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A B S T R A C T

Seismicity in Thailand had been relatively low for decades prior to the Mw 6.5 earthquake of 5 May 2014 which
came as a surprise and was followed by thousands of aftershocks. Most of the epicenters were located in the
transition region between the Mae Lao Segment (MLS) and the Pan Segment (PS) of the Phayao Fault Zone (PFZ).
We conducted a 3-D magnetotelluric (MT) survey (31 sites) to image the deep PFZ structure. The shallow 3-D
resistivity structure matches very well with the surface geology, while the deeper structures disclose many
interesting resistive and conductive anomalies. However, the most interesting feature of this study is the large
conductive anomaly (ML) located at a depth of 4 km to the mid-crust beneath the MLS near the seismogenic
zone. Our current hypothesis is that the ML conductor has a highly interconnected aqueous fluid content and also
plays crucial role in the earthquake sequence of the 5 May 2014 event. As our previous seismic waveform study
revealed that the MLS has a relatively high fault plane instability, the fluid within the fractured fault would
further reduce the fault strength. The accumulated pre-existing tectonic stress from the north can therefore
overcome the maximum frictional strength of the MLS, and hence cause it to slip and produce the main shock.
With the local structural heterogeneities and fluid in the fractured fault zones, the aftershocks then occurred on
both the PS and MLS. This is in contrast to the Mae Chan Fault Zone (MCFZ) in the north which many scientists
expected to generate a larger magnitude earthquake than any other faults. Since instrumental record, it has only
generated a few Mw 4 earthquakes. Some of our MT stations were located within the MCFZ. However, there is no
deep conductor as the conductor lies beneath the MLS. A lack of interconnected fluid within the deep fault
beneath the MCFZ might be one of the reasons for the lower seismic activity from the MCFZ. Other geophysical
methods, such as seismic tomography, are necessary in order to confirm the presence of the fluid beneath the
MLS and also the lack of a deep conductor beneath the MCFZ.

1. Introduction

Most of the seismicity in Thailand is localized in the north as there
are many fault zones that cut through the region (Fig. 1a). The number
and magnitude of earthquakes is generally lower than neighboring
countries like Myanmar. Nevertheless, an unexpected moderate earth-
quake occurred on 5 May 2014 in Pan District, Chiang Rai province,
northern Thailand (Fig. 1a and b) with thousands of aftershocks
(Fig. 1b). The local magnitude (Ml) of the main shock was reported as
6.3 by the Thai Meteorological Department (TMD) with a hypocenter

depth of 7 km, but later regional moment tensor inversion studies by
Noisagool et al. (2016) suggested Mw 6.5 with a depth of 14 km. The
main event was the largest earthquake in Thailand since the installation
of the seismometer in 1974. The epicenters of the main shock and
aftershocks were mostly in the Phayao Fault Zone (PFZ, Fig. 1b) which
runs from south to north and is clearly separated into three major
segments (Fig. 1b; Uttamo et al., 2003; DMR, 2007, 2014). The two
segments involved with the recent events are the left–lateral strike–slip
Mae Lao Segment (MLS) and the right lateral strike–slip Pan Segment
(PS) (Fig. 1b). Interestingly, most of the epicenters are in the transition
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area between the MLS and the PS (Fig. 1b). The focal mechanisms
(Noisagool et al., 2016) of most events (Ml > 4) indicate strike–slip
motions in agreement with the characteristics of these fault segments.

It is interesting that the second largest recent earthquake in
northern Thailand (Mw 5.2, 15 km depth, on 11 September 1994;
USGS) also occurred in the PFZ (Fig. 1b). The focal mechanism of this
earthquake was the normal motion (ISC, 2012; Fig. 1b). However,
Noisagool et al. (2016) pointed out that its focal mechanism should be
similar to the main event of the 5 May 2014. In fact, its epicenter is still
in doubt as in 1994 there were no seismometers installed nearby. Since
the PFZ is classified as a tentatively active fault (Charusiri et al., 1999)
due to the lack of the data, even with the 1994 event (M5) and a few M4
events between 1994 and 2014 in this area, no scientists expected the
PFZ to have enough energy to rupture and produce a Mw 6.5 earth-
quake so soon. This might be because of its very slow slip rate of about
0.1 mm/yr (Fenton et al., 2003), and relatively short length (45 km). In
addition, Noisagool et al. (2016) has suggested a very crucial point
about the regional stress and the fault plane instability revealed from
the inversion of derived focal mechanisms from the 5 May 2014
earthquake sequences. They found that the Mae Lao Segment (MLS) has
a higher shear stress than the other segments of the PFZ. With the stress
from the north (≈N18E; Noisagool et al., 2016), the MLS is likely to be
the fault that produced the main shock. Its movement has induced the
Pan Segment (PS) which has a lower shear stress to slip. Noisagool et al.
(2016) showed that there were mixtures of all three kinds of focal
mechanisms: strike–slip, normal, and thrust motions. These mixed
mechanisms result from the motions of both the MLS and PS and the
structural heterogeneities between them.

