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Retrospective earthquake spatial forecasting: 
magnetotelluric insights into fluid‑driven 
intraplate seismicity in northern Thailand 
from 1994 to 2024
Puwis Amatyakul1,2, Songkhun Boonchaisuk3, Patchawee Nualkhao3, Yasuo Ogawa4,5 and 
Weerachai Siripunvaraporn1,2* 

Abstract 

This study investigates the role of crustal fluids in the seismogenesis of three significant intraplate earthquakes 
in northern Thailand: the 1994 Phan, 2014 Mae Lao, and the unexpected 2019 Wang Nuea events, which occurred 
after a decade of seismic quiescence. Utilizing 3D resistivity models derived from integrated 2015 and 2024 magneto-
telluric (MT) surveys, we reveal complex, interconnected conductive systems beneath each seismically active region, 
indicative of fluid pathways extending from the lower to the near-surface crust. For the 2014 Mae Lao earthquake, 
a lower crustal fluid source ascends through a mid-crustal conductor with northward and southward extensions. 
A shared deep fluid source is implicated in the 1994 Phan earthquake; however, fluids follow a distinct southward 
migration pathway. The 2019 Wang Nuea earthquake also exhibits comparable lower and mid-crustal conductive 
structures and inferred fluid ascent, mirroring the Mae Lao system. Notably, a mid-crustal conductor was identi-
fied beneath the Wang Nuea region in our initial 2015 MT survey, but with the decades of seismic quiet, the link 
between this crustal fluid and the eventual earthquake was not anticipated, representing a missed opportunity 
for early spatial forecasting of the 2019 rupture. In all three events, the presence of fluids within the fault zones likely 
reduced their strength, leading to rupture when tectonic stress exceeded the critical threshold. The consistent pres-
ence of these conductive systems across these intraplate earthquakes suggests a unique characteristic of seismogen-
esis in northern Thailand, providing a valuable geophysical signature for future seismic hazard assessment and spatial 
forecasting.
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Graphical Abstract

1  Introduction
Thailand is located within the Sunda Plate, formerly 
included as part of the Eurasian Plate but now recog-
nized as a separate tectonic plate due to its distinct 
motion (Socquet et  al. 2006). Its location is relatively 
far from the main collision zone, where the Indian Plate 
subducts beneath the Eurasian Plate. The effects of this 
distant Cenozoic collision are evident in the numerous 
faults present in northern Thailand (Fig. 1a). As a result, 
northern Thailand experiences relatively low intraplate 
seismicity (epicenters within Thailand), with earthquake 
magnitudes mostly below 3. Notably, earthquakes reach-
ing magnitudes 4 and 5 have occurred infrequently over 
the past 50 years (less than 15 events), particularly when 
compared to its neighboring countries like Myanmar 
(Fig. 1a).

In the northernmost region of Thailand, the major left-
lateral strike–slip Mae Chan Fault Zone (MCFZ) trends 
ENE–WSW, traversing northern Thailand from west to 
east and extending into the northeastern Laos (Fig. 1b). 
Despite being the longest fault in Thailand, seismic-
ity along the MCFZ within Thailand has remained rela-
tively quiet (Fig.  1a–d). However, geologists anticipate 
future slip along the MCFZ, which could generate large 
earthquakes in Thailand (Manopkawee et  al. 2025). The 
high seismic potential of the MCFZ is evident from the 
Mw 6.3 earthquake that occurred on May 16, 2007, on a 
segment of the fault in northeastern Laos, with its epi-
center approximately 270 km from Chiang Rai city, Thai-
land. Furthermore, the presence of numerous hot springs 
along the MCFZ in Thailand (Fig. 1b), such as Fang hot 
spring in the west (Amatyakul et al. 2023, 2016), and Mae 

Chan hot spring in the center (Amatyakul et  al. 2023, 
2021, 2015), indicates ongoing geothermal activity asso-
ciated with this major fault system.

Over the past 30  years, most low-to-moderate mag-
nitude earthquakes in northern Thailand have been 
concentrated along two major strike–slip fault zones 
(Fig. 1b): the ENE–WSW trending Mae Lao Fault Zone 
(MLFZ; blue in Fig.  1b) and the N–S trending Phayao 
Fault Zone (PYFZ; red in Fig. 1b). Prior to 2019, MLFZ 
was considered part of the PYFZ, as documented in sev-
eral earlier publications (e.g., Noisagool et al. 2016; Boon-
chaisuk et al. 2017; Pananont et al. 2017; Tadapansawut 
et  al. 2022). However, in 2019, the Department of Min-
eral Resources (DMR) of Thailand reclassified them as 
separate fault zones (DMR 2023).

The MLFZ (blue in Fig. 1b) comprises three major seg-
ments from north to south: the Mae Korn Fault (MKF), 
the Mae Lao Fault (MLF) and the Mae Suai Fault (MSF), 
respectively. While all were initially classified as left-
lateral strike–slip faults (DMR 2023), the MSF was later 
reclassified as a west-dipping oblique-normal slip fault 
(Kanthiya et  al. 2019). The PYFZ, with a total length of 
approximately 120  km, consists of numerous segments 
(red in Fig. 1b). Our work focuses mostly on the north-
ern segments of the PYFZ (Fig. 1b). From north to south, 
these include the left-lateral strike–slip Phan Fault (PF) 
and the Wang Nuea Fault (WNF). Parallel to the WNF 
are the Wiang Kalong Fault (WKLF) to the west, and the 
Doi Khun Mae Suk Fault (DKMSF) and Phayao Fault 
(PYF) to the east. Although additional fault strands exist 
further south, our study area terminates near Wang Nuea 
district, and therefore, we exclude to mention them.
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1.1 � The 1994 Phan earthquake
Prior to the establishment of Thailand’s modern seis-
mic network, a moderate earthquake and its aftershocks 
strongly shook the Phan district, causing panic among 
residents and minor structural damages (Fig.  1b). The 
epicenter was located about 15  km southwest of the 
Phan district, close to the right-lateral strike–slip PF. 
The United States Geological Survey (USGS) estimated 
its local magnitude to be 5.2, with a focal mechanism 
indicating strike–slip faulting with a normal component 
(Fig. 1b). Subsequent focal mechanism analysis by Nois-
agool et  al. (2016) suggested that this 1994 event could 
be reconstructed as a pure strike–slip motion, consistent 
with the characteristics of the PF. Since its epicenter was 
located close to the Phan district, we refer to this event as 
the Phan earthquake.

Beginning in 2008, modern seismometers have been 
increasingly installed throughout northern Thailand. 
We observe that the area, where the 1994 epicenter was 
located has actually been seismically active with small 
earthquakes (Fig.  1b) since 2008. Seismicity can also be 
observed in other time periods (Fig.  1c, d). Due to its 

proximity to the Phan Fault (PF), we will refer to this 
zone as the Phan seismic zone in the discussion section.

