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A B S T R A C T

Thailand is surrounded by seismically active plate boundary zones and large-offset crustal faults, but there is
comparatively little seismic activity within its borders. On 5 May 2014, a moment magnitude (MW) 6.2 earth-
quake occurred in the Mae Lao district of northern Thailand. To better anticipate future seismic hazards from
events like this, we model the state of stress in Thailand and its vicinity using a finite element approach. We
identify northern Thailand as a region with significant stress accumulation, consistent with being caused by
convergence at the Sumatra-Andaman subduction zone and southward escape of the Himalayan Orogen. The
stress field in this region is compatible with the kinematics of the Mae Lao event. Our modeling also shows that
the magnitude of the stress field throughout southeast Asia is particularly sensitive to the stage of the earthquake
cycle at the Sumatra-Andaman subduction zone, although the Sumatra-Andaman subduction zone produces a
smaller effect on the orientations of stresses in the source region of the Mae Lao earthquake. Finally, we find that
the stress change effect from the Mae Lao earthquake is geographically limited and the broader region remains in
nearly the same state of stress as prior to the event.

1. Introduction

Most seismically active regions on Earth occur at or near plate
boundaries. Although plate interiors lying hundreds of km or more from
plate boundaries show low levels of seismic activity, some of these in-
traplate regions host moderate to large magnitude (moment magnitude
Mw 6.0+) earthquakes. This intraplate seismicity often occurs without
historic precedent, because earthquakes in such regions commonly have
recurrence intervals of many centuries to millennia (Stein, 2007). One
model for earthquake genesis in intraplate settings is the reactivation of
suitably oriented pre-existing faults or other zones of weakness by
stresses built up in the plate interior (Anderson, 1905; Herman et al.,
2014). These intraplate stresses can arise from multiple sources
(Forsyth and Uyeda, 1975; Wortel et al., 2005; Warners-Ruckstuhl
et al., 2013), including interactions with neighboring plates along the
plate boundary, gravitational potential energy (GPE) gradients, and
tractions at the base of the lithosphere. In particular, the relative mo-
tion of adjacent plates past coupled sections of the plate boundary
produces significant stress buildup. The stress effects from boundary
forces extend through the elastic plates, potentially resulting in seis-
micity far from high strain-rate plate boundary locations.

A recent example of an intraplate earthquake is the Mw 6.2 event on
5 May 2014 in the Mae Lao District of Thailand, ∼27 km southwest of
the city of Chiang Rai (hereafter referred to as the “Mae Lao earth-
quake;” Pananont et al., 2017; Fig. 1). This event is the largest non-
subduction-related earthquake ever recorded within Thailand. Despite
evidence of active tectonics (high relief and surface evidence for fault
structures), the Mae Lao earthquake occurred within an area that his-
torically has had relatively low rates of seismicity. The Mae Lao source
region and Thailand more generally sit in a part of southeast Asia that is
bounded by zones of substantial lithospheric deformation and higher
seismic activity. In this study, we test whether the kinematics of the
Mae Lao earthquake are compatible the forces acting along these
boundaries of the intraplate region and we use this analysis to identify
the potential locations and styles of future seismicity in Thailand and its
vicinity.

1.1. Seismo-tectonic setting

The tectonic features surrounding Thailand and its vicinity are lar-
gely effects of the north-northeast relative motion of the Indian Plate
with respect to the Sunda Block of the Eurasian Plate at a rate of
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∼45mm/year (Argus et al., 2011; Fig. 1). There is plate convergence at
the Sumatra-Andaman subduction zone west and south of Thailand.
Despite several rift basins indicating extension associated with rollback
of the subducting slab throughout the Cenozoic, there appears to be
little present-day extension in the region (Pubellier and Morley, 2014).
The Himalayan Plateau sitting north and west of Thailand extrudes
eastward and southward along large-offset strike-slip faults around the
edge of the indenting Indian Plate, a process referred to as “escape
tectonics” (Tapponnier and Molnar, 1977). Both subduction (including
slab rollback) and escape tectonics are inferred to have played an im-
portant role in the development of the primary geologic structures in
Southeast Asia from the Cenozoic to today (Morley, 2002; Yin, 2010).