In contrast to the PFZ, the east-trending Mae Chan Fault Zone
(MCFZ, Fig. 1a) in the north of the PFZ has a slightly faster slip rate and
is longer. It was classified as an active fault in the study of Charusiri
et al. (1999). Most of the scientists then believed that the MCFZ would
be the fault that produces large events based on its paleo-seismicity
(Nutalaya et al., 1985; Charusiri et al., 2000; Fenton et al., 2003). This
has led to many geological and geophysical studies on the MCFZ (e.g.,
Wood, 1995, 2001; Hinthong, 1995; Rymer et al., 1997; Kosuwan et al.,

1998, 2000, 2003; Kosuwan and Lumjuan, 1999; Fenton et al., 2003;
Wood et al., 2004, 2015; Phodee et al., 2014) in the past decades and
little attention on the PFZ. In the end, only a few M4 earthquakes oc-
curred in the MCFZ since the installation of first seismometer. With the
accumulated tectonic stress coming from the north to both faults, this
leads to the intriguing question of why the PFZ slipped instead of the
MCFZ. Answers probably lie in the characteristics of these two faults,
e.g. the fault plane, the frictional coefficient, and the interconnected
fluid in the fault.

The occurrence of the largest earthquake in Thailand history on the
PFZ is a good reason to conduct geological and geophysical investiga-
tions to probe the characteristic of the PFZ. One of the geophysical
methods conducted worldwide is the magnetotelluric (MT) method. A
magnetotelluric survey yields the resistivity structure which can be
used to image faults and to study the fault properties and characteristics
and its relation with earthquakes (Bedrosian et al., 2002; Becken and
Ritter, 2012; Rao et al., 2004; Patro et al., 2005; Wannamaker et al.,
2014; among many others). In many regions around the world, MT
results reveal that high conductivity anomalies are often associated
with the faults and seismicity of the region. In the San Andrea Fault,
seismicity along each fault segment was linked to resistivity anomalies
probed by MT surveys (Bedrosian et al., 2002, 2004; Unsworth and
Bedrosian, 2004a, 2004b; Becken and Ritter, 2012). For the creeping
segment of the fault, the high conductivity zone was observed within
the fault indicating the presence of saline fluid. In contrast, in the
locked fault segment, there was no high conductivity zone within the
fractured fault. In the tectonic studies of the Central Indian Tectonic
Zone, many conductors were found at different depths, e.g., from upper
crust to mid-crust, and/or from mid- to lower crust, in association with
the faults where seismicity also took place (e.g., Rao et al., 2004; Patro
et al., 2005; Naganjaneyulu and Santosh, 2010; Abdul Azeez et al.,
2013). Their interpretations of the low resistivity bodies were mainly
based on either the mafic magmatic underplating and/or the presence
of the aqueous fluid either in the fractures or intruding from the deep.
In the Cascadia subduction system, USA (Wannamaker et al., 2014), the
relatively high resistivity anomalies were interpreted as a lack of fluid

Fig. 1. (a) Northern Thailand and its neighboring countries with fault traces (red solid line) and seismicity from the TMD (from January 2007 – October 2016). (b) shows the study area in
more detail. Triangles are the locations of the MT survey. Focal mechanisms of the 5 May 2014 (red) and 11 September 1994 (blue) are derived from Noisagool et al. (2016) and ISC
(2012), respectively. The rectangles in (a) and (b) show the study area. PFZ is the Phayao Fault Zone divided into three segments, PS: Pan Segment, MLS: Mae Lao Segment and MJS: Mae
Jai Segment. Legends are displayed inside the Figure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and sediment indicating a plate locking zone, while the low resistivity
anomalies were associated with the no plate lock zone implying with
the presence of shallow sediment, and the fluid at great depth. In an
arc-continent collision of Taiwan, Bertrand et al. (2012) found con-
ductive zones at great depth and these have some relationship with the
crustal seismicity. They interpreted the low resistivity zones as the in-
terconnected saline fluid. A deep crustal conductor associated with the
fluid was also observed in the New Zealand Southern Alps
(Wannamaker et al., 2002) and in Japan (Mitsuhata et al., 2001; Ogawa
and Honkura, 2004). The low resistivity anomalies were also found to
be related to the low velocity zone in the lower crust beneath the
Tangshan area indicating the existence of fluids which help to weaken
the upper and middle crustal seismogenic layers and so cause large
earthquakes (Wang et al., 2013). Similar scenarios were also found in
the 1995 Kobe earthquake, Japan (Zhao et al., 1996), the 2001 Bhuj
earthquake, India (Mishra and Zhao, 2003), the 2000 western Tottori
earthquake, western Japan (Zhao et al., 2004) and the 2008 Iwate-
Miyagi inland earthquake, Japan (Ichihara et al., 2011), among many
others. With the correlation of low velocity and low resistivity, one of
the explanations for the earthquake occurrence in these regions is the
crustal heterogeneities, rather than just the stress condition alone (Zhao
et al., 1996, 2004; Mishra and Zhao, 2003; Wang et al., 2013)

Many of these studies have shown the importance of MT method for
studying fault zones and earthquake mechanisms. Here, to study the
characteristic of the PFZ, we conducted a 3-D MT survey covering the
PFZ with more stations in the region where the Pan Segment intersects
the Mae Lao Segment which is the area where most of the epicenters
were located. In the absence of any geological and geophysical studies,
our resistivity model obtained from the MT survey is therefore the first
providing detailed information in the region around the PFZ.