1.2 � The 2014 Mae Lao earthquake
Nearly 20 years after the 1994 Phan earthquake, follow-
ing a period of relative seismic quiet with only small mag-
nitude earthquakes (Fig.  1b), the Mae Lao earthquake 
struck unexpectedly on May 5, 2014, and was felt in both 
the Phan and Mae Lao Districts in Chiang Rai prov-
ince (Fig.  1c). The Thailand Meteorological Department 
(TMD) estimated its local magnitude at 6.3, making it the 
largest recorded earthquake in Thailand since the estab-
lishment of the seismometer network. This devastating 
earthquake caused damage to 594 buildings, exceeding 
that of any other seismic events in the country’s history, 
and resulted in one casualty and hundreds of injuries 
(Lukkunaprasit et  al. 2015). The epicenter of the main-
shock and subsequent aftershocks, as located by TMD, 
were primarily distributed within the transition zone 
between the MLFZ and PYFZ (Fig.  1c). The mainshock 
hypocenter, located closer to the MLF (Fig. 1c), was at a 
depth of around 6 km. Due to its proximity to the Mae 

Fig. 1  a Northern Thailand and its neighboring countries, showing major fault traces (red solid lines) and seismicity (dark blue circles) 
from the Thailand Meteorological Department (TMD) from 1 Aug 2008 to 31 December 2024. The black rectangle indicates the location 
of the study. b Seismicity (blue circles) around the Mae Lao Fault Zone (MLFZ, blue) and the Phayao Fault Zone (PYFZ, red) prior to 5 May 2014 (from 
1 August 2008 to 4 May 2014), including the Mw 5.2 Phan earthquake in 1994 with its focal mechanism (DMR 2019). Key fault zones labeled are: 
MCFZ (Mae Chan Fault Zone), for MLFZ: MKF (Mae Korn Fault), MLF (Mae Lao Fault), MSF (Mae Suai Fault), for PYFZ: PF (Phan Fault), WKLF (Wiang 
Kalong Fault), WNF (Wang Nuea Fault), DKMSF (Doi Khun Mae Suk Fault) and PYF (Phayao Fault). Locations of key cities (Chiang Rai and Phayao) 
and districts (Mae Lao, Phan, Mae Suai, and Wang Nuea) are also shown. c Seismicity from 5 May 2014 to 31 January 2019, showing the aftershock 
sequence of the Mw 6.3 Mae Lao earthquake of 5 May 2014, with its focal mechanism. d Seismicity from 1 February 2019 to 31 March 2025, 
showing the location of the Ml 4.9 Wang Nuea earthquake with its focal mechanism and aftershocks. e Two conjugated fault planes (white dashed 
lines) derived from relocated earthquakes during the initial 120 days following the Mae Lao earthquake (Pananont et al. 2017), plotted over the TMD 
seismicity
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Lao District (Fig. 1c), this event was subsequently named 
as the Mae Lao earthquake.

Note that while preparing for this paper, a powerful 
earthquake with a magnitude of Mw 7.7 struck Mandalay, 
Myanmar on March 28, 2025, with its epicenter located 
on the Sagaing Fault, a fault considered among the most 
tectonically active within the Sunda Plate region, as evi-
dence by the frequent occurrence of large magnitude 
earthquakes (Tsutsumi et  al. 2009). Although the dis-
tance from the epicenter is approximately 400–500  km 
from the northern major cities of Thailand, and 1000 km 
from the capital Bangkok, its effect was devastating, 
causing more life loss and damage than any other events 
in Thailand’s seismicity history, including the Mae Lao 
earthquake. However, the epicenter of this Myanmar 
earthquake was outside of Thailand, while the epicenter 
of the Mae Lao earthquake was within Thailand.

Using data from the recent regional seismometer net-
work, Noisagool et  al. (2016) derived 30 focal mecha-
nisms from the main event and aftershocks. They 
found that 24 of them exhibited strike–slip with normal 
motion, four showed strike–slip with thrust motion, and 
two were reversed faulting. The hypocenter of the main 
event was estimated at around 11  km depths, slightly 
deeper than initially estimated by TMD, with a moment 
magnitude (Mw) of 6.5. Based on stress inversion from 
these 30 focal mechanisms, Noisagool et al. (2016) deter-
mined that the principal stress originated from the N18°E 
direction. Furthermore, by plotting the fault plane solu-
tions on a Mohr’s circle diagram, they observed that 
the ENE–WSW trending MLF exhibits greater instabil-
ity under the N18°E regional stress compared to other 
faults of Thailand, particularly the nearly W–E trend-
ing MCFZ in the north and the N–S trending PF in the 
south (Fig.  1b). They concluded that the accumulation 
of regional stress from the north eventually exceeded 
the fault strength threshold, causing the MLF to slip first 
and generate the 6.5 Mw mainshock on May 5, 2014. The 
seismic wave energy then propagated and transferred 
to other segments of both MLFZ and PYFZ, producing 
many aftershocks with mixed mechanisms throughout 
the transition zone.

In a separate study, Pananont et al. (2017) used the dou-
ble-difference algorithm to relocate the epicenters of the 
mainshock and aftershocks. They found that the main-
shock epicenter estimated by TMD should be slightly 
shifted southward to an area north of the Phan Fault (PF) 
with a hypocenter centroid depth of 12  km. They also 
found that most focal mechanisms of both mainshock 
and aftershocks showed strike–slip motion along two 
nodal conjugate planes: a right-lateral NNW-trending 
plane and left-lateral ENE trending plane (Fig. 1e). Based 
on stress modeling, they inferred that the mainshock 

likely initiated along the right lateral north–south trend-
ing Phan Fault (PF) before propagating to the left lateral 
conjugate MLF for the aftershocks.

Tadapansawut et  al. (2022) applied the potency den-
sity tensor inversion method to the 2014 events and con-
cluded that the 2014 rupture consisted of two distinct 
episodes occurring on both conjugated strike–slip faults 
as of Pananont et  al. (2017) shown in Fig.  1e. The first 
rupture episode of the mainshock (0–2 s) initiated at the 
hypocenter and propagated southward along the N–S 
trending fault plane, terminating just north of the PF. The 
second episode (2–4.5 s) began north of the epicenter at 
the edge of the E–W trending fault plane and propagate 
southwestward. All these studies (Noisagool et  al. 2016; 
Pananont et al. 2017; Tadapanswut et al. 2022) indicated 
that the rupture process of the 2014 events exhibited 
complex characteristics.

1.3 � The 2019 Wang Nuea earthquake
Although aftershocks from the 2014 Mae Lao earthquake 
have continued to the present day, the region around the 
PYFZ, south of the transition zone between MLF and PF, 
had remained quiet for an extended period (Fig. 1c). On 
the morning of February 20, 2019, surprisingly, follow-
ing several small foreshocks, a 4.9 local magnitude earth-
quake struck the Wang Nuea region (Fig. 1d), triggering 
hundreds of small aftershocks. This 4.9 magnitude earth-
quake was unusually large for this nearly aseismic zone, 
causing panic among residents and resulting in minor 
damage to over 80 houses and buildings in the area.

According to TMD, its main shock epicenter was 
located near the Wang Nuea Fault (WNF; Fig.  1d), 
approximately 60 km south of the 2014 Mae Lao earth-
quake epicenter (Fig. 1c). The focal mechanism indicated 
strike–slip faulting (Fig.  1d). To date, there are no pub-
lished research studies on this Wang Nuea earthquake, 
possibly because most of the events were small-magni-
tude earthquakes (< M4). As its epicenter is located north 
of the Wang Nuea district, this 2019 earthquake is then 
referred to as the Wang Nuea earthquakes. While seismic 
activity continued beyond 2019, its frequency decreased 
significantly over time (Fig. 1d).

1.4 � The fluid‑driven mechanism for the 2014 Mae Lao 
earthquake

With the advent of practical and accessible 3D MT inver-
sion techniques, the magnetotelluric (MT) method, a 
passive electromagnetic technique, has been increasingly 
used worldwide to investigate the relationship between 
resistivity structure around fault zones and earthquake 
occurrence regions, particularly since the 2010s. Fre-
quently, fluids within conductive anomalies in the upper 
crust play critical roles in fault zones, triggering the 
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earthquakes in the region (Li et  al. 2019, 2021; Zhang 
et al. 2024; Zhou et al. 2025; Aizawa et al. 2017; Aizawa 
et  al. 2021; Boonchaisuk et  al. 2017, 2013; Becken and 
Ritter 2012; Cheng et al. 2022; Ichihara et al. 2023; Egbert 
et  al. 2022; Borah et  al. 2023; Kothyari et  al. 2023; Usui 
et al. 2021, 2024; Cai et al. 2017; Kang et al. 2023; Ogawa 
et  al. 2001, 2002, 2014; Kumar et  al. 2017; Tank et  al. 
2005; Kaya et al. 2013).

