Dien Bien Phu fault zones. (Color online only)

the major-to-great earthquakes (M,, = 7.0). However, ac-
cording to the lack of paleoseismological investigations in
Laos and the neighborhood areas, this SHA of Laos was
focused on the accessible seismicity data.

In order to consider effectively the seismicity affecting
to Laos, the earthquake data were collected in a region that
extends 300 km from Laos (Gupta 2002). In the vicinity of
Laos (latitude 10.8 - 25.7°N and longitude 96.7 - 111.0°E),
7540 earthquakes with a magnitude range of 1.0 - 7.7 have
been reported during 1964 - 2015 by (1) the International
Seismological Centre and (2) the US National Earthquake
Information Center. For this study, all the earthquakes re-
ported in the m,, or M; scales were converted directly to the
M, scale using the relationships contributed empirically by
the available earthquake data (Figs. 2a and b). Meanwhile,
M; scale was converted to m,, according to the relationship
in Fig. 2c. After that, the obtained m, was re-converted to
M, scale using the relationship as shown in Fig. 2a. Thereaf-
ter, the dependent foreshocks and aftershocks were screened
for using the Gardner and Knopoff (1974)’s assumption and
deleted. As a result, 1906 main shocks, representing the
seismotectonic activities remained. The GENAS algorithm
(Habermann 1987) was used to check for man-made arti-
facts in the earthquake records, as reported previously (Wyss
1991; Zuniga and Wiemer 1999). According to the GENAS
algorithm, 1216 events of mainshocks with a M,, = 3.3 re-
corded during 1980 - 2014 conformed to a linear cumulative
pattern (Fig. 2d), which implied that these data are complete
and meaningful for seismicity investigations, and so were

used as the complete dataset in this study.

3.SEISMMIC ACTIVITIES

Characterization of the seismic activities at a particular
region is commonly expressed in seismic hazard parameters.
Based on Kramer (1996), the three parameters that represent
the seismic activity and are considered in SHA are the maxi-
mum credible earthquake (MCE) and the frequency-magni-
tude distribution model (FMD) a- and b-coefficient values
(Gutenberg and Richter 1944), as expressed in Eq. (1);

log(N)=a-bM (nH

where N is the number of earthquakes with magnitude = M
generated per year. The a- and b-values are positive con-
stants that vary in both time and space windows.

From Eq. (1) and the plot of the complete earth-
quake data as the magnitude versus the cumulative number
(Fig. 2e), based on the entire-magnitude-range technique
(Woessner and Wiemer 2005), the straight line showing the
best regression fit indicated FMD a- and b-values of 4.38
and 0.75 + 0.03, respectively. The magnitude of complete-
ness (Mc), which represents the recording capability of the
seismic network, was limited at M, > 4 2.

For spatial investigation of the FMD, the study area
was divided into 0.25° x 0.25° cells and earthquakes located
within a 200-km radius from each cell were plotted using the
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Fig. 2. Relationship of the magnitude scales between (a) M,,-m,, (b) M,-Mg, and (c) m,-M; (d) Cumulative number of earthquakes with M,, > 3.3 re-
corded during 1980 - 2014. (e) The FMD plot of the completeness earthquake data, where the straight line depicts the best fit of the earthquake data.

ZMAP program (Wiemer 2001) as applied successfully by
a number of seismicity analysis (i.e., Gambino et al. 2014;
Meng and Peng 2014; Ozmen et al. 2014). The FMD a- and
b-values were then estimated and mapped (Figs. 3a and b).
Due to the lack of earthquake data, the FMD plot at North-
eastern Thailand, Southern Laos, Vietnam and Cambodia
were not available.

Two regions showing prominent high a-values (3.0 -
5.0), were found at Northern Laos and the Vietnam-South-
ern China border (Fig. 3a), whereas the areas surrounding
Western Thailand and the Thailand-Laos border revealed
comparatively low a-values (0.5 - 1.0). Since the FMD
a-value implies seismically the entire rate of seismicity,
Northern Laos and the Vietnam-Southern China border area
was interpreted as a high seismic activity region (Fig. 3a).

