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A B S T R A C T   

In Probabilistic Seismic Hazard Analysis (PSHA), a widely used approach to model earthquake sources consists of 
using homogenous source zones. This approach suffers the limitation of assuming that the observed seismicity 
can occur anywhere with same probability over a specific area, which might lead to the potential undervaluation 
of the predicted ground motion level due to an effect of smearing of seismic potential. To compensate that, a 
hybrid model is used, accounting both for distributed seismicity and localized seismogenic structures. 

In this study, we perform PSHA for Northeast India and Bhutan, that are the most seismically hazardous re
gions on the planet. The region was partitioned into seismogenic source zones of supposedly homogeneous 
seismic potential and seismotectonic characteristics. Earthquake recurrence parameters for each zone were ob
tained from direct magnitude-frequency analysis on a precompiled global catalogue. Seismogenic faults are 
added to the model by converting slip rates from GPS velocity data to seismic activity. Complementary infor
mation was derived from the analysis of moment tensor solutions of large events and from a detailed literature 
review. 

Using this hybrid model, seismic hazard was calculated for a region bounded by lat/long 24.0◦-28.8◦N/88.0◦- 
94.5◦E. Calculations were performed for Peak Ground Acceleration (PGA) and several Spectral Acceleration (SA) 
periods for a Probability of Exceedance (POE) of 10% in 50 years, corresponding to 475 years return period, and 
for a reference rock condition with Vs = 800 m/s. The results highlight significant acceleration levels (about 
0.77g at PGA) in the Arunachal Pradesh region (Northeast India), due to the presence of the Himalayan Frontal 
Thrust (HFT).   

1. Introduction 

Northeast India and Bhutan are one of the most active seismotectonic 
regions of the world (Baro and Kumar, 2017; Baruah et al., 2016) and 
over the last decades, different kinematic models have been proposed to 
explain the seismotectonics of the area. The area considered for the 
analysis lies between latitude 23◦N to 30◦N and longitude 85◦E to 98◦E 
(Fig. 1). From the geographical point of view, the study area is bounded 
by the Himalayas to the north, the Indo-Burma ranges/Myanmar to the 
east, Bangladesh to the southwest and the Andaman Sumatra region to 
the southeast. The geology of this region is complex with the interaction 
between the active north-south convergence along the Himalaya and the 
east-west convergence and subduction within the Indo-Burma ranges. 

Historically, the study region is strongly affected by earthquakes 
with large magnitudes: during the past 120 years, thirteen events with 
magnitude above 7.0 have occurred in the study area (Baro and Kumar, 
2017; Kayal, 2008; see Fig. 1). The main purpose of this work is to 
evaluate probabilistically the level of ground motion induced by large 
and potentially damaging future earthquakes in the densely populated 
region of Northeast India and Bhutan, which is fundamental to mitigate 
the impact of future events on the population and therefore to reduce the 
seismic risk. We use a Probabilistic Seismic Hazard Analysis (PSHA) 
approach (Cornell, 1968; Esteva, 1967, 1968), which allows to define 
the probability of a specified ground motion level being exceeded at a 
site or area of interest, as generated by any earthquake source poten
tially expected for the region. The way the earthquake source is 
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modelled, therefore, plays a major role in the analysis and has a sig
nificant impact on the final results. 

The most common approach to model the earthquake source is using 
a distributed seismicity approach, where the study area is subdivided in 
a number of homogeneous zones (from the seismotectonics point of 
view), where each point is assumed to have the same probability of 
generating an earthquake. The seismic productivity (activity rates) is 
calibrated from the analysis of all the available observed events (e.g. 
from an earthquake catalogue) on the area, assuming a given 
magnitude-recurrence relation. This approach is convenient when little 
knowledge about the seismic sources is available for the region, but 
might be limiting in case of known active lineaments with large seis
mogenic potential. A more recent and sophisticated approach consists 
then in the direct modelling of the main active faults of the region 
(Akinci et al., 2009; Carlton et al., 2018; Poggi et al., 2020; Rivas-Me
dina et al., 2018; Valentini et al., 2017; Woessner et al., 2015; Yagh
maei-Sabegh et al., 2018). As for the case of source zones, occurrence on 
a fault can be calibrated by analysing the associated historical earth
quake record that, however, might be rather limited in time for the 
specific lineament. To compensate for this, slip rates from geological or 
geodetical analysis (e.g. from strain rates) can also be used to model 
earthquake occurrences. Nonetheless, also this approach is affected by 
several limitations. Slip rates, for example, might be affected by large 
uncertainty and the assumption of stationarity of the deformation rate 
over long time periods might not be necessarily fulfilled. 

Previous studies on the same area have used the classic area source 
model to compute the PSHA (Baro et al., 2020; 2018; Bhatia et al., 1999; 
Das et al., 2016; Giardini et al., 1999; Khattri et al., 1984; Nath and 
Thingbaijam, 2012; NDMA, 2011; Sharma and Malik, 2006; Shivamanth 
et al., 2016; Walling and Mohanty, 2009; Yadav et al., 2010); a recent 
study from Stevens et al. (2020) has performed a PSHA based on faults 
locations, slip-rates and paleoseismic earthquake data for Bhutan. 

