
1.  Introduction
Myanmar, situated at the southeastern end of the Alpine-Himalayan earthquake belt, is highly susceptible to 
seismic hazards (Aung, 2015; Hurukawa & Maung, 2011; Sloan et al., 2017; Somsa-Ard & Pailoplee, 2013; 
Thant et  al., 2012; Thein et  al., 2009). The present-day tectonic activities in Myanmar are dominated by the 
northeastward oblique subduction of the Indian plate to its west, which results in a series of north-south trend-
ing active faults, especially the Sagaing Fault and the Kabaw Fault (Figure 1) (Sloan et al., 2017). The Kabaw 
Fault serves as the tectonic border between the Central Myanmar Lowland (CML) and the Indo-Burman Range 
(IBR) (Figure 1). Previous geodetic measurements suggested that the Kabaw Fault absorbs both thrust and strike-
slip offsets caused by oblique subduction, and the associated seismic hazard could be underestimated (Oryan 
et al., 2023). However, the seismicity variation along the strike of the Kabaw Fault that accommodates tectonic 
deformation in the crust is poorly understood (Mallick et al., 2019; Maurin & Rangin, 2009; Mon et al., 2020; 
Steckler et al., 2016). Establishing a high-resolution regional earthquake catalog is vital for analyzing fault geom-
etry and activity, as well as seismic hazards.

Recently, there has been a significant bloom of modern seismological observations in Myanmar and its 
surrounding regions (Witze, 2019), including the China-Myanmar Geophysical Survey of the Myanmar Orogen 
(CMGSMO) seismic network (Mon et al., 2020; Yang et al., 2022), Earth Observatory of Singapore-Myanmar 
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rare. We designed a deep-learning-based data processing pipeline and applied it to the data recorded by a 
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procedures. The new catalog reveals the Kabaw Fault seismicity disappears south of ∼22.8°N, where the deeper 
(20–40 km) seismicity appears west of the southern Kabaw Fault. Such seismicity contrast along the strike of 
the Kabaw Fault possibly implies an along-strike change of deformation responses to the shortening process 
by the India plate oblique subduction. The middle segment of the Sagaing Fault is likely locked and prone to 
hosting large earthquakes according to the derived low b-value.

Plain Language Summary  Myanmar is a highly seismically active region, yet fault geometry and 
activities remain poorly understood because of limited modern seismological investigations. Here, we designed 
a set of machine-learning algorithms to detect small earthquakes and determine their locations precisely. The 
seismic data are recorded by a temporary seismic network deployed in central Myanmar. We obtained twice 
as many earthquakes as the previous research used the regular procedure. Our improved earthquake data set 
unveils seismic activity changes along the Kabaw Fault through the changes in earthquake locations, depths, 
and magnitude-frequency relations. Kabaw Fault is an import boundary fault in the subduction system of the 
Indo-Burma Range. This subtle change was not previously observed but means a significant alternation in 
deformation style along the subduction strike. Moreover, our improved data set indicates that the Sagaing Fault, 
the most active fault in Myanmar, is prone to generating large earthquakes in the future. This implication warns 
the nearby populated cities, like Mandalay, of a significant megaquake threat.
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(EOS-Myanmar) seismic network (Fadil et al., 2021, 2023; X. Wang et al., 2019), TREMBLE seismic network  (X. 
Wang et al., 2019), and the Myanmar National seismic network (MM; Thiam et al., 2017). This boost in seismic 
stations has highly enhanced the detection capacity of regional seismic networks, providing an excellent opportu-
nity to better resolve and locate the seismicity. Mon et al. (2020) used the new seismic data recorded by the dense 
array of the CMGSMO to establish the first high-resolution catalog of local earthquakes in central Myanmar. 
Based on the earthquake distribution and focal mechanisms in the catalog, they identified a crustal seismic zone 
close to the Kabaw Fault and two seismic clusters beneath the sedimentary cover of the CML, and suggested the 
thrusting faults near the Kabaw Fault and the dextral strike-slip blind faults in the CML accommodate the defi-
ciency of the oblique deformation (Mon et al., 2020). However, the relatively sparse distribution of earthquakes 