The calculated FMD b-values ranged from 0.4 - 1.4
and showed a spatial distribution that was quite similar to
that for the FMD a-value (Fig. 3a). In contrast to the FMD
a-value, higher FMD b-values imply seismically a lower
chance of generating a large earthquake. Thus, the areas

conforming to high or low FMD a- and b-values are not
congruent and prevent a more exact determination of their
seismic hazard status. In order to clarify the earthquake ac-
tivities, the return period of M,,-5.0 and M,-6.0 earthquakes
were estimated after weighting of both the a- and b-values
(Yadav et al. 2011; Figs. 3c and d).

For the return period of a M,,-5.0 earthquake, most of
the areas had a short recurrence interval of 0 - 10 yr, although
the northeastern part of the study area had a return period of
a M,,-5.0 earthquake in the range of 10 - 25 yr and up to 50 yr
in the eastern part of the Southern China (Fig. 3c).

For the return period of a M,,-6.0 earthquake, the differ-
ent hazardous zones were more clearly illustrated. The first
zone, with regionally high seismic activities, was the Myan-
mar-Southern China border with an estimated return period
of < 10 yr. The second area is a small stripe of moderate
seismic activity that delineates NE-SW along the northern
parts of Vietnam, Laos and Thailand and has a return period
of around 10 - 30 yr. The third area, with a low seismic ac-
tivity, was the eastern part of the Vietnam-Southern China
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border with a return period of a M,,-6.0 earthquake of up to
40 yr (Fig. 3d).

4. SEISMIC SOURCE ZONATION AND
PARAMETERIZATION

In SHA, the theoretical identification of seismic source
zones needs a complete integration of the geological back-
ground, tectonic setting and paleoseismological evidence,
including the historical and instrumental earthquake records.
However, in practice this data cannot always be perfectly
compiled and this is the case here for Laos. Some models
of the seismic source zones within the study area have been
proposed previously (Nutalaya et al. 1985; Charusiri et al.
2005; Pailoplee and Choowong 2013), but these models
suggested that Laos and the adjacent areas were the same
seismic source. In order to gain more details in the SHA, in
this study the seismic source in Laos and the adjacent areas
were newly defined from the return period map of the M,,-
6.0 earthquake (Fig. 3d). As a result, six potential seismic
source zones (A - F) that represent different return periods
of 0 - 10, 10 - 20, 20 - 30, 30 - 40, 40 - 50, and > 50 yr, re-

spectively, were proposed (Fig. 3e and Table 1).

In order to provide the earthquake parameters needed
for the SHA, the completeness earthquake data located
within each defined seismic source zone were collected.
The bulk FMD was plotted and the a- and b-values were
evaluated for each seismic source (Fig. 4). Due to the lack of
paleoseismological data mentioned above, the MCE in each
source zone was alternatively estimated based on the maxi-
mum earthquake reported in the completeness earthquake

Table 1. Seismic parameters representing the earth-
quake potential in each of six defined seismic source

zones (A - F).
Zone MCE FMD a-value FMD b-value Mc
A 7.7 391 0.71 42
B 7.1 3.96 0.73 43
C 6.5 3.58 0.75 4.0
D 6.8 246 0.55 34
E 6.8 294 0.75 3.8
F 6.8 334 0.74 3.8
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Fig. 4. The FMD plots of the six seismic source zones as illustrated in Fig. 3e.
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catalogue. The details of the seismic parameters evaluated
for the six seismic source zones are expressed in Table 1.

5.SEISMIC HAZARD ANALYSIS

In the SHA computation, the six areal seismic source
zones (section 4) and the territory of Laos were converted
equally to 0.25° x 0.25° grid points. The seismic param-
eters expressed in Table 1 were then utilized to evaluate the
earthquake potential of each seismic source zone. The strong
ground-motion attenuation models of Sadigh et al. (1997)
[Eq. (2)] were applied as suggested by Chintanapakdee et
al. (2008) for Thailand, including the neighborhood areas.
Accordingly, the SHA was based on two well-known sce-
narios of the deterministic and probabilistic seismic hazard
analyses, as detailed in sections 5.1 and 5.2, respectively.

In(PGA)=C, + C,M + C;(8.5- M)**
+CyIn[R,,, + exp(Cs + CsM)] )
+ C7In(R,,, +2)

According to Eq. (2), the peak horizontal ground accel-
eration is in (g) for the rock site condition, M means the mo-
ment magnitude, R,,, denotes the distance measured from
the earthquake source to the site of interest (km), and C, - C;
are constants of the relationship (Sadigh et al. 1997). In case
of rock site condition, C;=0,C,=-2.1,and C; =0. For M <

65,C,=-0624,C,=1.0,C5s=1.297, and C; = 0.250 mean-
while forM>6.5,C,=-1274,C,=1.1,Cs=-0.485,and C,
= 0.524. The standard deviation (0) = 1.39 - 0.14 M.