2. Regional geologic framework of the Phayao Fault Zone and
Northern Thailand

The tectonic setting and the regional geologic map around the
Phayao Fault Zone (PFZ) are shown in Fig. 2a and b, respectively. Ac-
cording to the tectono-stratigraphic zone (Metcalfe, 2013; Morley et al.,
2011; DMR, 2014), the tectonics of the northern Thailand is divided
into the Inthanon zone on the west (west of the Mae Tha Fault Zone,
MTFZ, in Fig. 2a), the north – south trend Sukhothai fold belt in the
center which covers most of our study area (Fig. 2a), and the Indochina
terrane on the east (east of the Nan province in Fig. 2a) which is mostly
outside our study area. The Inthanon zone which is part of the larger
Shibumau terrane (Metcalfe, 1997) that collided with the Indochina
terrane during the Permian and Triassic comprises mainly of the high
grade metamorphic rocks and the igneous intrusion overlain by the
Upper Paleozoic rocks. The Sukhothai fold belt, considered as the
magmatic arc developed along the margin of the Indochina Terrane
(Sone and Metcalfe, 2008; Sone et al., 2012), is underlain by the Pa-
leozoic and Mesozoic sedimentary rocks and the volcanic rocks, in-
truded by the Triassic S-type granite of the Central Granitoid Belt
(Charusiri et al., 1993). The folds and the strike-slip faults found in the
Sukhothai fold belt is mostly associated with the collision of the Indian
and Eurasian plates during the Cenozoic.

There are three major active fault zones in the northern Sukhothai
fold belt: the Mae Chan Fault Zone (MCFZ), the Phayao Fault Zone
(PFZ), and the Mae Tha Fault Zone (MTFZ) as shown in Figs. 1b and 2b.
Unlike the orientations of the other fault zones, the left–lateral stri-
ke–slip MCFZ cuts almost east to west across the Triassic granite in
northern Thailand from the Thai – Lao border in the east to terminate in
the Fang basin (Fig. 2b) for a total length of around 185 km (Morley
et al., 2011). Its slip rate is between 0.3 and 3 mm/yr (Fenton et al.,
2003). It almost embraces one side of the 50 km long Fang basin
(Fig. 2b). On the southwest of the study area, the Mae Tha Fault Zone
(MTFZ) is another zone with high seismicity (<M4) in recent years. Its
orientation is N – S trending in the north but gradually forms an arcuate

trace about 140 km long (Morley et al., 2011) and is convex toward the
Chiang Mai basin (Fig. 1a). Interestingly, some geologists have docu-
mented the MTFZ as a strike – slip fault while some regard it as a thrust
with a low dip angle (Wood and Singharajwarapan, 2014).

The Phayao Fault Zone (PFZ) which is the main focus of our study
here runs from south to north. It is separated into three major segments
(Figs. 1b and 2b; Uttamo et al., 2003; DMR, 2007; and DMR, 2014) with
similar lengths of 50 km. In the south, the Mae Jai Segment (MJS) is
oriented in the NNW – SSE trending and was classified as a normal fault
by Uttamo et al. (2003). West of the MJS but slightly north is the Pan
Segment (PS) which is a right lateral strike – slip fault running in an
almost N – S direction. The northern end of the PS almost intersects
with the NE – SW trending left lateral strike – slip Mae Lao Segment
(MLS) which is the third segment of the PFZ. The transition zone be-
tween the PS and MLS is the epicenters of the 5 May 2014 events
(Fig. 1b). On the west of the PFZ, the Triassic granite (Tgr) and the
Carboniferous sandstone and shale (C) are aligned in the north – south
direction parallel to the fault (Fig. 2b). Both are overlain by the Qua-
ternary NNE – SSW Fang basin in the north and the Chiang Mai basin in
the southwest (Fig. 2b). The surface geology of the PFZ is a mix of the
Quaternary alluvial deposits (Qa), Triassic biotite granite (Tgr), and
Silurian/Devonian meta-sediments and volcanic rocks (SD). The eastern
side of the PFZ is mostly overlain by Quaternary sediments (Qa) on top
of the Mesozoic non marine sedimentary rock (JK). The Mesozoic
marine and the extrusive rocks are found to be aligned in the NE – SW
and parallel to the Mae Lao segment and the MCFZ in the north east of
the study area.