Historic seismicity of this region of Southeast Asia is mostly con-
centrated in the Sumatra-Andaman subduction zone, along the Sagaing
Fault through Myanmar, and on strike-slip faults north of Thailand,
Laos, and Vietnam (Fig. 1). In Myanmar, west of Thailand, the right-
lateral strike-slip Sagaing Fault acts as a continental transform con-
necting the spreading centers in the Andaman Sea to the continental
convergence along the Himalayan front. This structure formed during
the early Miocene, and has accommodated 330–450 km of total dis-
placement (Curray, 2005). Slip on the Sagaing Fault accommodates
about one third of the plate motion of India relative to the Sunda Block
(Simons et al., 2007). This fault hosted three Mw 7–8 earthquakes

between 1912 and 1956 (U.S. Geological Survey Comprehensive Cat-
alog; http://earthquake.usgs.gov). In November 2012, a right lateral
Mw 6.8 earthquake occurred north of Shwebo, Myanmar, on a northern
segment of the Sagaing Fault.

The Red River Fault is a major strike-slip fault northeast of
Thailand, and cuts through the Yunnan Province of China and northern
Vietnam (northeast of Thailand) as a southern part of the Tibetan fault
system (Schoenbohm et al., 2006). This structure is commonly inter-
preted to be the northeastern limit of the Sunda Block (Simons et al.,
2007). Initially left lateral during its formation, the Red River fault has
accommodated right lateral motion since the early Pliocene (Zhu et al.,
2009). Offsets of Quaternary geomorphic features indicate that the Red
River Fault slips in a right lateral sense at a rate of up to 5mm/year
(Trinh et al., 2012), and it has hosted sparse recent seismicity (Fig. 1).

2. Model setup

We estimate the state of lithospheric stress throughout Thailand and
its vicinity due to kinematic boundary conditions along the edge of the
region using a finite element modeling (FEM) approach. The model is
two-dimensional and plane-stress, i.e., it is assumed to be thin in the
third (vertical) dimension. Because our goal is to evaluate the effects of
boundary conditions on the region of interest, we represent the model
domain with a homogeneous elastic material (Young’s
modulus= 75 GPa; Poisson’s ratio= 0.30). We do not account for
variations in geology, ignoring any associated mechanical
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Fig. 1. Tectonic setting of Thailand and vicinity (adapted from Pananont et al.,
2017). Plate boundaries and major crustal faults incorporated into the model
are plotted as bold black lines. Relative motion vectors between the Indian Plate
and the Sunda Block from Argus et al. (2011) are plotted as arrows and labeled
with the velocity. Circles indicate historical seismicity with moment magnitude
Mw≥ 4.5 from 1970 to 2017 and are colored by depth and scaled by moment
magnitude. The focal mechanism of the 2014 Mw 6.2 Mae Lao earthquake is
indicated by the blue beach ball at the event epicenter. (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. Model geometry and boundary conditions, plotted on the same map
region as in Fig. 1. For reference, the location of the 2014 Mae Lao earthquake
is indicated by the red star. Blue arrows represent GPS velocities from Simons
et al. (2007) scaled the same as the boundary condition displacements. The
northern edge of the model is defined by the southern extent of the Himalayan
Orogen, and we apply 15mm/yr to represent the southward escape tectonics.
Along the Red River Fault, we apply 5mm/yr to the strike-slip feature. At the
Sumatra-Andaman subduction zone, we impose 45mm/yr. We apply 18mm/yr
of right lateral strike-slip motion along the Sagaing Fault. The South China Sea
does not move significantly with respect to the Sunda Block, so we fix its motion
perpendicular to the boundary, while allowing the boundary to shorten in re-
sponse to convergence at the Sumatra-Andaman subduction zone.
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heterogeneity, rheological complexity, and variations in crustal thick-
ness across the model domain. In particular, we do not model the lateral
variations in GPE that also contribute to the stress field (Flesch et al.,
2001; Ghosh et al., 2009); the relatively low topographic relief and
crustal thickness variations (Noisagool et al., 2014) in Thailand suggest
that these GPE-generated stresses will likely be small compared to
stresses produced by the boundary forcing. We also ignore mantle
tractions, whose contribution to the stress field is not well constrained
(Jadamec and Billen, 2010; Warners-Ruckstuhl et al., 2013), and do not
consider any ductile deformation.