5.1 Deterministic Seismic Hazard Analysis (DSHA)

Conceptually, the DSHA aims at finding the maximum
ground shaking as possible at a given site. This assumption
ensures that a structure can withstand the MCE, it will au-
tomatically withstand all other (i.e., smaller earthquakes)
as well. As a result, according to Krinitzsky (2003), each
obtained MCE (Table 1) was assumed to occur within the
seismic source zone at the shortest distance from the source
to the investigation site. Utilizing the applied attenuation
model as expressed in Eq. (2), the seismic hazards were es-
timated in terms of peak ground acceleration (PGA) without
regard to the likelihood of earthquake occurrence.

The obtained DSHA maps of Laos illustrate that the
distribution of PGA ranged from 0 - 0.4 g (Fig. 5). Usu-
ally, the high hazard levels are found in the northern part
where a number of seismogenic faults have been defined
(Pailoplee et al. 2009). Among the significant provinces of
Laos, Louang Namtha province was the most earthquake-
prone area with a calculated PGA of up to 0.4 g from the
DSHA. Meanwhile, for Sam Neua, Luang Prabang, Vang
Vieng, and Paklay provinces, including the capital city of
Laos (Vientiane), the DSHA revealed a PGA in the range
of 0.27 - 0.32 g. In Southern Laos, the seismic hazard was

1
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Fig. 5. Possible PGA map of Laos, as evaluated by DSHA. (Color online only)
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quite low and mostly less than 0.04 g. The low-hazard areas
were occupied by Thakhek, Savannakhet, Champasak, and
Khong provinces (Fig. 5).

5.2 Probabilistic Seismic Hazard Analysis (PSHA)

In contrast to the DSHA, PSHA (Cornell 1968) esti-
mates the likelihood (4) that a specific ground-shaking level
(A) of interest is equal to or exceeds the ground-shaking
level (Ay), as expressed in Eq. (3);

AA= A= g:l Vi fffM,v(m)ﬁe[(r)P[A (m,r)= Ay|m, rldmdr (3)

where f);(m) is the probability density function of mag-
nitude (Youngs and Coppersmith 1985); fx(r) is the
probability density function for source-to-site distance;
P[A(m,r) = Ay | m, r] is the probability of exceedance (POE)
of a threshold value A, depending on m, r, and the utilized
attenuation model. The term v; is the average rate of earth-
quake occurrence for an individual seismic source zone r
from the total Ns recognizing seismic source zones.

Utilizing the CU-PSHA software (Pailoplee and Palasri
2014), the f;(m) was evaluated for each of the 10 magnitude
ranges subdivided between MCE (in M,, unit)-3.0 M,,. The
fxi(r) was estimated in each of the 50 case studies from the
longest to shortest distance from the source to site. From
each pair of f,;(m) and f(r) supplemented by the attenua-
tion model, 200 cases of POE were calculated for a PGA of
between 0.005 and 1.995. Then at each investigated site, the
hazard curve showing the relationship between the POE and
the PGA in the Y- and X-axis, respectively, was formed.

The hazard curves of some of the major provinces (11
in total) in Laos are shown in Fig. 6, where it is noticeable
that Luang Prabang, Louang Namtha, and Paklay provinces
are located in a high earthquake hazard region. Meanwhile,
Vientiane, and Sam Neua provinces are in a comparatively
low seismic hazard area.

With respect to the PSHA map, Kramer (1996) pro-
posed two useful methods for mapping the PSHA based on
the hazard curve of the ground shaking map and the prob-
ability map, and these are analyzed in turn in sections 5.2.1
and 5.2.2, respectively.