In November 2015, approximately 1.5  years after the 
2014 Mae Lao earthquake, we deployed 31 MT stations 
across a 140 km × 140 km survey area to investigate the 
subsurface resistivity structure and its relationship to 
the 2014 Mae Lao earthquake (Fig. 2; Boonchaisuk et al. 
2017). In the northern part of this area, these stations 
were distributed to cover all segments of the MLFZ, as 
well as the Phan Fault (PF), with a greater number of sta-
tions perpendicular to the MLF fault strike, focusing on 
the MLF–PF transition zone. Following data processing 
and 3D inversion, Boonchaisuk et  al. (2017) obtained 
a final 3D resistivity model with calculated responses 
closely matching the acquired data and near surface 
resistivity consistent with the regional geology. This 2015 
model revealed several notable anomalies from the near 
surface to greater depth (Fig. 2; Boonchaisuk et al. 2017).

One particularly interesting conductive anomaly (des-
ignated as ML in Boonchaisuk et  al. 2017; Fig.  2) was 
found extending from a depth of 5  km to mid-crustal 
depth (Fig.  2a–c). This ML anomaly is located primar-
ily beneath the MLF (Fig.  2a–c), coinciding with the 
mainshock hypocenter and aftershocks of the 2014 
Mae Lao earthquake. We interpreted this ML conduc-
tor as a saline fluid-rich zone (Boonchaisuk et al. 2017). 
As tectonic stress continued to accumulate from the 

north (Noisagool et al. 2016), it increased the pore pres-
sure within the fluid, therefore, reducing the frictional 
strength along the MLF. When the accumulated tectonic 
stress exceeded a critical threshold, it triggered a slip 
along the MLF (Boonchaisuk et al. 2017), resulting in the 
largest earthquake in Thailand’s recorded history on 5 
May 2014 and thousands of aftershocks.

1.5 � Missed opportunity for earthquake spatial forecasting 
for the 2019 Wang Nuea earthquake

Despite the relatively quiet seismicity in the area south of 
the MLF–PF transition zone, both during and after the 
Mae Lao earthquake (Fig. 1b, c), two MT profiles of the 
2015 MT survey were deployed extending southward 
from this transition zone to cover all the northern seg-
ments of the PYFZ, terminating near Wang Nuea district 
(Fig. 2). Both MT profiles were oriented almost perpen-
dicular to the strikes of the WKLF, and WNF (Fig.  2; 
Boonchaisuk et al. 2017).

Based on the final resistivity model of the 2015 MT 
survey (Fig. 2; Boonchaisuk et al. 2017), it was intriguing 
to observe another large conductive anomaly at depths of 
4–15 km between the two WKLF and WNF segments of 
the PYFZ (Fig.  2a–d), near the Wang Nuea district and 
approximately 60 km directly south of the ML conductor 
(Boonchaisuk et  al. 2017). It was initially designated as 
the P2 conductor in Boonchaisuk et al. (2017); however, 
due to its proximity to the Wang Nuea district, we have 
renamed it here as the WN conductor.

Although this WN conductor shared similarities with 
the ML conductor beneath the MLF, with limited MT 
stations, the absence of seismic activity in the region 
through 2015 (Fig.  1b, c) led us to initially dismiss any 

Fig. 2  Top view of the resistivity model derived from the 2015 MT survey (Boonchaisuk et al. 2017) at depths of a 5 km and b 10 km, overlain 
with seismicity from the TMD. Cross-sectional profiles of the resistivity model along lines A–A’ and B–B’ are shown in (c, d), respectively, 
also displaying TMD seismicity. The color bar represents the resistivity in Ω m. Black triangles indicate the locations of 2015 MT stations, and solid 
black lines are fault traces as in Fig. 1b
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potential connection to future earthquakes. In addition, 
because the WN conductor was located near the edge 
of the survey area, where MT station density was sparse 
(Fig. 2a, b), we were not certain about its size and depth 
of the conductor. Our preliminary interpretation at that 
time (Boonchaisuk et al. 2017) attributed it to a local hot 
spring source nearby, similar to other hot spring sources 
in other regions of the northern Thailand (Amatyakul 
et al. 2015, 2016, 2021, 2023).

Surprisingly, in February of 2019, a 4.9 local magni-
tude earthquake shook the Wang Nuea district (Fig. 1d) 
with hundreds of aftershocks. Even more surprising in 
relation to our previous 2015 MT survey (Boonchaisuk 
et al. 2017), the 2019 epicenters were primarily clustered 
between the WNF and WKLF (Fig. 2a, b, d), coincidingly 
with our identified WN conductor. If we had interpreted 
this WN conductor as a fluid-rich zone with a similar 
rupture mechanism to the ML conductor, we might have 
been able to forecast the location of future earthquake 
occurrences, though not their timing. This represents a 
missed opportunity for earthquake spatial forecasting but 
also provides a valuable lesson learned.

1.6 � Objectives of our research
To confirm the existence of the WN conductor and to 
understand whether the rupture mechanism of the 2019 
Wang Nuea earthquake is fluid-driven, similar to the 
2014 Mae Lao earthquake, we conducted an additional 

MT survey in 2024. This survey targeted the region above 
the Wang Nuea earthquake zone, addressing the inad-
equate MT station coverage from the 2015 survey. The 
2024 survey not only focused on the Wang Nuea region 
but also extended southward to image the subsurface 
resistivity structure across the northern segments of the 
PYFZ beyond the Wang Nuea district.

The newly acquired data from the 2024 survey were 
then integrated with the 2015 survey data. The combined 
data set from both surveys was reprocessed, and a 3D 
inversion was performed to better constrain the resistiv-
ity structures, clearly revealing the ML and WN conduc-
tors, other key anomalies, and a well-defined delineation 
of the brittle–ductile transition (BDT) zone based on the 
resistivity gradient with depth. The resulting resistivity 
structure will be reinterpreted and reevaluated, incorpo-
rating recent earthquake seismology, geological and geo-
physical findings (Noisagool et  al. 2016; Pananont et  al. 
2017; Tadapanswut et al. 2022; and others) to explain the 
rupture mechanisms of both the 2014 Mae Lao earth-
quakes and the 2019 Wang Nuea earthquakes, which 
could mark a characteristic of intraplate earthquakes in 
northern Thailand. In addition, we will also use knowl-
edge learned from both areas to revisit the 1994 Phan 
earthquakes, and to explore the possibility of spatial fore-
casting of future earthquake locations within this intra-
plate setting.

Fig. 3  a Map showing the locations of MT stations deployed around the MLFZ (blue lines) and the PYFZ (red lines) with earthquake epicenters 
(blue circles) from the TMD. Inverted black triangles represent stations from the 2015 survey (Boonchaisuk et al. 2017), while black squares indicate 
stations from the 2024 survey conducted in this study. The distribution of the RMS misfit for each MT station (a) during the initial inversion run 
with a total RMS for all stations of 5.8, and (c) after the 3rd iteration with a reduced total RMS for all stations of 1.58
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2 � The 2024 MT survey, data processing and the 3D 
MT inversion

Following the 2019 Wang Nuea earthquake, we initi-
ated additional MT site deployments around the Wang 
Nuea region in 2020 to confirm the WN conductor iden-
tified in the earlier 2015 MT survey (Fig.  2; triangles in 
Fig.  3a; Boonchaisuk et  al. 2017). However, this 2020 
survey was canceled due to the COVID-19 pandemic, 
which restricted access to the survey area. The survey 
plan was revised and implemented in 2024, resulting in 
the deployment of 19 MT stations. Unfortunately, four 
of these stations yielded poor-quality data and were 
excluded, leaving 15 new stations for this study (squares 
in Fig.  3a). To address the sparse MT station coverage 
directly above the WN conductor (Fig.  2), we strategi-
cally deployed eight additional MT stations (squares in 
Fig. 3a) over and adjacent to this conductor. This targeted 
deployment aimed to cover the epicenters of the Wang 
Nuea earthquake zone, located between the two southern 
MT profiles acquired in 2015. Furthermore, to constrain 
the southern extent of the WN conductor beyond the 
Wang Nuea district, seven more MT stations (squares in 
Fig. 3a) were installed south of the 2015 MT survey area 
boundary.