The model geometry is based on the major faults and plate
boundary structures that surround the study area (Fig. 1; Fig. 2). Con-
straints on the kinematics of plate boundary features come from plate
motions, GPS observations, and regional seismicity, which we use to
define the precise boundary conditions for the model. The mechanical
equilibrium equations for plane stress are solved using the FEM plat-
form GTECTON (version 2011.1.65; Govers and Wortel, 1993) com-
piled with PETSc 2.3.3 (http://www.mcs.anl.gov/petsc) and the trian-
gular element mesh is refined spatially until the model output does not
change with further reduction in element size.

The boundary conditions of the model correspond to the major
geologic or tectonic features: the Sumatra-Andaman subduction zone,
the Himalayan Orogen, the Red River Fault, the Sagaing Fault, and the
South China Sea (Fig. 2). In our reference model, we apply the relative
plate velocities or fault slip rates as the boundary conditions to estimate
the intraplate loading rate. Because the model is elastic, these results
scale linearly with the duration (or displacement) of interest.

The western side of the model domain represents the Sumatra-
Andaman subduction zone that lies to the west and southwest of
Thailand (Fig. 2). The relative motion between the Indian Plate and
Sunda Block along this subduction zone is ∼45mm/yr at an azimuth of
∼20° (Argus et al., 2011). Although the India-Sunda relative plate
motion is well constrained, subduction zones include a non-horizontal
component to their motion at the plate interface due to the descent of
the subducting plate. Therefore, the exact horizontal motion to apply
along the subduction boundary is uncertain. We use the full plate mo-
tion as the velocity boundary condition and recognize that this re-
presents an upper bound on the boundary condition along the sub-
duction zone. We also evaluate how the intraplate stress field depends
on the state of the earthquake cycle in the subduction zone; specifically,
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Fig. 3. Velocities produced by our reference model, with coastlines and the 2014 Mae Lao epicenter (white star) shown for reference. Background colors indicate
velocity magnitudes. Observed horizontal velocities from Simons et al. (2007) are shown as blue arrows and scaled the same as the model results. (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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we model the effects of the 2004 Mw 9.1 Sumatra-Andaman earth-
quake. In order to estimate the pre-earthquake stresses, we first in-
tegrate the reference model over 500 years (corresponding to a dis-
placement boundary condition along the subduction zone of 22.5 m),
which is the approximate recurrence interval of earthquakes on the
Sumatra-Andaman subduction plate interface (Rubin et al., 2017). We
then compare these results to a model in which the motion along the
Sumatra-Andaman boundary is reduced to 5% of the integrated dis-
placement (displacement: 1.13m), representing near-total co-seismic
strain release after the 2004 earthquake (Section 3.3).

The northern boundary of the model represents the forces and dis-
placements associated with tectonic escape of the Himalayan Plateau.
In this region, crustal displacements in southern China (relative to a
fixed Eurasian Plate) are oriented southward, rotating around the
eastern Himalayan syntaxis. This crustal motion occurs at a rate of
∼15mm/yr at an azimuth of 170° (Zhang et al., 2004; Gan et al.,
2007). Rotated into the Sunda Block reference frame, these velocities
are ∼15mm/yr at 190°. We represent the effects of Himalayan escape
tectonics on the Thailand region with these velocity vectors applied as
boundary conditions east of the Sagaing Fault at a latitude of 23°N
(Fig. 2).