These three major faults (MCFZ, MTFZ and PFZ) have produced
many hot springs along their surface traces. The prominent hot springs
(Fig. 2) are the Mae Chan hot spring (Amatyakul et al., 2015) located at
almost the center of the MCFZ, the Fang hot spring (Amatyakul et al.,
2016) located at the west end of the MCFZ near the Fang basin, the mid-
temperature Huai Sai Khao hot spring of the PFZ (Fig. 2b), and also
many hot springs along the MTFZ.

3. Magnetotelluric survey and the three-dimensional inversion

In November 2015, 29 MT stations were deployed covering a
140 km× 140 km area (Fig. 1b and Fig. 2) to ensure that the MT
technique can “image” the near surface down to the lower crust. Uni-
form coverage of the stations is impossible as some of the land was not
accessible due to lack of navigable terrain and/or permission from the
owner. Most of the MT sites were above sedimentary rocks (Fig. 2b) in
rice and corn farms. Only a few sites were placed over the granitic
rocks. The main interest of this study is the junction of the PFZ between
the PS and the MLS where the epicenters of the 5 May 2014 and its
aftershocks were located. Many MT stations were installed in the vici-
nity of these segments. Many sites were also located outside to con-
strain the resistivity within the area of interest. In addition to these 29
newly deployed stations, two stations from previous geothermal ex-
periments, one from Fang hot spring area (Amatyakul et al., 2016) and
another from Mae Chan hot spring area (Amatyakul et al., 2015), were
also incorporated bringing the total to 31 stations.

One set of KMS Technologies MT system was deployed in the
morning and left overnight to record the electric and magnetic fields.
The equipment was recovered and moved to the next site the next day.
To improve the data quality, the MT data was acquired simultaneously
from another MT system 600 km south of the study area in
Kanchanaburi province where it was treated as a remote reference site.
The acquired data around the PFZ was processed with the data at the
remote reference site based on the robust multiple-station technique of
Egbert (1997). After the data processing, the impedance tensor Z and
the vertical magnetic transfer function T were logarithmically chosen to
cover16 periods starting from 1000 Hz to about 600 s, for each site.
Some selected apparent resistivities and phases of the xy- and yx-modes
with the error bars are shown in Fig. 3 and the vertical magnetic
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transfer functions or tippers in Fig. 4.
The off-diagonal Z (Zxy and Zyx) and the tipper T from these 31

sites were inverted with the WSINV3DMT parallel version
(Siripunvaraporn et al., 2005; Siripunvaraporn and Egbert, 2009). The
minimum error floors for both data sets were set at 5%. Several in-
versions were started from the homogeneous earth with 1–1000 Ω m.
All of these initial models were discretized using a 52 × 52 × 44 grid
(with 7-air layers on top of the topography) in the north-south, west-
east and vertical directions, respectively. The horizontal grid spacing of
4 km in the study area were discretized on average in both directions.
Outside of the study area, the horizontal grid spacing was increased in a
logarithmic scale to avoid the boundary effects from the forward
modeling routine (Siripunvaraporn et al., 2002). The first layer in the
vertical direction was finely discretized to provide high accuracy so-
lutions for all periods. The thickness of a given layer was 1.2–2.0 times
that of the previous layer.

Most of the inversions starting from different initial models can
reduce the RMS misfit from around 15 to within an acceptable level of
around 2. Most of the final inverted models show similar resistive and
conductive anomalies at the same locations but in some cases of dif-
ferent sizes and depths. However, inverted models starting from low
and high resistivity values often produce rough models which over-fit
the observed data and are therefore discarded. In addition to the RMS
misfit, another constrain to select the final inverted model is basically
that it should produce some agreements with the surface geology. Based
on these two conditions, the final inverted model was selected from the
300 Ω m initial model after 6 iterations with an RMS of 1.97 and is
shown in Figs. 5–7. The correspondence with the surface geology is
described in the next section. The 30 hypocenters obtained from

Noisagool et al. (2016) for earthquakes with Mw > 3.5 are also plotted
in Figs. 5 and 6.

There are many interesting anomalies listed and described in the
next section. As in Amatyakul et al. (2016), we performed sensitivity
analysis to verify their existence. By replacing the resistivity of the
anomaly with the background resistivity (around 100–300 Ωm), im-
plying that this anomaly does not exist, we then run the forward
modeling routine and re-compute the misfit of each station. The relative
change of the RMS values of each station is computed via, Relative
Change = 100% × (RMSnew − RMSoriginal)/RMSoriginal, where RMSnew
is the fit after replacing the anomaly with the background resistivity,
and RMSoriginal is from the inverted model in Figs. 5–7. Relative changes
from two interesting anomalies (ML and Qa), as examples, are shown in
Fig. 8. By replacing the anomalies with the background, MT stations
located near the anomalies show significant changes. This means that
these anomalies are required by the observed data and are not the ar-
tifacts from over-fitting the data.