Our 2024 MT survey employed the same acquisition 
methodology as the 2015 survey (Boonchaisuk et  al. 
2017). Specifically, a set of KMS Technologies MT sys-
tems was deployed to record the horizontal electric and 
magnetic fields at various sampling frequencies. Due 
to a limited number of coils, the vertical magnetic field 
was not recorded during this survey. The equipment was 
typically left overnight and relocated to a new site the 
following morning. Another set of MT systems was set 
up at a remote reference site, about 500 km south of the 
survey area in Kanchanaburi province, to enhance data 
quality. The data acquired at the Wang Nuea sites, along 
with the remote reference site, were simultaneously pro-
cessed using KMS software and the robust remote refer-
ence technique (Egbert 1997) for the impedance tensor 
Z. Despite some sites appearing naturally quiet, the data 
proved to be electrically noisy for an undetermined rea-
son and could not be adequately cleaned, even with the 
remote reference technique. These data sites were then 
excluded, leaving at a total of 15 stations with good and 
acceptable data quality.

The data from the 15 new stations (squares in Fig. 3a) 
were then merged with the 31 stations (triangles in 
Fig. 3a) from the 2015 acquisition, resulting in a total of 
46 stations. As the sampling frequencies used in the 2024 
survey differed slightly from those in the 2015 survey, we 
reprocessed the 2015 survey data to ensure a consistent 
frequency range and further enhance data quality. Fol-
lowing reprocessing, we obtained 16 periods of good 

and acceptable off-diagonal impedance tensors (Zxy and 
Zyx) ranging from 320  Hz to about 320  s for each site, 
while the diagonal impedance (Zxx and Zyy) was highly 
contaminated and were excluded for the 3D MT inver-
sion. The Zxy and Zyx impedance tensor components 
from these 46 sites were then inverted using the parallel 
version of WSINV3DMT (Siripunvaraporn et  al. 2005; 
Siripunvaraporn and Egbert 2009; Siripunvaraporn and 
Sarakorn 2011; Thongyoy et al. 2025) to generate the 3D 
resistivity model. The minimum error floors were set at 
5%. For the 3D inversion of these 46 stations, we used the 
final inverted resistivity model from our previous 2015 
acquisition (Boonchaisuk et  al. 2017) as both the initial 
and background model. This prior model was chosen, 
because its calculated responses closely matched the 
acquired 2015 data, and its near-surface resistivity was 
consistent with the regional geology.

With the addition of 15 new sites, the grid discre-
tization of 52 × 52 × 44 (with 7-air layers on top of the 
topography) in the north–south, west–east and verti-
cal directions, respectively, used in the final model from 
the 2015 acquisition (Boonchaisuk et  al. 2017) was no 
longer sufficient to accurately represent these new sites. 
Therefore, a new grid discretization of 60 × 70 × 42, with 
an additional 7 air layers, was created. The horizontal dis-
cretization of the modeling grid varied to optimize reso-
lution based on station density. Cells within the densest 
MT station areas were refined to 1–2 km × 1–2 km. For 
most other sites, a discretization of 2–3  km × 2–3  km 
was used. At the outermost stations, the grid cells 
expanded to 3–5  km × 3–5  km. This variable cell siz-
ing ensured high accuracy, where station coverage was 
dense while maintaining computational efficiency across 
the broader model domain. The horizontal grid discre-
tization included grid spacing that increased logarithmi-
cally outside the study area to avoid the boundary effects 
(Siripunvaraporn et al. 2002; Siripunvaraporn 2012). The 
final model of Boonchaisuk et al. (2017) was then merged 
and interpolated onto this newly created grid and subse-
quently used as the initial model and background model 
for the 3D inversion.

Using the final model from the 2015 survey (Boon-
chaisuk et al. 2017) as the initial model for inversion, the 
initial RMS misfit was about 5.8. As expected, given that 
this initial model was optimized solely for the 2015 data, 
all 15 newly acquired stations exhibited higher RMS mis-
fit (squares in Fig.  3b), while most of the 2015 MT sta-
tions showed lower RMS misfits (triangles in Fig.  3b). 
However, a few of the 2015 stations displayed higher 
RMS misfits than those reported in Boonchaisuk et  al. 
(2017), which resulted from improved data quality after 
reprocessing. Following three iterations of the WSIN-
V3DMT inversion, the overall RMS misfit decreased 
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significantly to 1.5 (Fig. 3c), and this final RMS included 
the majority of the reprocessed 2015 stations. The result-
ing resistivity model from the third iteration is presented 
in Fig. 4a.

Given that we used the final 2015 resistivity model 
from Boonchaisuk et al. (2017) as our starting model for 
this inversion, a similarity in the underlying structures 
between our final 2015 (Fig. 2) and 2024 (Fig. 4a) resis-
tivity models is expected, particularly in the consistency 
of the locations of the major conductive (red to orange 
in Fig. 4b, c) and resistive (blue in Fig.  4b, c) anomalies 
at corresponding depths. However, the expanded 2024 
survey area (Fig.  4c), extending further southward than 
the 2015 survey (Fig. 4b), provides a better and broader 
understanding of the subsurface resistivity structure near 
the Wang Nuea seismic zone. For instance, the promi-
nent conductive anomalies near the Wang Nuea zone 
(Fig. 4c) associated with the PYFZ in the south of the sur-
vey area appear more continuous and focused in the 2024 
model. Furthermore, the integrated data set (Fig.  4c) 
yields significant enhancements in resolution and detail, 
characterized by sharper boundaries between resistiv-
ity contrasts and the increased resolution of finer-scale 
structures at all depths, as exemplified by the increased 

sharper boundaries of the resistive zone near the Phan 
seismic zone in the 2024 model (Fig. 4c).

A major interesting observation in the 2024 model 
(Fig. 4c) is the appearance of broader conductive anom-
alies at greater depths, exhibiting continuity and inter-
connection with fewer resistive features, a behavior less 
apparent in the more scattered conductive anomalies of 
the 2015 model (Fig. 4b). This enhanced resistivity struc-
ture allows for a more robust interpretation, particularly 
regarding the relationship between the conductive anom-
alies and fluids, the fault systems, and the corresponding 
seismicity in the region. Note that the robustness of all 
interpreted structures has been verified through sen-
sitivity analysis, using the same technique previously 
employed in Boonchaisuk et  al. (2017). This involved 
replacing target anomalies with background resistivity 
and observing the resultant increase in data misfit, con-
firming their necessity to fit the observed data.

3 � Regional geology and tectonic evolution
Our MT survey area around the MLF and PYFZ in 
northern Thailand has experienced a complex tectonic 
evolution spanning from the Proterozoic to the Quater-
nary, evidenced by the diverse geological units exposed at 

Fig. 4  a Final 3D resistivity model derived from the combined 2015 and 2024 MT survey. Comparison of the resistivity models at selected depths 
from b, d, f 2015 MT survey (top row) and c, e, g combined 2015 and 2024 MT survey (bottom row)



Page 9 of 17Amatyakul et al. Earth, Planets and Space          (2025) 77:166 	

the surface (Fig. 5a). In the southwestern region (Fig. 5a), 
Proterozoic metamorphic rocks (PE) are found, indicat-
ing a collisional event during the Permian and Triassic 
(Metcalfe 1997, 2013). The central fold belt, which covers 
the majority of the study area, developed as a magmatic 
arc along the margin of the eastern terrane during the 
Permian and Triassic periods (Sone and Metcalfe 2008; 
Sone et  al. 2012). This belt is characterized by a mix of 
elongated sedimentary sequences, including Paleozoic 
(SD, C in Fig.  5a) and Mesozoic (P, Jk in Fig.  5a) sedi-
mentary rocks, with volcanic rocks scattered throughout. 
These rocks are overlain and intruded by extensive Trias-
sic granites (Tgr in Fig. 5a; Charusiri et al. 1993), which 
are exposed throughout the western and central zones 
of the study area (black rectangle in Fig. 5a) and are also 
found scattered in the eastern region of the fault zones.