The strike-slip Red River Fault defines the northeastern boundary of
the model and is also associated with the tectonic escape of the
Himalayan Plateau (Allen et al., 1984). Geodetic observations (Tô et al.,
2013) and stream offsets (Schoenbohm et al., 2006) indicate that the
Red River Fault currently undergoes right lateral slip at a rate of
2–5mm/yr, although this slip rate may not be constant with time and

may be decreasing (Allen et al., 1984). The effects of the Red River
Fault are modeled as a right lateral velocity of 5mm/yr parallel to the
boundary (Fig. 2), which represents an upper bound on the magnitude
of the motion that can be generated along this structure. We then ex-
amine the sensitivity of the model to reducing this boundary condition
magnitude.

Another major crustal fault, the strike-slip Sagaing Fault, extends
through and terminates inside of the model domain. Although the
Sagaing Fault is curved, in order to simplify its effects, we model the
structure as linear (Fig. 2). Geodetic observations indicate that the
Sagaing Fault is locked to a depth of ∼15 km, and below this depth the
slip rate is∼18mm/yr (Vigny et al., 2003, Maurin et al, 2010). For this
locking depth, the two sides of the fault move past each other at the full
slip rate at distances greater than ∼75 km, which is small compared to
the dimensions of our model. Therefore in our reference model, we treat
the Sagaing Fault as completely unlocked and sliding at 18mm/yr. We
model the effects of right lateral slip on the Sagaing Fault by using the
“split node” formulation (Melosh and Raefsky, 1981), which allows us
to introduce kinematically prescribed shear dislocations in the model.
We also test the sensitivity of our model to completely locking the Sa-
gaing Fault with no deeper shear zone.

Southeast of Thailand there is no nearby tectonic boundary in the
South China Sea, which is an aseismic region containing few significant
fault structures. Rather than extend our model domain through the
South China Sea beyond our primary region of interest, we draw the
southeastern edge of our model in the South China Sea. Geodetic ob-
servations near the South China Sea show that this region does not
move significantly relative to the Sunda Block, but it does shorten in
response to the locked plate interface of the Sumatra-Andaman sub-
duction zone (Iwakuni et al., 2004; Simons et al., 2007). Therefore, we
allow this segment to move parallel to the subduction convergence
direction while fixing the motion perpendicular to the convergence
vector.

3. Results

The FEM allows us to determine the patterns and magnitudes of
velocities, strain rate, and stressing rate within the model domain,
subject to the applied boundary conditions. In the reference model, the
largest velocities are associated with the convergence at the locked
subduction zone (Fig. 3). Slip on the Sagaing Fault partitions the ve-
locities in the northern part of the model; the region west of the Sagaing
Fault moves northward at 40–45mm/yr, while the region to the east
has velocities lower than 15mm/yr that are directed southward and
eastward. To the south of the Sagaing Fault, there is no internal dis-
continuity in the model, so velocities change smoothly from 45mm/yr
at the Sumatra-Andaman subduction zone in the southwest to near zero
at the Red River Fault in the northeast. Throughout much of mainland
Thailand and eastward, predicted velocities are 10mm/yr or less.

We compare our modeled velocity field to pre-2004 observations
from GPS stations in and around Thailand, rotated into the fixed Sunda
Block reference frame (Simons et al., 2007) (Fig. 2; Fig. 3). The modeled
velocities have comparable magnitudes and orientations to the ob-
served GPS velocities, particularly near the subduction plate boundary
and east of the Sagaing Fault. The fit is poorest in the south, where our
model has velocities of ∼25mm/yr, whereas the observed velocities
are< 5mm/yr. We note that these misfits are likely results of the
simplicity of our model; in addition to the elastic-only assumption, we
did not attempt to model the partitioning of slip on other crustal faults
(like the Great Sumatran Fault), variations in the mechanical strength
of the lithosphere that might affect the intraplate velocity field, or the
detailed crustal motions around the boundaries such as those associated
with escape tectonics north of Thailand and along the Sagaing and Red
River Faults, which are more complex than in our simplified model
boundary conditions (Gan et al., 2007).