Figure 1.  Overview of the Myanmar region, including the seismotectonic map of Myanmar and the distribution of the 
CMGSMO seismic array (white inverted triangles). The earthquakes with magnitudes larger than 7.0 are shown by green 
stars from Le Dain et al. (1984) and International Seismological Centre (ISC; Adams et al., 1982). Earthquake (Mw ≥ 5.5) 
focal mechanisms with depths shallower than 40 km are taken from the GCMT catalog (Ekström et al., 2005) for the 
period of 1976–2021. The magenta-shaded areas represent two NW-SE trending seismic zones in the CML and the Eastern 
Indo-Burma Ranges Seismic Zone in the IBR, discovered by Mon et al. (2020). The upper-right inset shows the location of 
our study area (purple rectangle). Abbreviations: SP, Shan Plateau; MMB, Mogok Metamorphic belt; CMF, Churachandpur-
Mao Fault.
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around the Kabaw Fault zone hinders the precise determination of the fault geometry and activity. Moreover, 
the elongation of two seismic clusters stretching in the NW-SE direction does not match the near N-S striking 
tectonic units and major active faults. Therefore, further investigation is needed to acquire the elaborate variations 
of seismicity along the fault system relating to the subtle variations of fault geometry and stress status, which 
will help deepen our understanding of activity variations of the fault system and the changes in local tectonic 
deformation patterns.

Also note that, in Mon et  al.  (2020), the earthquakes were detected using the traditional STA/LTA method 
(Allen, 1978; Freiberger, 1963), and arrival times of regional earthquakes were manually picked. The STA/LTA 
method relies on hyperparameters and might neglect low signal-to-noise ratio (SNR) data, which could result in 
undetected of small-magnitude earthquakes. In contrast, the recent development of deep-learning-based earth-
quake detection and arrival time picking algorithms exhibited greater power to automatically and rapidly derive 
higher resolution and completeness earthquake catalogs that reveal new seismicity and fault features (e.g., Liu 
et al., 2020; Mousavi et al., 2020; Xiao et al., 2021). However, most of these neural network models were trained 
with seismic data sets acquired at local distances (e.g., <200 km in Chai et al. (2020), Liu et al. (2020), Mousavi 
et al. (2020), Zhu and Beroza (2019)). Therefore, they may not perform well when directly applied to the data 
recorded at greater distances (e.g., in our case, in central Myanmar, ∼400 km).

In this study, to maximize earthquake detection for the central Myanmar region to gain new insights into fault 
activity, we proposed a deep-learning-empowered, fully automatic data processing pipeline, named DEPALORE. 
We applied it to the 18-month seismic raw data used in Mon et al. (2020). The name DEPALORE (Figure S1 
in Supporting Information S1) stands for five fundamental blocks in this pipeline: earthquake DEtection (EqT), 
Picking refinement (PickNet-TL), Association (REAL), LOcation (NonLinloc) and RElocation (HypoDD). The 
results show that the DEPALORE catalog contains much more well-resolved local events, which results in robust 
b-value estimations and reveals some new features for seismicity along the Kabaw Fault and within the CML 
compared to the manual catalog.

2.  Tectonic Background
The Myanmar region consists of several north-south trending geological slivers, including the IBR and the CML 
attached to the Shan Platea, the margin of the Asian plate (Sloan et al., 2017). The IBR represents the accretionary 
prism of the subduction zone (Maurin & Rangin, 2009), separated from the CML by the Kabaw Fault. Geomor-
phology investigations revealed an east-dipping fault that traversed the eastern side of the Kabaw valley, which 
the Kabaw Fault was named after (Swe et al., 1972).

The CML comprises the fore-arc and back-arc basins separated by the Wuntho-Popa volcanic arc, which hosts 
several Quaternary volcanoes (e.g., Mt. Monywa and Mt. Popa; Than et al., 2017). The Monywa volcano has 
the most recent eruption records in the Holocene, which formed a series of maars (Belousov et al., 2018; Maury 
et al., 2004). Several large earthquakes struck the CML, suggesting the presence of active blind faults below it 
(Figure 1) (Fadil et al., 2021, 2023).