5.2.1 Ground Shaking Maps

A ground shaking map illustrates spatially the PGA
level (in units of g) that corresponds to a particular POE in
the time span of interest (Kramer 1996). In this PSHA, the
ground shaking maps for a 2 and 10% POE in 50 yr were
derived (Fig. 7), and were found to be roughly analogous
to that obtained from the DSHA (Fig. 5), except that the
hazard level was lower in the PSHA than in DSHA. For

instance, taking a 2% POE (Fig. 7a), a high hazard level of
0.24 - 0.27 g was found in the northwestern part of Laos,
where Louang Namtha, Luang Prabang, Vang Vieng, Pak-
lay, and Sam Neua provinces are located. Meanwhile, the
PGA in the northeastern part of Xieng Khouang and Vien-
tiane provinces was around 0.12 - 0.21 g, which is defined
as a comparatively moderate seismic hazard zone in Laos.
The lowest seismic hazard in Laos was in the southern part
at Thakhek, Savannakhet, Champasak, and Khong provinc-
es, where the calculated PGA was less than 0.04 g which
conforms to the result obtained from the DSHA (Fig. 5).

With regards to the PSHA map of the 10% POE in the
next 50 yr (Fig. 7b), two zones of a different seismic hazard
could be classified. The high hazard of PGA (0.12 - 0.20 g)
dominated the northern part of Laos, whereas the southern
part was less than 0.04 g (Fig. 7b).

5.2.2 Probability Maps

Although the ground shaking maps of the PGA levels
are more precise, they are not user friendly for informing the
public, but rather are typically used more for science and en-
gineering purposes. Therefore, based on Kramer (1996), the
probability maps representing simply the POE (%) of each
severity of earthquake hazard were formed. In this study ac-
cording to the hazard curve of each grid point, the PGA val-
ues were converted to the MMI levels based on the empiri-
cal PGA-MMI relationship proposed by Pailoplee (2012)
for Myanmar and the adjacent areas as shown in Eq. (4);

log (PGA) = 0.25MMI - 3.10 )

where PGA is in (cm s?2). Thereafter, the POE of MMI lev-
els IV to VII in the next 50 yr were evaluated and mapped
(Fig. 8). Two zones could clearly be separated in the proba-
bility maps of MMI levels IV and V (Figs. 8a and b), where a
high probability was found in the northern part, followed by
negligible hazard zones in the southern parts, respectively.

For MMI levels VI (Fig. 8c), the northwestern part still
had a POE of more than 70% in the next 50 yr, highlighting
the severe seismic hazard in this region. Meanwhile, for the
moderate hazard areas of the northeastern part, the POE in
the next 50 yr was 40 - 60%. For the rest of Southern Laos,
there was less than a 10% POE of a MMI level VI in the
next 50 yr (Fig. 8¢). In addition, for the MMI level VII, the
whole country of Laos showed a POE of less than 40%, and
in the southern part this was < 10% (Fig. 8d).

6. CONCLUSION

In this study, the seismic activities and hazards were
analyzed for Laos. In order to clarify the earthquake sources
impacting upon Laos, the available seismicity data were
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analyzed statistically. The earthquake parameters (FMD a-
and b-values and the MCE), including the recurrence inter-
vals of 5.0-M,, and 6.0-M,, earthquakes were estimated spa-
tially. From this, six seismic source zones were defined for
Laos based on the different earthquake recurrence intervals.

Utilizing these seismic source zones and suitable at-
tenuation models, the seismic hazard in this area was ana-
lyzed using both deterministic and probabilistic scenarios,
and the obtained maps classified Laos into three seismic
hazard zones (Table 2).

Although this study is an important step in the earth-
quake hazard evaluation in Laos, more work is still neces-
sary. In order to constrain both the seismic activities and

hazards analyzed here, further studies on the paleoseismol-
ogy at sites specific to the active faults within and surround-
ing Laos should be performed.
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Table 2. Summarized SHA in Laos based on various conditions of interest.

Northwestern Northeastern Southern
Province Luanng;)rlszl;%lg érzrtlZaVieng Xieng Kl.louang S;f/zﬁgiiet
Paklay Vientiane Champasak Khong
Sam Neua
DSHA 032-04¢g 0.12-032¢g <0.12¢g
PSHA

PGA of 2% POE in 50 yr 024-032¢g 0.12-020 g <0.12¢g

PGA of 10% POE in 50 yr 0.12-020 ¢ 0.12-020 g <008¢g
POE of MMI IV in 50 yr > 90% > 80% < 10%
POE of MMI V in 50 yr > 90% > 80% <10%
POE of MMI VI in 50 yr 70 - 90% 40 - 60% <10%
POE of MMI VII in 50 yr 20 - 40% 10 - 20% < 10%
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