The pattern of principal stressing rate corresponding to the modeled

−3000

−2500

−2000

−1500

−1000

−500

0

N
or

th
 (k

m
)

0 500 1000 1500 2000
East (km)

5 KPa/yr

Compression

Extension

WSM Quality
A
B
C

0

1

2

M
ax

im
um

 S
he

ar
 S

tre
ss

 R
at

e 
(K

P
a/

yr
)

Fig. 4. Principal stressing rate produced by our reference model, with coast-
lines and the 2014 Mae Lao epicenter (white star) shown for reference.
Background colors indicate the maximum shear stressing rate, with darker red
colors corresponding to higher values. Arrows indicate the principal stress
magnitudes and orientations. Green bars represent Shmax orientations from the
World Stress Map Project (Heidbach et al., 2016), with long, bold bars re-
presenting high quality data and shorter, lighter bars representing lower quality
data. (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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velocity field is shown in Fig. 4. Stresses accumulate most rapidly in the
model in the northern region, especially between the Sagaing and Red
River Faults. The southward directed motion of the Himalayan Plateau
along the northern boundary of the model produces dominantly north-
south oriented compressional maximum principal stress rates (σ1) in
that area up to 3 KPa/yr. The minimum compressional (or maximum
extensional) principal stress (σ2) throughout this region is compres-
sional and smaller in magnitude than σ1. Significant extensional stresses
are not generated anywhere in the reference model. Farther south, near
the Sumatra-Andaman subduction zone, σ1 is still compressional, rela-
tively smaller in magnitude (∼1 KPa/yr), and rotated to NE-SW, sub-
parallel to the subduction convergence direction. Along the Red River
Fault boundary and towards the southeastern edge of the model cor-
responding to the South China Sea, the stresses are compressional and
σ1 and σs have similar magnitudes (∼2 KPa/yr). The orientations of the
principal stress rates generated by the model in central Thailand are
compatible with those inferred by Tingay et al. (2010) based on bore-
hole breakouts and earthquake focal mechanisms. Their observations of
maximum horizontal stress azimuths (Shmax) are included in the 2016
World Stress Map (Heidbach et al., 2016), which we compare to our
model results (Fig. 4). Our model captures many of the regional var-
iations in Shmax azimuth, and although some locations (especially in
the southern and central parts of the model) have large angular misfits
between modeled and observed Shmax (30° or more), most sites have
misfits< 20°.

We also assess the components of stress capable of driving earth-
quake slip, particularly those that may have been connected to the
2014 Mae Lao earthquake as well as other recent crustal events in the
model domain. We found four additional Mw 6+ earthquakes since
2000 from the USGS Comprehensive Catalog for comparison, all of
which are in the northern section of the intraplate region (2003 Mw

6.6 in Myanmar; 2007 Mw 6.3 in Laos; 2011 Mw 6.9 in Myanmar;
2018 Mw 6.0 in Myanmar). Maximum horizontal shear stressing rates
and azimuths were determined throughout the model (Fig. 5a and b).
These are approximately the strike-slip fault orientations with the
greatest likelihood of failing in an earthquake, although they do not
necessarily coincide with locations and orientations of actual faults.
The areas in the model with the largest magnitude shear stressing
rates (≥1 KPa/yr) are in the north part of the model, near the Sagaing
Fault. It therefore appears to be no coincidence that this area hosted
the 2014 Mae Lao earthquake and the other intraplate events since
2000. In addition, the trend in this area with maximum horizontal
shear stress is northeast (left-lateral) or southeast (right-lateral),
which are similar to the two possible Mae Lao fault plane orientations
(Pananont et al., 2017). The other Mw 6+ earthquakes east of the
Sagaing Fault have similar focal mechanisms. The 2003 Mw 6.6 event
that occurred west of the Sagaing Fault has a strike-slip mechanism
rotated ∼35° relative to the modeled maximum shear stress azimuth
in this region, whereas the 2018 Mw 6.0 thrust faulting earthquake is
consistent with the E-W compression west of the Sagaing Fault. These
modeled shear stress results indicate that within this intraplate set-
ting, the locations of the Mae Lao and other earthquakes were among
those with the greatest chances of failure.