The Sagaing Fault, extending approximately 1,400  km, represents the tectonic boundary between the CML 
and the Shan Plateau. It serves as the primary fault zone that accommodates the majority of the strike-slip 
portion of the oblique convergence, with a slip rate of ∼15–25 mm/yr and accumulated slippage of 100–700 km 
(Curray, 2005; Swe, 1970; Tin et al., 2022; Tun & Watkinson, 2017).

3.  Data and Methodology
To prepare the data for machine-learning-based earthquake detection, we utilized the same CMGSMO (Figure 1) 
raw data as in Mon et al. (2020). We built training, validation, and test data sets with the manual arrival picks 
reported in Mon (2021) and the associated seismograms. The training data set consists of ∼39,000 P and ∼28,500, 
and the validation data set consists of ∼2,000 P and ∼1,500 S. The test data set includes ∼5,000 P and ∼3,500 S.

The deep-learning-empowered fully automatic DEPALORE pipeline (see Text S2 in Supporting Information S1 
for details) consists of five sequential steps (Figure S1 in Supporting Information S1): (a) initial automatic P and 
S wave arrival time detection using the original pre-trained EqT model (Mousavi et al., 2020); (b) arrival time 
picking refinement using the transfer learned PickNet model (J. Wang et al., 2019); (c) phase association and 
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initial event location determination using the Rapid Earthquake Association and Location method (REAL; Zhang 
et al., 2019); (d) precise earthquake absolute location inversion using NonLinLoc method (Lomax et al., 2009) 
and (e) high-resolution relative hypocenter relocation using the double-difference method (HypoDD; Waldhauser 
& Ellsworth, 2000).

The EqT model is an optimal solution for earthquake detection trained by data acquired at local distances, mostly 
less than 110 km. When applying EqT (see Table S1 in Supporting Information S1 for parameter setup) to a data 
set that covers the regional distance (e.g., ∼400 km in our case), we found that the EqT model remains power-
ful in detecting earthquakes, but with insufficient precision on phase picking due to the lack of regional phase 
patterns in the training data set (Figures S2 and S3 in Supporting Information S1). The phase patterns could 
change dramatically as the epicenter distance changes from ∼110 to ∼400 km. Arrival time picking refinement 
is thus necessary.

We applied the PickNet model (J. Wang et  al.,  2019), which has high phase picking accuracy at epicentral 
distances up to ∼1,000 km, to refine arrival time picks. The phase-picking results obtained from the EqT model 
were exploited to generate input time windows for the PickNet model. We further boost the performance of 
PickNet by transfer learning (TL) based on the manual data set, designated as PickNet-TL. To ensure the general-
ization of PickNet-TL and avoid overfitting, we applied data augmentation schemes to the training data set (Zhu 
et al., 2020). As a result, PickNet and PickNet-TL models significantly improve the accuracy of phase picking, in 
particular, the PickNet-TL model can achieve similar accuracy as human experts (Text S1, Figures S2 and S3 in 
Supporting Information S1).

With the refined arrival time picks from PickNet-TL, we employed a sequential earthquake association (REAL) 
and location methods (NonLinLoc and HypoDD) (see Text S2 in Supporting Information S1 for details) to estab-
lish a higher resolution and completeness DEPALORE catalog in contrast with that in Mon et al. (2020).

4.  Results
4.1.  Distribution of Earthquake

We applied the DEPALORE pipeline to the 18-month seismic raw data recorded by the CMGSMO array. The 
EqT model yielded ∼161,100 P and ∼161,400 S picks, which were then refined by the PickNet-TL model with 
outputs of ∼132,000 P and ∼134,900 S picks. The refined arrival times were injected into REAL and were 
associated with 2573 regional earthquakes with focal depths shallower than 50 km. These events' locations were 
further updated by NonLinLoc, resulting in 1891 events with magnitudes ranging from 0.1 to 5.8. The number 
of events in the NonLinLoc catalog is twice that of the manual catalog (849 events) (Figure S4 in Supporting 
Information S1; Mon et al., 2020). After the HypoDD relocation, the catalog retained 1508 earthquakes with 
magnitudes ranging from 0.5 to 5.3. We conducted the Jackknife uncertainty analysis for earthquake location. The 
result indicates that the absolute location uncertainties are 3.9, 3.6, and 5.3 km for longitude, latitude, and depth, 
respectively (Text S3, Figure S5 in Supporting Information S1).