4. Interpretation and discussion

As stated earlier, there are two main reasons why we prefer the
inverted model in Figs. 5 and 6 as our final model. First, it can produce
the responses that fit the observed data with an RMS of 1.97 (Fig. 3 and
Fig. 4). Second, the surface geology (Fig. 7a) corresponds closely with
the final inverted model at 50 m depth (Fig. 7b). West of the PFZ, the
Triassic granite rock (Tgr) corresponds well with high resistivity bodies
(> 100 Ω m). Most of the Quaternary alluvial deposit (Qa; Fig. 7a)
within the study area is imaged as the high conductivity bodies
(< 30 Ωm; Fig. 7b). On the east, the Mesozoic non marine (JK) is

Fig. 2. (a) Tectonic setting of northern Thailand (after Metcalfe, 2013). (b) Regional geology covering the area of the study (rectangular block). The triangles are the locations of the MT
stations.
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scattered around the Qa (Fig. 7a). The JK is mapped as the high re-
sistivity body. Within the PFZ at this depth, the Silurian/Devonian
meta-sediments (SD) and volcanic rocks are seen as a moderate re-
sistivity (≈100 Ω m).

4.1. Correspondence of the shallow conductors to the hot springs at surface,
and to the basins

Locations of many hot springs in our study area have already been
shown in Fig. 2. However, since many readers may not be familiar with
the local geography, in this section, we also plot the locations and the
labels on Figs. 6a and 7b. On the west and north of the PFZ, even
though there is a large resistive region (T; Figs. 5, 6 and 7b) which
dominates from the surface to a depth of around 20 km, there are still
many conductive anomalies within the resistive T zone. In the north of
the study area, near the Fang hot spring (Fig. 6a), the conductive F
anomaly (Fig. 6a and b) can be mapped to about 2–3 km depth. This F
conductive zone with similar thickness was also seen in the earlier MT
geothermal survey using more closely spaced MT stations (Amatyakul
et al., 2016) and was interpreted as the sedimentary rock of the Fang
basin. The F anomaly here is therefore likely to represent the Fang
basin, also confirming a study of Sethakul and Pimasarn (1990) which
estimated the Fang basin to be about 3 km thick (Morley et al., 2011).

About 40 km to the east of the F anomaly and to the north of the
study area, there is another large conductive zone (MCH) occurring
slightly south of the Mae Chan Fault Zone (MCFZ) located in between
the famous Mae Chan hot spring and Mulika hot spring in the west
(Figs. 2b, 6a and 7b). This MCH conductor extends to a depth of 3 km
before being replaced by the resistive body. This MCH conductor did

not appear in our previous MT survey (Amatyakul et al., 2015) as the
earlier study was focused just around a few square kilometers of the
Mae Chan hot spring. It is therefore very interesting to have this high
conductivity body in the region dominated by the Triassic granite at the
surface which was interpreted as the heat source of the Mae Chan hot
spring (Amatyakul et al., 2015). To determine whether this MCH con-
ductor plays any roles with the MCFZ or acts as the hot reservoir serving
the two hot springs, more geophysical and geological studies should be
conducted to probe this conductive feature.

In the vicinity of the PFZ, there are two large and shallow con-
ductors (PF1 and PF2; Figs. 6a and b and 5c) located next to the Phu
Faung hot spring (Figs. 2b and 6a). PF1 (Fig. 6a) is very shallow and
south of the hot spring, whereas PF2 (Fig. 6b) is deeper and north of the
hot spring. At this point, we do not know whether PF1 and PF2 are
connected. Further closely spaced MT sites around the region are ne-
cessary to probe the connection. As PF1 and PF2 are closer to the hot
spring and have similar thickness and depth to the fluid reservoir of the
Fang hot spring (see Amatyakul et al., 2016), it is possible that both are
involved with the Phu Faung hot spring, or just the Silurian/Devonian
meta-sediments with high water content as found in the surface. In
contrast to the MCH, F, PF1 and PF2 conductors found beneath the
other hot springs, there is no conductor found beneath the Huai Sai
Khao hot spring (Figs. 2b and 6a). In between the Mae Lao Segment
(MLS) and the Pan segment (PS), there is an S conductor located around
500–3 km depth (Fig. 6b). Unlike other conductors (F, PF1 & PF2 and
MCH), the location of this S conductor cannot be linked to any of the
hot springs. This might be one piece of evidence to indicate that this
kind of conductor is not necessarily associated with the hot springs, and
vice versa for the case of the Huai Sai Khao hot spring.

Fig. 3. Selected apparent resistivities (Ω m) and phases (in degrees) as a function of log10 periods (seconds) computed from the off-diagonal impedance tensor at various locations
acquired in the locations marked as blue crosses in Fig. 2. Red is xy and blue is yx mode. The upward and downward triangles and error bars are from field measurements, and the solid
lines are the calculated responses generated from the inverted model shown in Fig. 5. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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On the east of the PFZ, the Quaternary alluvial deposit (Qa; Fig. 7)
mapped at the surface as the conductive body, appears to be less than
1 km thick (Fig. 7a and b) which is thinner than the basin on the west
and north of the PFZ. The alluvial deposit is overlain on a resistive body
(J; Fig. 6a and b) where at the surface the J is in agreement with the
Mesozoic non marine (JK; Figs. 2b and 7a). The J resistor remains to
about 3 km depth, which might be a typical thickness of the Mesozoic
non marine sedimentary rock, before being replaced with the moderate
resistivity layer. Near the eastern edge of the study, there is another
resistive body at a depth greater than 4 km (Fig. 6c). We are not certain
whether this resistive body is the continuation of the J resistor going
deeper to the east or a different anomaly since we have limited data.