During the Cenozoic, the collision of the Indian and 
Eurasian plates led to significant folding and strike–slip 
faulting (Uttamo et al. 2003), clearly visible at the surface 

as the Mae Lao Fault Zone (MLFZ) and the Phayao 
Fault Zone (PYFZ), the primary focus of this study 
(Fig. 5a). This collision also resulted in the formation of 
extensional and pull-apart basins in northern Thailand 
(Charusiri and Pum-Im 2009; Morley et  al. 2011). The 
rifting associated with this process created numerous 
north–south trending basins, now filled with Tertiary 
sedimentary rocks (T in Fig.  5a) and Quaternary allu-
vial and terrace deposits (Qa; Qt in Fig.  5a). The pres-
ence of extrusive rocks and Cenozoic basalts (Cb) along 
fault zones indicates past volcanic activity, although the 
area currently exhibits no active volcanism. The mul-
tiple hot springs (Fang, Ban Nong Krog, Huai Sai Khao, 
and Sob Pong) observed along fault zones are primarily 
attributed to deep circulation of groundwater heated by 
the granite batholiths (Tgr in Fig. 5a), with the faults act-
ing as conduits for the heated water to reach the surface 
(Amatyakul et al. 2023, 2021, 2016, 2015).

Fig. 5  a Geological map of the study area, showing various lithological units and major active faults (red lines), fractures (thin black lines), hot 
springs (red, orange and green circles), and locations of MT stations from the 2015 survey (inverted black triangles) and the 2024 survey (black 
squares). Selected basin are: FB (Fang Basin), MSB (Mae Suai Basin), CRB (Chiang Rai Basin) and CRPB (Chiang Rai–Phayao Basin). b Resistivity depth 
slice at 50 m below the surface, extracted from the final 3D inverted model (Fig. 4a)
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3.1 � Matching the near‑surface resistivity model 
with surface geology with

The final resistivity model in Boonchaisuk et  al. (2017) 
was selected based on two criteria: a low RMS misfit 
and a close match between the near-surface resistivity 
model and the surface geology. Similar to Boonchaisuk 
et al. (2017), these two criteria were applied in this study 
for the selection of the final resistivity model shown in 
Fig.  4a. As demonstrated in Fig.  3b, this final resistivity 
model (Fig.  4a) yields a low RMS misfit. Here, we will 
show that the near-surface resistivity (Fig. 5b) is consist-
ent with the surface geology (Fig. 5a).

The near-surface resistivity model (Fig. 5b) reveals dis-
tinct zones of resistive and conductive bodies. The resis-
tive bodies (> 300 Ω m; Fig.  5b) correlate well with the 
Triassic granite rock (Tgr; Fig. 5a) in the western part of 
the study area. In addition, intermediate to high resistiv-
ity values are observed corresponding to the Mesozoic 
non-marine sediments (Jk; Fig.  5a), which are scattered 
around the alluvial deposit in the eastern part. Con-
versely, the lower resistive bodies (< 100 Ω m; Fig.  5b) 
mostly correspond to the Quaternary alluvial deposit 
(Qa; Fig. 5b; Morley et al. 2011), such as those in the Fang 
Basin (FB in Fig.  5a) in the northern part of the study 
area, the Mae Suai Basin (MSB in Fig. 5a; Kanthiya et al. 
2019) next to the MSF, and the Chiang Rai Basin (CRB in 
Fig. 5a) and Chiang Rai–Phayao Basin (CRPB in Fig. 5a) 
east of the PYFZ. The moderate resistive bodies (100–
300 Ω m; Fig. 5b) are primarily located within the PYFZ 
between the WNF and WKLF, corresponding to the Silu-
rian/Devonian meta-sediments (SD; Fig. 5b) and volcanic 
rocks. The consistency between the surface geology and 

our near-surface resistivity model led us to select this 
model (Fig. 4a) as the final model for interpretation and 
discussion in the following section.

4 � Interpretation and seismotectonic implications
Our resistivity model, derived from both the 2015 and 
2024 MT surveys (Figs. 6, 7), reveal a complex three dis-
tinct resistivity layer structure beneath the PYFZ and 
MLFZ study area, offering critical new insights into the 
heterogeneous seismotectonic setting of the northern 
Thailand region and the potential influence of crustal 
fluids.

4.1 � Shallower heterogeneous layer (surface to ~ 4 km)
The uppermost 4 km exhibits significant lateral and ver-
tical variations in electrical resistivity directly reflecting 
the complex near-surface geology (Fig. 6a), as illustrated 
in the resistivity slices at 500  m (Fig.  6b) and 2000  m 
(Fig. 6c), and in all vertical cross sections of Fig. 7a–c.

The presence of highly resistive zones throughout the 
western flank of the major fault zones at these depths 
(RTgr; Fig. 6b, c), in conjunction with the tectonic setting 
and geology of the region (Fig. 6a), strongly suggests that 
these western resistive zones indicate outcropping Tri-
assic granite intrusion at the surface (Tgr; Figs.  3, 6a), 
which can also be seen extending to greater depths in 
cross sections, Fig. 7a, b. In contrast, on the eastern flank 
of the fault zones, the tectonic setting differs slightly. 
Limited surface exposure of granite and a larger volume 
of overlying Mesozoic non-marine sediments (Jk, Figs. 3, 
6a) implies that the granite batholith may only partially 
reach the surface, displacing the Mesozoic sediments 

Fig. 6  a Surface geological map of the study area (extracted from Fig. 5a). b–g Top-view resistivity maps at depths of: b 500 m, c 2 km, d 5 km, e 
10 km, f 15 km, and g 20 km below the surface. Overlaid on the resistivity maps are TMD epicenters (grey circles), major faults (thin black lines), MT 
stations (triangles and squares), relocated fault planes (white lines in (b); Pananont et al. 2017), and labeled conductive anomalies (MLshallow, MLnorth, 
MLsouth, ML, MLLC, WNshallow, WN, and WNLC,) and resistive Triassic granite (RTgr) and resistive Mesozoic non-marine sediments (Rjk)
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upwards. This interpretation is supported by moderate to 
high resistive zones at 500 m depth (RJk; Fig. 6b), corre-
sponding to the non-marine sediments (Jk, Fig. 6a), and 
the resistive zones at 2000 m depth (RTgr; Fig. 6c), asso-
ciated with the granite intrusion (Tgr), which appear to 
extend to greater depths in cross sections A–A′ (Fig. 7a), 
and B–B′ (Fig. 7b).

Conversely, prominent conductive zones (MLshallow, 
WNshallow; Fig.  6b) are localized within the fault zones 
(MLF, PYFZ) in the shallower part of this upper layer, and 
are clearly evident near the surface extending to depths 
of a few kilometers in cross sections A–A’ (Fig. 7a), and 
C–C’ (Fig. 7c) for MLshallow, and B–B’ (Fig. 7b) and C–C’ 
(Fig.  7c) for WNshallow. Although the locations of these 
conductors are spatially associated with the sedimentary 
basins (Fig. 6a), it is unlikely that these low resistivity val-
ues (< 10 Ω-m) are solely attributed to sedimentary rocks, 
fractured granite, or a combination of both structures. 