Compared with the global catalog in Myanmar, both the DEPALORE and manual catalogs (Mon et al., 2020) 
demonstrate more compact earthquake clusters with roughly north-south elongated distributions in the IBR, as 
well as along the Kabaw and Sagaing Faults (Figure 2, Figures S6 and S7 in Supporting Information S1). The 
DEPALORE catalog contains 1292 more earthquakes and thus shows clearer cluster shapes than the manual 
catalog (Mon et al., 2020). Beneath the IBR, we observed an east-dipping seismic belt at a depth greater than 
∼20 km. This seismic belt is located within the subducting Indian plate that was imaged as a high-velocity zone in 
the tomographic model (Figure 2; Zhang et al., 2021). Besides intra-slab seismicity, another nearly N-S trending 
earthquake cluster is observed in the overriding plate near the Kabaw Fault. This seismicity cluster corresponds 
to the previously identified Eastern Indo-Burma Ranges Seismic Zone (EIBRSZ) by Mon et al. (2020). Based on 
the clustering of hypocenter distribution in our catalog, we further divided the seismicity near the Kabaw Fault 
into two sections bounded by the latitude of ∼22.8°N (Figure 3). In the northern section, earthquakes roughly 
distribute along the Kabaw Fault and primarily concentrate around a depth of 20 km. The southern section exhib-
its ∼30 km westward offset from the surface trail of the Kabaw Fault at greater depths of 20–40 km.

Beneath the CML, the incremental earthquakes in the new catalog fill the previous seismic gap between the Ye-U 
Fault zone and the Kani Fault zone as defined by Mon et al. (2020), and we recognized clearer N-S trending of 
two seismic clusters within the domains of fore- and back-arc basins, respectively (Figure 2 and Figure S6 in 
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Figure 2.  (a) The distribution of relocated shallow earthquakes in central Myanmar from the DEPALORE catalog. The 
relocated earthquakes are colored by depth and sized by magnitude. The tectonic sketch of central Myanmar is plotted 
as background. (b) The cumulative frequency-magnitude distribution (FMD) for different sub-regions. The sub-regions 
are indicated by circled numbers and shaded areas with different colors in subplot (a). The blasting-related seismicity is 
distributed at the region contoured by the green dashed line in subplot (a). The numbers in purple and red represent the 
magnitude range and the number of earthquakes used for b-value calculation. (c, d) Transect views of the earthquake 
distributions. The colored background is P-wave velocity perturbations from Zhang et al. (2021). The positions of profiles 
A-A′ and B-B′ are shown in subplot (a) with black lines. The earthquakes within the orange dashed box are projected to the 
profiles. Abbreviations: MV, Monywa Volcano; KBF, Kabaw Fault; SF, Sagaing Fault.
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Supporting Information S1). The strikes of  these blind active faults coincide 
with the N-S trending tectonic characteristics of the Myanmar region (Licht 
et al., 2019). By comparing the seismicity with the high-resolution tomog-
raphy model in the CML (Zhang et  al.,  2021), we noticed that nearly all 
earthquakes are located beneath the thick sedimentary layers in the bedrock 
(Figures 2c and 2d). Notably, our new catalog reveals the presence of two 
seismicity swarms occurring at an extremely shallow depth range of 0–5 km 
near the Monywa volcano (Figure 2). These swarm events have nearly iden-
tical origin time of 8:00 a.m. (Figure S8 in Supporting Information S1) and 
are distributed to two mining sites (Figure S9 in Supporting Information S1), 
which suggests that these events were more likely produced by artificial 
blasting for mining work rather than natural earthquakes. High agreement 
between swarm events and mining sites also indicates a high-resolution hori-
zontal location of the DEPALORE catalog (with an uncertainty of ∼2 km). 
At the eastern boundary of the CML, earthquakes are concentrated along the 
Sagaing Fault at a depth range of 0–25 km (Figure 2).