4.2. Mid to lower crust conductive and resistive anomalies of and around
the PFZ

There are many interesting conductive and resistive features located
both in between the Mae Lao segment (MLS) and the Pan segment (PS)
of the PFZ (Figs. 2b and 6a), and along the sides of the PFZ. In the upper
to middle crust, Figs. 5 and 6 clearly show that the PFZ cuts into the
resistive zones: the resistive (T; Figs. 5b–f and 6a–e) zone on the west of
the MLS, and another narrow resistive band (R1; Figs. 5d–f and 6b–d)
located in between the PS and the Mae Jai Segment (MJS). Based on the
geology map (Figs. 2b and 7a), the Triassic granite is observed on the
west of the MLS and corresponds well with the T resistive zone. Both
features can then be conveniently linked together, similar to what we
found in the Fang geothermal study (Amatyakul et al., 2016) and in the
Mae Chan geothermal study (Amatyakul et al., 2015) where the high
resistive zone was linked to the Triassic granite.

In contrast to the west, granite is rarely found on the surface on the
east of the PS (Figs. 2b and 7a), as the area is mostly overlain by the
alluvial deposits and the meta-sediments (Fig. 2b) at the surface. It is
interesting to observe that the narrow resistive R1 zone that appears in
between the PS and the MJS has about the same depth as the T resistive
zone (Fig. 5d–f). We therefore identify the R1 as the batholith granite,
similar to the T resistive zone. If R1 and T are the same granite belt, it
indicates that the PFZ has separated the intrusive granite rocks into two
zones, where R1 is in the eastern edge of the rock and T is on the west. If
not the same type, it indicates that R1 had slipped from the north to
attach here. Another interesting resistive anomaly is R2
(Figs. 6d–f and 5b–c, g and h). R2 does not appear until below 10 km.
Its appearance coincidently marks the termination of the PS segment.
Its role is also very important for the seismicity of the 5 May 2014 event
and aftershock as most of the seismicity occurred above it (Fig. 6d).
Similarly, R2 and the T and R1 resistive zones can be interpreted as the
S-type biotite granites that originated during the collision of the Sibu-
masu and Indochina terranes during the mid-Triassic.

In between the MLS and PS faults, there is an ML conductor (Figs. 5d
and g, and 6c–e) near the center of the study area, and the P2 conductor
(Figs. 5f and h, and 6c–f) in the south of study area. The Mae Lao
segment just runs through this ML conductive anomaly which is why we
named it ML. The location of ML is almost identical to the very shallow
PF1 (Fig. 6a) and near the Phu Faung hot spring (Fig. 6a). As the ML
conductor has a depth from about 4 km to the lower crust (Fig. 5f), its
relationship with the hot spring is uncertain. At about the same depth,
most of the epicenters occurred just north of the ML conductor. This
indicates that the ML conductor might play an important role in the
earthquake sequence of the 5 May 2014 event occurring on both MLS

Fig. 4. Real and imaginary parts of the vertical magnetic transfer functions (tipper) as a function of log10 periods (seconds) at various locations acquired in the locations marked as blue
crosses in Fig. 2. Red is zx and blue is zy mode. The upward and downward triangles and error bars are from field measurements, and the solid lines are the calculated responses generated
from the inverted model shown in Fig. 5. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and PS.

4.3. Seismicity and the resistivity anomalies

Based on the recent calculation from the regional waveforms
(Noisagool et al., 2016), most of the seismicity on 5 May 2014
(Mw > 3.5) occurred in the seismogenic zone, above a depth of 15 km.
As large earthquakes often occur at the highest strength of the brittle
crust (Tse and Rice, 1986; Scholz, 1988), the hypocenter depth of the
main shock estimated by Noisagool et al. (2016) is therefore reasonable
and in agreement with the estimated brittle – ductile transition of
Morley et al. (2011) at the depth around 12 km. The inverted model at
the depth of 12 km (Fig. 6d) reveals that the seismicity lies mostly
around the edge of the ML conductor at the transition zone of the PS
and the MLS. Fig. 5g, which displays the cross sectional plot along the
MLS segment from north to south, shows that the seismicity is localized
around the region of moderate resistivity (around 100 Ω m), above the
R2 resistor, but not inside the ML conductor. Similarly, a cross sectional
plot from north to south along the PS segment (Fig. 5h) also shows
similar patterns; the seismicity just lies above the lower resistive
anomaly which might be an extension of the ML conductor to the west,
and along the edge of the R1 resistor. The seismicity along the edges of
the resistors and conductors were also observed in numerous publica-
tions (e.g., Mitsuhata et al., 2001; Ogawa et al., 2001; Ogawa and
Honkura, 2004; Ichihara et al., 2011; Bertrand et al., 2012; Unsworth
and Bedrosian, 2004a; Rawat et al., 2014; Wannamaker et al., 2014).