Given the potential of fluid entrapment within these 
zones due to higher porosity, we interpret these shallow 
conductive zones as indicating the presence of saline flu-
ids within the fractured granite and sediments surround-
ing the fault zones.

It is particularly interesting to observe that most 
hypocenters of the 2014 Mae Lao earthquakes are situ-
ated in the vicinity of or within the MLshallow conductor 
in the cross-sectional views (A–A’, and C–C’ in Fig.  7a, 
c). Furthermore, the top-view plot (Fig.  6b) reveals that 
the relocated hypocenter fault planes of the 2014 Mae 
Lao earthquakes (white lines in Fig.  6b; Pananont et  al. 
2017) encompass the northwestern edges of the MLshallow 
conductor. Similarly, the hypocenters of the 2019 Wang 
Nuea earthquake are also located near the edges of these 
shallow WNshallow conductive anomalies (Fig. 6b; B–B’ in 
Fig. 7b). This close spatial relationship strongly suggests 

Fig. 7  Three vertical resistivity cross sections extracted from the 3D resistivity model (Figs. 4a, 6): a A–A’ cutting through the MLF, the MLF–PF 
transition zone, and the PF; b B–B’ cutting through the WKLF and WNF; and c C–C’ running from north to south, cutting through the MLF 
and parallel to the WNF. Projected earthquake hypocenters within a ± 2 km bin and the focal mechanisms of the 1994 Phan earthquake, 2014 Mae 
Lao earthquake, and 2019 Wang Nuea earthquake are also shown on these cross sections
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a significant link between fluid presence and seismic 
activity.

With increasing depth within this shallower hetero-
geneous layer (Fig. 6c), the MLshallow conductor, situated 
between the MLF–PF transition zone, appears to split 
into two distinct and deeper conductive zones: a north-
ern zone (MLnorth) located to the north and a southern 
zone (MLsouth) located to the south (Fig. 6c; and C–C’ in 
Fig.  7c). Interestingly, the northern conductor (MLnorth) 
partially overlaps with the Mae Lao seismicity from TMD 
(Fig.  6c) and is located mostly north of the conjugated 
fault planes from the relocated earthquakes (Pananont 
et al. 2017). In contrast, the southern conductor (MLsouth) 
appears to be situated within a seismic gap between the 
Mae Lao and Wang Nuea seismic regions to the north 
and south, respectively (Fig.  6c). Both MLnorth and 
MLsouth conductors are interpreted as fluid-rich zones 
within fractured granite and could potentially act as stor-
age zones for fluids ascending from deeper levels (C–C’ 
in Fig. 7c).

4.2 � Mid‑crustal resistive layer and localized fluid 
accumulations (~ 4–15 km)

The mid-crustal resistivity layer is characterized by a 
generally dominant high resistivity host extending from 
about 4 to 15  km depths, likely to represent the exten-
sive granite batholiths (RTgr; Figs.  6d, e, 7a, b). Within 
this resistive background, two distinct and localized con-
ductive anomalies (ML, and WN in Fig.  6d, e) persist 
within or adjacent to the fault zones and also extend to 
greater depth even beyond the l5 km boundary, as clearly 
observed in the cross sections of Fig. 7 (ML in A–A’ and 
C–C’, and WN in B–B’ and C–C’). The low resistivity 
values (< 10 Ω m) within these three mid-crustal con-
ductors strongly suggest the presence of interconnected 
saline fluids. Based on the tectonic setting of the region, 
the origin of these accumulated fluids, manifesting as 
these conductive anomalies (ML, and WN), can be either 
derived from deeper crustal sources, migrating upwards 
along fault pathways and becoming trapped in fractured 
zones within the resistive granite, or alternatively, they 
might represent fluids expelled from deeper sedimen-
tary sequences during tectonic compression and Triassic 
granite intrusion, or a combination of both.

It is interesting to observe a distinct correlation 
between the locations of these ML and WN anomalies 
and the hypocentral locations of the Mae Lao and Wang 
Nuea earthquakes (Figs.  6d, e, 7a, b), respectively. This 
further reinforces the significant role of fluids in influ-
encing seismicity at these depths, consistent with find-
ings in other seismotectonic regions (Li et al. 2019, 2021; 
Zhang et  al. 2024; Zhou et  al. 2025; Aizawa et  al. 2017, 
2021; Boonchaisuk et al. 2017; Cheng et al. 2022; Ichihara 

et  al. 2023; Borah et  al. 2023; Kothyari et  al. 2023; Usui 
et al. 2021, 2024; Cai et al. 2017; Kang et al. 2023; Ogawa 
et al. 2001, 2002, 2014; Kumar et al. 2017; Umeda et al. 
2011; Nagar et  al. 2021; Becken and Ritter 2012; Tank 
et al. 2005; Kaya et al. 2013).

4.3 � Ductile lower crust (> ~ 15 km) and the brittle–ductile 
transition (BDT)

Based on Noisagool et al. (2014), the Moho beneath this 
region is located at a depth of approximately 32 km. The 
resistivity model of the lower crust, extending from below 
15 km (Figs. 6f, g, 7a, b) to the Moho, is characterized by 
a relatively homogeneous zone of low-to-moderate resis-
tivity. This lower resistivity in the lower crust contrasts 
with the higher resistivity observed in the upper (Fig. 6b, 
c) and mid-crustal (Fig. 6d, e) layers, which are associated 
with the dominance of granite batholiths. As stated in 
the earlier section, the low resistivity anomalies (approxi-
mately 10 Ω m or less in Fig. 6f, g) spread across a larger 
region and appear horizontally and vertically connected 
(also see Fig.  4c for wider area). These low resistivity 
anomalies in the lower crust are potentially indicative of 
ductile behavior, consistent with observations in other 
lower crustal environments (Heinson et al. 2018; Li et al. 
2019; Cheng et al. 2022; Kothyari et al. 2023; Usui et al. 
2021, 2024; Zhou et al. 2025; Zhang et al. 2024).

Their locations are also in closer proximity to the seis-
mogenic region above with a clear connection to the ML 
and WN conductors (Fig.  6d, e) observed in the mid-
crustal layers, as depicted in profile A–A’ (Fig.  7a) and 
C–C’ (Fig.  7c) for ML, and profile B–B’ (Fig.  7b) and 
C–C’ (Fig. 7c) for WN. With this strong connection, we 
have, therefore, named them according to their locations 
as MLLC and WNLC (Figs. 6f, g, 7a–c), suggesting them as 
present deep fluid sources serving the ML and WN, con-
ductors in the mid-crustal layers.

This significant transition in resistivity at around 15 km 
depth (Fig.  6d–g) suggests a fundamental change in the 
physical state of the crust, likely marking the approxi-
mate brittle–ductile transition (BDT). This interpretation 
is supported by the concentration of earthquake hypo-
centers within the upper and intermediate depths, where 
brittle deformation is expected to be the dominant mech-
anism (Figs.  6b–e, 7). Furthermore, this inferred BDT 
depth, derived from the distinct change in resistivity at 
15 km, can also help constrain earlier geological studies 
(Morley et al. 2011) which estimated it, based on the geo-
thermal gradient, to be around 12–15 km depth.

4.4 � The role of the conductors in fluid‑driven seismicity: 
insights into the 2014 Mae Lao earthquake

Based on the MT survey in 2015 (Boonchaisuk et  al. 
2017), we interpreted the ML conductor (Figs. 6d, e, 7a, 
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c) as a zone of saline fluids concentrated beneath the 
MLF at depths of 5  km to mid-crust. Due to its spatial 
coincidence with the mainshock and aftershocks of the 
2014 Mae Lao earthquakes, Boonchaisuk et  al. (2017) 
concluded that the 2014 event was a consequence of 
these fluids. Their explanation was that the tectonic stress 
exerted from the north on the MLFZ and PYFZ region 
increased pore fluid pressure within the fault zone, weak-
ening the frictional strength along the MLF. When the 
accumulated stress exceeded this reduced strength, it 
triggered the rupture.