4.2.  Spatial Variation of b-Value

Enough of earthquakes in our new catalog allows for the derivation of b-values 
for different fault systems and the comparison of their fault activities. Here, we 
divided the studied area into three sub-regions and calculated the background 
b-values for the whole study region and each sub-region (Text S4 in Support-
ing Information S1). We used the maximum-likelihood method to estimate 
b-values (Aki,  1965). During this process, dependent earthquakes such as 
foreshocks and aftershocks were removed (Uhrhammer, 1986). The b-values 
after declustering for different sub-regions are nearly consistent with those 
before declustering (Figure 2 and Figure S10 in Supporting Information S1).

The DEPALORE catalog has a completeness magnitude (Mc) of 1.8 (ML), 
which is a considerable improvement compared to the manual catalog with 
Mc of 2.1 (ML) (Mon et al., 2020; Figure S4b in Supporting Information S1). 
The b-value for the entire catalog is estimated as 0.76, nearly equal to that 
derived from the manual catalog (Mon et  al.,  2020), which verifies  the 
robustness and stability of b-value estimation even with the inclusion of 
smaller earthquakes in the DEPALORE catalog. The northern and southern 
sections of the seismic zone near the Kabaw Fault have b-values of 0.93 and 
1.09, respectively (Figure  2). After removing the blasting-related seismic-
ity, the b-value of the remaining seismicity beneath CML is estimated to be 
0.95 (Figure 2), which is slightly larger than that near the Kabaw Fault. High 

seismic signal attenuation due to the thick sediments beneath CML (Zhang et al., 2021) may cause the b-value 
underestimation because small events are more likely to be undetected. The seismicity along the Sagaing Fault 
shows an even lower b-value of 0.51. The standard deviations of the b-value for most sub-regions are within 0.12, 
except for the southern section of the Kabaw Fault due to the lack of earthquakes (Figure 2).

Notably, our b-values are estimated from earthquakes within a limited magnitude range over a relatively short 
observation period (Figure 2). Magnitude spans of less than three units may lead to an overestimation of the 
b-value (Marzocchi et al., 2020). However, we find that the b-value of the short-term DEPALORE catalog closely 
aligns with those of global long-term catalogs for central Myanmar (Figure S11 in Supporting Information S1). 
For the seismicity of sub-regions, the b-values of these long-term catalogs are hardly calculated due to the high 
uncertainty in the location of earthquakes and the limited number of earthquakes. We thus suppose that the 
b-values of our new catalog might provide insight into the long-term seismicity in central Myanmar.

5.  Discussion
Based on our results of earthquake relocation, the Sagaing Fault exhibits a slightly eastward dipping at a depth 
range of 0–25 km (Figures 2c and 2d). The maximum focal depth is much deeper than the estimated locking depth 

Figure 3.  (a) 3-D perspective and (b, c) Transect views for the distribution 
of relocated shallow earthquakes in the vicinity of the Kabaw Fault. The 
earthquakes near the Kabaw Fault shown in Figure 2a are highlighted as 
purple circles, and the rest are set as gray. The cyan boxes in subplot (a) denote 
the vertical sections in the transect views (b, c). In subplot (b, c), the focal 
mechanisms are obtained from Mon et al. (2020) and GCMT (1976–2021). 
The histograms indicate the depth distribution of the earthquakes related to the 
northern and southern sections of the Kabaw Fault region.
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of 10 km by campaign GNSS observations (Tin et al., 2022), suggesting a possible deeper seismogenic zone. The 
Sagaing Fault seismicity yields a low b-value of 0.51 ± 0.05, which is consistent with the fact that most destruc-
tive earthquakes occurred on the Sagaing Fault (Figure 1; Y. Wang et al., 2014). Considering the influence of the 
narrow magnitude range (Marzocchi et al., 2020), the b-value of the Sagaing Fault seismicity may be lower. The 
lower b-value on the Sagaing Fault indicates a high level of stress status (Scholz, 2015), which coincides with 
the GNSS observations that the Sagaing Fault accommodates a majority of the strike-slip partition of the highly 
oblique convergence between the Indian plate and Sunda plate (Mallick et al., 2019; Steckler et al., 2016). Anal-
ogous to the b-value analysis on the San Andreas Fault (Wyss et al., 2004), low b-value suggests this segment of 
the Sagaing Fault is highly locked at present, as also shown in the GNSS observations (Tin et al., 2022). Thus, a 
large earthquake tends to occur in this segment of the Sagaing Fault in the future.