The rate of shear stress accumulation resolved onto left lateral
strike-slip faults with a strike of 65° (the kinematics of the Mae Lao
earthquake; Pananont et al., 2017) are largest (> 0.5 KPa/yr) east and
south of the Sagaing Fault (Fig. 6), Assuming a ∼20,000-year recur-
rence interval, these maximum shear stresses would grow to be>10
MPa from event to event. For comparison, the Greendale Fault that
ruptured in the 2010 Mw 7.0 Darfield, New Zealand, earthquake had a
stress drop of 15MPa (Fry and Gerstenberger, 2011) and was de-
termined to have an average recurrence time of ∼25,000 years
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Fig. 5. Maximum horizontal shear stressing rates produced by our reference model, with coastlines, the 2014 Mae Lao focal mechanism (light red), and other Mw 6+
earthquake mechanisms since 2000 (four total events) shown for reference. Background colors indicate maximum shear stress magnitude, as in Fig. 4. (A) Left lateral
shear stresses. (B) Right lateral shear stresses. (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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(Hornblow et al., 2014). These shear stress modeling results indicate
that the regional stress fields potentially generated by the boundary
conditions acting on the Thailand intraplate region are oriented and
distributed in patterns favorable to earthquake activity on faults
throughout Thailand.

3.1. Sensitivity to mechanical properties

We test the effects of varying elastic material properties on the re-
sulting displacement and stress fields within the model domain.
Because our model is driven by kinematic boundary conditions, the
resulting velocity (or displacement) field is entirely insensitive to var-
iations in Young’s modulus and has negligible sensitivity to differences
in geologically appropriate Poisson’s ratios ranging from 0.20 to 0.35.
The main consequence of modifying Young’s modulus is proportional
variations in the subsequent stress values, however the spatial pattern
does not change with choice of elastic parameters. Due to the large
increase in model parameter space from adding rheological complexity,
we do not explore the effects of mechanical heterogeneity, viscous flow,
or plastic yielding further in this study.

3.2. Sensitivity to kinematics of escape tectonics

The modeled velocities and stressing rates show little sensitivity to
the precise southward kinematics of the Himalayan orogen. We varied
the boundary condition magnitude by±20% and orientation by±20°,
corresponding to the variability in observed GPS velocities (Gan et al.,
2007). The largest effect is due to variations in the boundary condition
magnitude. Decreasing the southward motion of the Himalayan Orogen
to 12mm/yr (increasing to 18mm/yr) causes the velocities and stresses
in northern Thailand to decrease (increase) by a similar factor (Sup-
plementary Figs. 1–16). In none of these sensitivity tests of the escape
tectonics do the orientations of motions or stresses change by more than
15°. The highest stressing rates still extend between the Sagaing and
Red River Faults and remain compatible with the 2014 Mae Lao
earthquake.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.jseaes.2018.07.030.

3.3. Sensitivity to subduction zone earthquake cycle deformation

Immediately prior to the 2004 Mw 9.1 Sumatra earthquake, it had
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been ∼500 years since the previous great earthquake (Rubin et al.,
2017). Because our model is elastic, the intraplate stresses scale linearly
with this duration; therefore, the pattern of stresses is identical to that
shown in Figs. 4–6, and the magnitude is simply the rate multiplied by
500 years (Fig. 7a). The 2004 earthquake released much of the elastic
strain accumulated at the subduction boundary, which we model by
reducing the (now displacement) boundary condition by 95%. This
results in a large decrease in the intraplate stresses through the entire
model domain (Fig. 7b). The stress field east of the Sagaing Fault
continues to be compressed by the southward motion of the Himalayan
Plateau in a N-S direction, with principal stress orientations compatible
with the kinematics of the 2014 Mae Lao earthquake. The region west
of the Sagaing Fault remains in a state of high stress, but closer ex-
amination reveals the E-W principal stress has become extensional. In
fact, extensional stresses occur throughout the model domain after the
2004 earthquake as a result of co-seismic upper plate extension.