As described earlier, there are at least three major possible inter-
pretations to explain the high conductivity around the fault zones in the
mid-crust: saline fluid, graphite, and partial melt. It is not easy to pin-
point the cause of the low resistivity ML around the PFZ as we have
very limited geological and geophysical information on the area.

Although northern Thailand is currently experienced an east – west
extension (Morley, 2001, 2007; Simons et al., 2007; Charusiri and Pum-
Im, 2009), the temperature of the hot springs around the PFZ is not high
enough. The Huai Sai Khao hot spring has a temperature of just around
56 °C at the surface. A partial melt at the upper and mid-crust for the
ML conductor is therefore very unlikely. Although graphite was re-
ported to be found in the Fang district, there is no graphite mining in
the region. It is therefore unlikely that graphite or other high con-
ductivity ores are a major source for the high conductivity ML.

Here, the aqueous fluid explanation seems to be the most suitable
hypothesis for the cause of the earthquakes in this region. This is similar
to other publications which often give the high conductivity found to
the saline fluid as a possible cause for the seismicity in the region (e.g.,
Mitsuhata et al., 2001; Bedrosian et al., 2004; Ogawa and Honkura,
2004; Ichihara et al., 2009; Becken and Ritter, 2012; Unsworth and
Bedrosian, 2004a, 2004b). The role of high pressure fluid in causing the
seismicity has been widely studied (e.g., Tullis et al., 1996; Cox, 2002;
Fujimoto et al., 2002). The saline fluid that is trapped and stored within
the ML conductor aids in reducing the strength of the faults, particu-
larly the MLS as this segment is richer in fluid than other segments, by
lowering the effective normal stress. The high pore fluid pressure in the
MLS segment (found from this study) and the higher shear stress from
its own geometry (Noisagool et al., 2016) make the fault mechanically
weak. The continuous pre-existing tectonic stress coming from the
north (Tingay et al., 2010) to northern Thailand (Noisagool et al., 2016)
has become larger than the maximum strength that the fault can
withstand. The result was that the MLS slipped producing the main
shock of 5 May 2014 followed by many aftershocks (Mw > 3.5) oc-
curring between the MLS and PS just within a localized zone of mod-
erate resistivity (around 100 Ωm between the ML conductor and the R2
resistor; Figs. 5c, g and h; and 6d), not directly within the ML conductor

Fig. 5. The final inverted model and their cross sections. Epicenters (Noisagool et al., 2016) were projected with 10 km bins (5 km each side of the profile). The color bar is the log10
resistivity in Ωm. (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. 6. Top view of the final inverted model (Fig. 5) at various depths: (a) 0.5 km, (b) 1.5 km, (c) 5.4 km, (d) 12.1 km, (e) 18.1 km and (f) 27.1 km. MT locations are marked as black
triangles, hot springs are pink diamonds. Dashed lines indicate the locations of the cross section in Fig. 5. The color bar is the log10 resistivity in Ωm. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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nor inside the resistor R2 for both the PS and MLS. This is summarized
in the diagram shown in Fig. 9.

Directly above the ML conductor is the PF1 and slightly north is the
PF2. In between the PF1 and PF2 conductors and the ML conductor is a
thick moderate resistivity layer (about 4 km thick) as shown in Fig. 5g.
It is therefore unclear whether PF1 and PF2 have any direct connection
to the ML as the magnetotelluric resolutions might not be detailed

enough to validate this. However, as the fault cuts through the middle
of both conductors, a connection might exist within the MLS segment. If
there is a connection, it might indicate that the hot fluid of the Phu
Faung hot spring (Figs. 2b and 7b) comes from the deep ML conductor
by rising through the fractured granite pathways of the MLS and getting
stored in the shallow PF1 and PF2 conductors. We suspect that this is
how the high pressure fluid of the ML conductor releases the pressure to

Fig. 7. A comparison of (a) the surface geology with (b) a 50 m depth slice of the final inverted model (Fig. 5). The color bar is the log10 resistivity in Ωm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Plots of relative change of RMS misfit of each station in percent (a) after replacing the ML conductor of the inverted model (Figs. 5–7) with the background resistivity, and (b) after
replacing Qa conductor with the background resistivity.
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the environment without causing large earthquakes. Occasionally,
when the high pressure becomes large enough, it causes the fault to
suddenly slip causing the earthquakes as a way to release the high
pressure. Several of the aftershock focal mechanisms indicate all kinds
of motions: strike-slip, normal, and thrust motions. The mixed focal
mechanisms might be induced by the presence of the fluid in the fault
zone. Although we prefer the fluid explanation for the ML conductor, to
fully confirm the existence of the fluid, other geophysical techniques
are necessary. These include observing the S-wave reflector as in
Mitsuhata et al. (2001), Umino et al. (2002) and Aoki et al. (2016), or
the Poisson’s ratio and the low-Vp and low-Vs features (Zhao et al.,
1996, 2004; Mishra and Zhao, 2003; Lei and Zhao, 2009; Mahesh et al.,
2012; Wang et al., 2013) or the low density zone (Ichihara et al., 2009).