The most distinct feature revealed by our catalog is that the earthquake cluster within the Kabaw Fault region 
exhibits remarkably different features between the northern and southern sections, which are bounded at the lati-
tude of ∼22.8°N (Figure 3). The earthquakes in the northern section are mainly distributed in the upper to middle 
crust roughly along the outcrops of the Kabaw Fault, featuring a b-value of 0.93 (Figure 2). We attributed this 
seismicity to the activity of the Kabaw Fault according to the spatial coherence between the epicenter distribution 
and the fault outcrops. By contrast, the earthquakes in the southern section concentrate in the lower crust, featur-
ing a relatively high b-value of 1.09 (Figure 2). Their surface project notably deviates from the outcrops of the 
proposed southward extension of the Kabaw Fault (Figure 3; Y. Wang et al., 2014). The b-value mapping based 
on long-term catalogs hinted at the b-value variations along the strike of the Kabaw Fault (Bora et al., 2018). 
Likewise, the longstanding geomorphic features are obviously different between the regions adjacent to the 
northern and southern Kabaw Fault (Figure 4). The earthquakes in both sections exhibit consistent thrust focal 
mechanisms with E-W oriented P axes (Figure 3). We, therefore, prefer that the sudden seismicity change at the 
latitude of ∼22.8°N near the Kabaw Fault might imply an along-strike variation of deformation accommodation 
to the E-W shortening (Figure 4). Indeed, we can hardly rule out the possibility that this seismicity change is 
a short-term phenomenon due to the relatively short observation period. The Kabaw Fault segment south of 
∼22.8°N might be locked in the upper/middle crust and is being loaded by lower crustal aseismic deformation 

Figure 4.  Schematic diagrams of the active fault systems in the hanging wall of the Indo-Burman subduction. Architecture 
variations along tectonic strike are illustrated by the contrastive northern (a) and southern (b) sections.
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accompanied by microseismicity. Recent GNSS modeling results suggest that the northern Kabaw Fault is locked 
and active and argue that it is capable of hosting large earthquakes (Oryan et al., 2023). However, the slip rate and 
locking status of the southern Kabaw Fault remain unclear. Long-term regional seismic observation and more 
GNSS observations are needed to better understand the seismicity of the Kabaw Fault region.

6.  Conclusions
Compared to the earthquake catalog derived from manual arrival time picks, we built a catalog with better reso-
lution and completeness for central Myanmar by applying a deep-learning-empowered fully automatic pipeline. 
This pipeline is efficiently constructs earthquake catalogs in large-scale (∼400 km) regions. The newly obtained 
DEPALORE catalog contains 2-fold more earthquakes and is of a lower completeness magnitude than the previ-
ous manual one. Based on the novel catalog, we find new insights into the seismicity and active faults in central 
Myanmar as follows:

1.	 �A roughly N-S trending earthquake cluster was traced near the Kabaw Fault. Northern and southern sections 
of this cluster are distinct in proximity to the Kabaw Fault, focal depths, and b-values. The different seismicity 
between the northern and southern sections likely suggests the different deformation accommodation to the 
E-W shortening process by the India plate oblique subduction.

2.	 �Beneath the CML, we re-depicted two approximately north-south oriented seismic clusters, corresponding 
to blind fault systems. Their strikes coincide with the stretching direction of the tectonic slivers in Myanmar.

3.	 �The middle segment of the Sagaing Fault exhibits a low b-value of 0.51 ± 0.05, suggesting high effective 
stress and present locked status. Therefore, this fault segment is capable of hosting large earthquakes that pose 
a severe threat to adjacent population centers.

Data Availability Statement
The seismograms used in this study are available at the WDC for Geophysics, Beijing (Yang et al., 2023).
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