Building upon this foundation of Boonchaisuk et  al. 
(2017), our newly more comprehensive and refined resis-
tivity model, derived from the combination of the 2015 
and 2024 MT data sets and shown as plane views at 
various depths (Fig. 6a–f) and in cross-sectional profiles 
(Fig.  7a, c), offer further insights that strongly supports 
a mechanism of fluid-driven seismicity for the 2014 Mae 
Lao earthquakes and its aftershocks.

We propose here the fluid migration pathways from the 
deep lower crust upwards into the seismogenic zone of 
upper crust, consistent with observations in other intra-
plate seismotectonic settings (Ogawa et al. 2014; Umeda 
et  al. 2011; Li et  al. 2019, 2021; Nagar et  al. 2021; Usui 
et  al. 2021; Cheng et  al. 2022; Zhou et  al. 2025; Zhang 
et  al. 2024; Borah et  al. 2023; Kumar et  al. 2017). Fig-
ures  6f and 7a, c indicate the possibility that the MLLC 
anomaly represents a deeper source region for the fluids, 
potentially originating from the dehydration of hydrous 
minerals within the lower crust due to increasing tem-
perature and pressure (e.g., Kothyari et  al. 2023; Cheng 
et al. 2022; Zhang et al. 2024; Borah et al. 2023).

These fluids ascend along these major fault struc-
tures and become trapped in the mid-crust, likely due to 
increasing lithostatic pressure, forming the prominent 
and overlying ML conductor beneath the MLF (Figs. 6d, 
e, 7a, c). The interconnected nature of MLLC in the lower 
crust (Fig. 6f ) might allow for a sustained supply of fluids 
into the mid-crustal ML conductor. The fluids trapped in 
the ML conductor utilize faults and fractures networks 
within the brittle upper crust as conduits to further rise 
to the temporary storage or accumulation in shallower 
reservoirs, represented by the MLnorth and MLcenter con-
ductive anomalies at depths of around 2  km (Figs.  6c, 
7a). Interestingly, Fig.  7e suggests a possibility that the 
fluids from these two spatially separated shallow conduc-
tors ascend and coalesce again at even shallower depths, 
forming the MLshallow conductor (Figs.  6b, 7c) closer to 
the surface expression of the MLF. The surrounding high 
resistivity zones (Figs. 6b–e, 7a, c) might act as barriers, 
further confining and focusing these fluids within the 
conductive anomalies.

Similar to Boonchaisuk et  al. (2017), when the north-
ern tectonic stress is transferred to the region, this 
results in increased pore fluid pressure within the fault 
zone at seismogenic depths, thereby decreasing the 
effective normal stress on the fault (e.g., Umeda et  al. 
2011; Li et al. 2019; Nagar et al. 2021; Cheng et al. 2022; 
Zhou et al. 2025; Aizawa et al. 2021; Borah et al. 2023). 
When the regional tectonic stress exceeded this weak-
ened MLF fault strength, brittle failure and the subse-
quent mainshock earthquake occurred. The mainshock 
likely caused an abrupt increase in pore fluid pressure 
within the surrounding fault zones, potentially con-
tributing to the numerous aftershocks that followed. A 
direct link between fluid presence and the rupture pro-
cess is strongly evident by the earthquake hypocenters of 
both mainshock and aftershocks for the 2014 Mae Lao 
sequence (Fig. 7a, c) concentrating within or at the edges 
of these low resistivity zones, a pattern observed in other 
fluid-driven earthquake settings (Ogawa et al. 2001, 2002, 
2014; Umeda et al. 2011; Li et al. 2019; Nagar et al. 2021; 
Kumar et  al. 2017; Aizawa et  al. 2017, 2021; Usui et  al. 
2021, 2024; Zhou et al. 2025; Borah et al. 2023; Cai et al. 
2017; Kang et al. 2023).

The compelling evidence for a deep fluid pathway local-
izing and potentially triggering the 2014 Mae Lao earth-
quake (Fig. 7a, c) underscores a "unique" mechanism that 
may be particularly important for understanding intra-
plate earthquakes. In regions like northern Thailand, 
where tectonic forces are less direct, fluid–rock interac-
tions can exert a more dominant control on fault behav-
ior compared to the well-established mechanisms at plate 
boundaries (e.g., Unsworth and Bedrosian 2004; Tank 
et  al. 2005; Kaya et  al. 2013; Wannamaker et  al. 2014; 
Becken and Ritter 2012; Egbert et al. 2022; Ichihara et al. 
2023).

4.5 � Revisiting the 1994 Phan earthquake: sharing 
the same fluid source as Mae Lao with a distinct fluid 
pathway

Figure 1b shows that the 1994 Phan earthquake occurred 
near the Phan Fault (PF), a conjugate structure to the 
Mae Lao Fault (MLF), where the 2014 earthquake 
sequence nucleated (Fig.  1c). Interestingly, seismicity in 
the vicinity of this 1994 Phan earthquake zone (Fig. 1b) 
has been occurring since 2008, even before the 2014 Mae 
Lao earthquake. Following the 2014 Mae Lao earthquake 
(Fig. 1c), the aftershocks overwhelmed the whole region, 
including this Phan earthquake zone. However, a dis-
tinct pattern of small magnitude seismicity can again be 
observed after 2019 (Fig. 1d), following the relative calm 
down of the Mae Lao aftershock sequence.
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The proximity of the Phan and Mae Lao seismicity 
regions (Fig.  1b, c), coupled with the shared presence 
of deep conductive anomalies beneath them (Fig. 7a, c), 
hints at a common underlying fluid-driven mechanism of 
the 2014 Mae Lao earthquake and the 1994 Phan earth-
quake. While both regions appear to share the same deep 
fluid reservoir within the lower crust (MLLC) migrating 
to ML in the mid-crust, our 3D resistivity model at shal-
lower depth (Figs. 6c, 7c) reveals a divergence in the fluid 
ascent pathways from this shared mid-crustal source: 
one propagating northward towards the 2014 Mae Lao 
earthquake, and another extending southward towards 
the 1994 Phan earthquake. This spatial separation in fluid 
pathways directly explains the distinct spatiotemporal 
patterns of seismicity observed in the Phan and Mae Lao 
regions.

In the Mae Lao region (Fig. 7c), fluids ascending from 
the mid-crustal ML conductor appear to migrate north-
ward and slightly upward towards MLnorth and then 
likely continue to rise towards the near-surface conduc-
tive zone MLshallow located above. This northerly path-
way likely caused the seismicity observed in the Mae 
Lao sequence. In contrast, another branch of fluids ema-
nating from the same ML conductor appears to track 
southward and upward towards MLsouth, subsequently 
ascending to the southern extent of the near-surface con-
ductive zone MLshallow in the vicinity of the 1994 Phan 
earthquake hypocenters (Fig. 7c). This distinct southerly 
pathway likely played a key role in the 1994 Phan earth-
quakes (Figs.  6c, 7c). This comparative analysis of fluid 
pathways, inferred from our resistivity model, provides 
a compelling illustration of how lateral variations in sub-
surface fluid migration from a common deep source can 
influence the spatial distribution of intraplate seismicity, 
even within relatively close proximity.

4.6 � Wang Nuea earthquake: mirroring a fluid‑driven 
mechanism of 2014 Mae Lao earthquake

After being a seismically quiet zone for at least a decade 
(Fig. 1b, c), the occurrence of the unexpected 2019 Ml 4.9 
Wang Nuea earthquake (Fig.  1d), approximately 60  km 
south of the 2014 Mae Lao epicentral region (Fig.  1c), 
was a significant surprise. It would be understandable to 
link both of these seismic events despite the 5-year time 
span between them.