In the south, there is a large P2 conductor extending from about a
depth of 5 km to the 32 km depth Moho and to the mantle (Figs. 5f and
Fig. 6c–f). The P2 conductor covers a large area but is mostly within the
PFZ. There is also a P1 conductor at a shallow depth above the P2.
Nearby P1 is a Sob Pong hot spring. It might therefore be interpreted in
a similar way to the other conductors as the resistivity is lowered by the
aqueous fluid. The hot fluid of P2 can rise through the many fault
segments and get stored in P1, as with the Phu Faung geothermal
system in the north. Nevertheless, the difference is there is no seismicity
in the region near the P1 and P2 conductors as in the ML conductor.
There are many possible reasons to explain the lack of the seismicity in
this area. The P1 and P2 conductors are not really fluid related but just
conductive rocks. Another possibility is that the geometry of the fault
segments in the south is mostly north–south trending. As indicated in
the Mohr’s diagram of Noisagool et al. (2016), this geometry requires
much greater stress from the north to slip than that of the MLS lying in
the NE – SW direction. It is therefore more difficult to slip even with the
fluid localized in the faults as in the MLS segment. The bottom of the P2
conductor is not well defined as it extends deep into the mantle. As
there are not many MT sites in the region near the P2 conductor, we
might need more MT measurements in this area to verify the existence
of the P1 and P2 conductors and determine their size and depth. As with
the ML conductor, other geophysical techniques, particularly the

seismic tomography, are necessary.
To the north of the study area, our resistivity structure (Figs. 5 and

6) shows that there is no clear large conductor within the seismogenic
zone beneath the Mae Chan Fault Zone (MCFZ). The lack of the large
conductor beneath the MCFZ could be one explanation for the lack of
the moderate to large seismicity generated by the MCFZ. Without the
fluid (as is presented beneath the MLS fault) the MCFZ would require a
larger amount of stress in order to slip. Paleo-seismicity (Charusiri
et al., 2000; Fenton et al., 2003) has indicated that several large
earthquakes have occurred on the MCFZ. Nevertheless, our MT station
coverage for this work is mostly in the PFZ region. To further confirm
the non-existence of the highly conductive zone within the MCFZ in the
upper to mid-crust, more MT stations across the MCFZ would be ne-
cessary. Geodetic measurement for the slip rate in the area might also
be necessary to assess the present-day motions of the faults in the
northern Thailand.

Figs. 5 and 6 shows the existence of the deeper conductors, C1 and
C2 on the eastern side of the PFZ in the lower crust below the estimated
brittle – ductile transition (Morley et al., 2011). Although the presence
of C1 and C2 are beyond the scope of the current study, they both might
be related to the crustal extension in northern Thailand (Morley, 2001,
2007; Simons et al., 2007; Charusiri and Pum-Im, 2009;) and both
conductors might be dehydrated metamorphic rocks in the lower crust
(Hyndman and Shearer, 1989) or fluids released from the magma
(Abdul Azeez et al., 2013). They could also be remnant dehydration
fluid accumulated during the Permo-Triassic subduction like what lies
beneath Kanchanaburi province, western Thailand (Boonchaisuk et al.,
2013). However, both hypotheses require further investigation via
other geological and geophysical techniques.

5. Conclusion

• A total of 31 magnetotelluric (MT) stations were deployed within a
140 km × 140 km area to investigate the Phayao Fault Zone (PFZ)
rupture area in northern Thailand.

• We found conductive anomalies beneath the Mae Lao Segment

Fig. 9. A diagram explaining a hypothesis about the cause of the 5 May 2014 main shock. (1) A pre-existing tectonic stress is continuously being exerted to the northern Thailand region.
(2) The Mae Lao Segment (MLS) and the Pan Segment (PS) have different geometry resulting in a higher fault plane instability for the MLS, and lower fault plane instability for the PS. (3)
High fluid content from the low resistivity zone is found next to the MLS, but not the PS. The combination of (2) and (3) on the MLS helps to lower the maximum frictional strength of the
MLS fault. This makes the MLS fault weaker relative to that of the PS. When accumulated tectonic stress (1) becomes large, it will make the MLS slip first and so produce the main shock.
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(MLS) and partially beneath the Pan Segment (PS) from a depth of
4 km to mid-crust where both MLS and PS are part of the PFZ. They
were interpreted as saline fluid rich zones.

• The saline fluid rich zones strongly support our assumption of pre-
vious studies (Noisagool et al., 2016) that the MLS is the slipping
fault producing the main event of 5 May 2014. The energy was then
transferred to the PS resulting in slipping in both the MLS and PS
causing the aftershocks.
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