Another major fault structure that may be important to the de-
formation state in northern Thailand is the Red River Fault. We model a
significant earthquake on the Red River fault by reducing the boundary
condition displacement here from 5mm/yr to 0mm/yr. This has little
effect on the velocities or stress rate field throughout the model
(Supplementary Figs. 17–20).

Finally, if the Sagaing Fault had a major earthquake that ruptured
its entire length, immediately afterwards there would be little re-
maining unreleased elastic strain along it compared to before the event.
Our reference model already incorporates 18mm/yr of right lateral slip
along the Sagaing Fault, effectively simulating the effects of a freely
slipping fault, i.e. after an earthquake. If we instead impose no slip on
the Sagaing Fault, simulating it as completely locked with no deeper
shear zone, the primary difference from the reference model is that
velocities and shear stresses are continuous across the Sagaing Fault
(Supplementary Figs. 21–24). This increases the shear stresses in the
region west of the Sagaing Fault. Otherwise, the magnitudes and or-
ientations of motion and stresses in the model are similar to those in the

reference model.

4. Discussion

Our modeling indicates the region where shear stresses accumulate
most rapidly (≥1 KPa/yr) in the relatively low-seismicity regions of
southeast Asia extends throughout western and northern Thailand, as
well as much of Myanmar and northern Laos (Fig. 4). The sensitivity
tests demonstrate that the stresses remain high in this region irrespec-
tive of the specific stage of the earthquake cycle on major nearby faults,
with the exception of the subduction zone. Late in the subduction
earthquake cycle (after ∼500 years), meters of convergence across the
locked fault zone result in a shear stress magnitude in northern Thai-
land of 0.7MPa and also produce shear stresses≥ 0.3MPa throughout
most of Southeast Asia (Fig. 7a). Southeast Vietnam always remains in a
relatively low stress state, even late in the subduction earthquake cycle
(shear stresses 0.2–0.3MPa). The subduction earthquake cycle is the
dominant process controlling the stress field in Southeast Asia; after an
earthquake, shear stress magnitudes are reduced by a factor of ∼5
(Fig. 7). At this time, the tectonic escape of the Himalayan Plateau still
plays a large role in the stress field in northern Thailand, keeping it in a
state of N-S compression. These two boundary processes trade off in
dominance depending on the stage of the subduction earthquake cycle,
and appear to be locally modulated in the vicinity of northern Thailand
by the stage of the earthquake cycle on the Sagaing Fault.

The southward escape tectonics produce north-south oriented
maximum (compressional) principal stresses in the northern part of our
study region, favoring NE-striking left lateral and SE-striking right lat-
eral earthquakes (Fig. 4). These orientations are compatible with
mapped faults in northern Thailand (Thailand Department of Mineral
Resources, 2016; Pananont et al., 2017), particularly the SSE-striking
right lateral faults and ENE-striking left lateral faults. There is also a
population of structures thought to be N-striking normal faults, which
we do not analyze in our model, but these faults may be compatible
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Fig. 7. Time-integrated stresses (A) accumulated in the 500 years before 2004 Mw 9.1 earthquake and (B) after the 2004 earthquake. Color meanings are the same as
in Fig. 4, with different scaling. Note that the principal stress arrows have different scales in the two panels.
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with slipping soon after a large subduction zone earthquake, when our
models show E-W extensional stresses (Fig. 7b). The surface expression
of all of these faults suggests that they have been active over the pre-
vious few thousand years. Studies of these mapped faults and seismicity
Mw≤ 4.0 were used to identify this region as having a 10% probability
of exceeding a peak ground acceleration (PGA) of 0.15 g for a 50-year
time window (Ornthammarath et al., 2011).