Based on the 2015 and 2024 MT surveys, our resistivity 
model (Figs.  6, 7b, c) reveals a pre-existing fluid system 
within the Wang Nuea region, characterized by conduc-
tive anomalies from the lower crust (WNLC in Fig.  6f ), 
mid-crust (WN; Fig. 6d, e), and near surface (WNshallow; 
Fig. 6b). These three conductors are clearly displayed in 
cross sections (Fig. 7a, c), indicating the presence of fluids 
within and around the Wang Nuea Fault (WNF) and the 

Wiang Kalong Fault (WKLF). Interestingly, the resistivity 
model (Fig.  4a) reveals a fluid system (WNLC, WN, and 
WNshallow; Fig. 7b, c) beneath the Wang Nuea region that 
exhibits a striking similarity in its vertical structure—the 
presence of lower crustal, mid-crustal, and near-surface 
conductors—to the fluid system identified beneath the 
2014 Mae Lao epicentral region. It is, therefore, readily 
applicable to employ the same fluid-driven mechanism 
as for the Mae Lao region to explain the seismicity of the 
Wang Nuea region.

The inferred fluid pathway initiates from the lower 
crustal conductor WNLC, which likely serves as the pri-
mary source of these fluids. These fluids then ascend and 
become trapped within the mid-crustal WN conduc-
tor before further migrating upwards to the near-sur-
face WNshallow conductor (Fig.  7b, c), likely utilizing the 
Wang Nuea Fault (WNF) as a conduit. Our resistivity 
model (Fig. 6f, g) suggests that the lower crustal conduc-
tive anomalies represent interconnected fluid networks, 
ensuring a sustained supply of fluids to both the Wang 
Nuea and Mae Lao zones. Consistent with the fluid-
driven model proposed for the Mae Lao earthquake, the 
presence of fluids within the WNF likely reduced its fric-
tional strength. This pre-existing fluid-weakened state of 
the fault likely increased its susceptibility to even minor 
stress changes originating from the distant 2014 Mae Lao 
sequence, ultimately triggering the 2019 rupture.

4.7 � A unique characteristic of intraplate earthquakes 
in northern Thailand

The consistent identification of interconnected conduc-
tive anomalies, extending from the lower to the upper 
crust beneath the seismogenic zones of the 1994 Phan, 
2014 Mae Lao, and 2019 Wang Nuea earthquakes, as 
revealed by our MT surveys, represents a notable char-
acteristic of intraplate seismicity in northern Thailand. 
This recurring pattern strongly indicates that such a 
multi-tiered fluid system plays a crucial role in weaken-
ing fault zones and facilitating their eventual rupture 
under regional tectonic stress. This interpretation aligns 
with the prominent role of fluid systems in the gen-
esis of intraplate earthquakes observed in various other 
regions globally, such as in northwestern India (Kumar 
et  al. 2017; Nagar et  al. 2021), western India (Kothyari 
et al. 2023; Borah et al. 2023), in eastern Tibetan Plateau 
(Cheng et  al. 2022), in northeastern Japan (Usui et  al. 
2024; Ogawa et  al. 2001, 2002, 2014), in central Japan 
(Usui et al. 2021), in southwest Japan (Umeda et al. 2011), 
in northern China (Kang et  al. 2023), in southwestern 
China (Cai et al. 2017; Li et al. 2019; Zhou et al. 2025) and 
in eastern China (Zhang et al. 2024).

This characteristic pattern of shallow, mid-crustal, and 
deep conductors beneath seismically active regions has 
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potential applications for assessing earthquake hazards 
in other earthquake-prone areas, particularly in northern 
Thailand, such as the Mae Tha Fault Zone near Chiang 
Mai city and the Mae Hong Son Fault Zone in Mae Hong 
Son. Furthermore, similar assessments could be con-
ducted in western Thailand, including areas around the 
Three Pagoda Fault Zone and the Sri Sawat Fault Zone in 
Kanchanaburi, which is the closest such region to Bang-
kok, the capital of Thailand. These northern and west-
ern areas are of particular interest due to the significant 
impact felt from recent large earthquakes in Mandalay, 
Myanmar. The detection of this characteristic subsur-
face conductive signature within fault zones may offer a 
valuable tool for spatial forecasting of future earthquake 
locations.

5 � Conclusion
Following the Mw 6.3 Mae Lao earthquake in 2014, our 
initial magnetotelluric (MT) survey identified a mid-
crustal conductive anomaly (ML) beneath the Mae Lao 
Fault (MLF), which we interpreted as a saline-fluid zone 
that likely weakened the fault and contributed to its 
rupture (Boonchaisuk et  al. 2017). Five years later, the 
unexpected Ml 4.9 Wang Nuea earthquake occurred 
in a previously seismically quiet area, approximately 
60 km south of the Mae Lao epicentral region, suggest-
ing a potential link between the two events. Our earlier 
MT survey had also detected a mid-crustal conductor 
(WN) beneath the Wang Nuea Fault (WNF), initially 
interpreted as a source for surface hot springs. To further 
investigate the nature of this WN conductive anomaly, 
we conducted an additional MT survey in 2024, deploy-
ing more stations around the Wang Nuea region.

Our integrated 3D resistivity model, derived from 
the combined 2015 and 2024 MT data sets, provides 
a refined image of the subsurface beneath the Mae Lao 
region following the 2014 earthquake. This model reveals 
a complex, multi-tiered conductive system characterized 
by a lower crustal conductor (MLLC), a prominent mid-
crustal conductor (ML), a northward extension (MLnorth), 
a southward extension (MLsouth), and a near-surface con-
ductor (MLshallow). This detailed structure supports the 
interpretation of interconnected fluid pathways ascend-
ing from a deep source and influencing the seismogenic 
zone of the Mae Lao Fault (MLF). Given the proximity of 
the 1994 Phan earthquake (Mw 5.2) to the 2014 Mae Lao 
earthquake, we investigated earthquake mechanisms for 
both events. Our 3D resistivity model indicated that both 
earthquakes shared a deep fluid source linked to MLLC 
and a mid-crustal source linked to ML. However, diverg-
ing from ML upwards, fluids appear to migrate south-
ward to MLsouth before rising towards the near surface in 
the vicinity of the Phan earthquake hypocenters, while 

fluids migrate northward to MLnorth to ascend towards 
the surface in the Mae Lao earthquake hypocenters.

In the Wang Nuea region, our integrated MT model 
confirmed the presence of a well-defined conductive 
anomaly (WN) beneath the Wang Nuea region, exhib-
iting a similar multi-tiered structure to that observed 
beneath Mae Lao, with conductive zones extending from 
the lower crust (WNLC) to the mid-crust (WN) and near-
surface (WNshallow). This refined imaging strongly sup-
ports the interpretation of a pre-existing fluid system 
within the Wang Nuea fault zone. The inferred fluid path-
way, ascending from WNLC and accumulating in WN 
before rising to WNshallow along the WNF, mirrors the 
fluid-driven mechanism proposed for the Mae Lao earth-
quake, suggesting that a similar weakening of the WNF 
by crustal fluids likely contributed to the 2019 rupture, 
possibly triggered by subtle stress transfer from the ear-
lier Mae Lao event.

The consistent presence of such multi-tiered conduc-
tive systems associated with the 1994 Phan, 2014 Mae 
Lao, and 2019 Wang Nuea earthquakes indicates a poten-
tial characteristic of intraplate seismogenesis within 
this region of northern Thailand. The identification of 
this subsurface conductive signature from the magne-
totelluric surveys across multiple events offers a valu-
able geophysical marker for assessing seismic hazards 
and potentially spatial forecasting of future earthquake 
locations in other tectonically similar areas of northern 
Thailand.
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