4.1. 2014 Mae Lao earthquake

On 5 May 2014, the Mw 6.2 Mae Lao earthquake occurred in this
region of mapped faults, within an area inferred to have high fluid
content (Boonchaisuk et al., 2017). The event produced a maximum
PGA of 0.30 g measured on top of a dam 15 km from the epicenter and
0.13 g at a ground-based station 27 km from the epicenter
(Ornthammarath and Warnitchai, 2015), consistent with the previously
estimated hazard probabilities. The event had a strike-slip mechanism
(Noisagool et al., 2016: strike= 260°, dip= 90°, rake=−5°; Pananont
et al., 2017: strike= 163°, dip= 80°, rake=169°). Pananont et al.
(2017) also showed how this earthquake and its aftershock sequence
ruptured two conjugate strike-slip faults, both of which are compatible

with a NNE-trending direction of maximum compression.
A key question following this event is how it perturbed the regional

stress field and the implications for future seismic hazards. We evaluate
post-Mae Lao earthquake stresses by computing the co-seismic stress
change and adding that to the modeled 500-year regional stress field.
We assume that the earthquake occurred at 10 km depth in an elastic
half-space with the same material properties as the FEM, then use the
equations of Okada (1992) to compute the co-seismic stress change at
the same depth as the earthquake. We add the resulting co-seismic
stresses to the FEM stress field and compute the shear stresses resolved
on faults with the same geometry as the Mae Lao earthquake (Fig. 8).
Because the event is small compared to the spatial scale of the region, it
acts like a point source and is therefore insensitive to our choice of fault
plane or empirical relation to determine the rupture size (Supplemen-
tary Fig. 25). The earthquake reduced regional stresses over a ∼50 km
long region, consistent with the dimensions of the stress footprint dis-
cussed in Pananont et al. (2017). The pre-2014 level of shear stress at
the location of the earthquake and resolved onto the fault geometry in
our 500-year model is ∼3MPa. Therefore, we estimate that the event,
which had a stress drop of ∼4MPa (Ornthammarath and Warnitchai,
2015), released 700–800 years of stress accumulation over a 50-km-
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wide region. However, the greater northern Thailand region is essen-
tially unaffected by the Mae Lao earthquake, and still remains in es-
sentially the same state of stress that drove the 2014 event.

The small effect of the 2014 Mae Lao earthquake on the intraplate
stress field is consistent with interpretations from other similar regions.
For example, the Canterbury Plains in South Island, New Zealand, ex-
perienced a sequence of Mw 6.0–7.0 earthquakes from 2010 to 2011.
Herman et al. (2014) showed that these events caused negligible per-
turbations to the regional stress field as measured by aftershock P-axis
orientations, except perhaps near the ends of the rupture zones of the
largest events. In addition, they showed that the broader Canterbury
Plains remains in a state of stress favorable for slip on a similarly or-
iented structure. Thailand and its vicinity can be interpreted in a similar
way. Although the seismic hazard on the fault that hosted the Mae Lao
earthquake and its aftershock sequence are now likely reduced, the
event may have brought nearby structures closer to failure, and the
broader Thailand region should be considered to have a similar seismic
hazard as prior to the Mae Lao earthquake.

5. Conclusion

The stress field throughout much of Southeast Asia is consistent
with being produced primarily by interactions with adjacent plates
along four major boundaries: the Himalayan Orogen, the Sumatra-
Andaman subduction zone, the Red River Fault, and the Sagaing Fault.
The coupling state of the subduction zone plays a dominant role in the
stresses throughout the intraplate region. The southward escape of the
Himalayan Plateau controls the orientation of the stress field in the
vicinity of northern Thailand, favoring NE-striking left lateral and SE-
striking right lateral strike-slip faulting, as in the 2014 Mw 6.2 Mae Lao
earthquake. This earthquake locally modified the stress field, but the
regional state of stress (and the corresponding seismic hazard) remains
essentially the same throughout northern Thailand after this earth-
quake.
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