The purpose of the present investigation is therefore to create a 
hybrid model for Northeast India and Bhutan, which comprises classical 
area source zones and faults sources, in order to compensate the relative 
limitations of the two approaches and thereby to obtain a more 
comprehensive representation of the seismic hazard of the area. For that, 
we make extensive use of the slip rate information available in literature 
for local studies (Barman et al., 2017; Bilham and England, 2001; De and 

Kayal, 2003; Diehl et al., 2017; England and Bilham, 2015; Goswami, 
2005; Hauck et al., 1998; Hetényi et al., 2016; Kayal et al., 2006; Le 
Roux-Mallouf et al., 2015; Marechal et al., 2016; Nandy, 2001; Stevens 
et al., 2020; Stevens and Avouac, 2015; Velasco et al., 2007; Vernant 
et al., 2014; Yin, 2006). 

As a final result, we compute ground motion for 10% Probability of 
Exceedance (POE) in 50 years (corresponding to 475 years return 
period) for three target sites of particular significance for the area: 
Thimphu, Guwahati and Shillong. The obtained results can be used in 
the future to design earthquake resistant civil structures and define the 
earthquakes scenario for deterministic risk assessment. 

2. Geology and Seismotectonics 

Northeast India and Bhutan are among the seismically most active 
regions on earth. The high seismicity is due to the north-south collision 
between the Indian and the Eurasian plate along the Himalaya front, and 
the east-west subduction along the Indo-Burmese Ranges (IBR) in the 
east. The convergence of the Indian and Eurasian plates at 40–50 mm/yr 
since their initial collision between 70 and 34 million years ago resulted 
in the accumulation of widespread strain in the region. About 15–20 
mm/yr of the convergence is accommodated in the Himalayan frontal 
arc (Vorobieva et al., 2017). The convergence along the entire Hima
layan arc is directed perpendicular to the arc and increases eastwards 
from 13.3 ± 1.7 mm/yr in the west to 21.2 ± 2.0 mm/yr in the east 
(Stevens and Avouac, 2015). 

Scientific debate is still ongoing about the identity and correlation of 
stratigraphic units, location and origin of the major contacts between 
the different units, and the timing of the orogenic processes in the region 
(Greenwood et al., 2016). There are also substantial differences in the 
geology between the western, eastern and central part of the Himalayas 
(Kayal, 2008). Based on the geology and the seismotectonics, we have 
divided the area into seven main provinces, which are discussed below. 

2.1. Bhutan 

The Bhutan region is characterized by the high topographic relief of 
the Himalaya, that is 2500 km-long along Himalayan belt and it is 
associated to several thrust and faults. Along the Main Himalayan Thrust 

Fig. 1. The Mw homogenized earthquake catalogue (New ISC-GEM Extended) for the study region. The stars show the cities (Thimphu, Guwahati and Shillong) 
where the ground motion exceedance values are computed. 

F. Ghione et al.                                                                                                                                                                                                                                  



Physics and Chemistry of the Earth 123 (2021) 103029

3

(MHT), which is a mid-crustal décollement (basal detachment fault), the 
Indian plate underthrusts the Eurasian plate, causing the Himalaya 
mountain growth and associated deformation and high seismicity. From 
north to south, the Main Central Thrust (MCT), the Main Boundary 
Thrust (MBT) and the Main Frontal Thrust (MFT) are the prominent 
north dipping thrusts with a geometry that is listric to the MHT (see 
Fig. 2). The MFT, also known as Himalayan Frontal Thrust (HFT), is 
considered as the surface expression of the MHT, the outermost front 
toward south and it runs along the Bhutan/India border (Barman et al., 
2017). While the MFT is well defined in Nepal, in Bhutan it does not 
have a continuous and clear morphological expression because it is 
buried under young alluvial sediments. 

Along the Himalayan arc, the seismic behaviour of the Bhutan region 
is uncertain, because the number of significant earthquakes in Bhutan is 
much lower (Gahalaut et al., 2011; Vernant et al., 2014) than in other 
zones (Fig. 1), in particular to the west of Sikkim. This can be due to 
continental shortening being cushioned by the Shillong Plateau (SP) 
150 km farther south (e.g. Bilham and England, 2001; Gahalaut et al., 
2011). The present-day deformation pattern is constrained only by 
sparse GPS measurements in western Bhutan (Vernant et al., 2014) and a 
single estimate of Holocene uplift rate along the Topographic Frontal 
Thrust (TFT) in central Bhutan (Berthet et al., 2014). In central Nepal 
and Arunachal Pradesh (east Bhutan), Holocene slip rates along the MFT 
are about 21 ± 1.5 mm/yr (Lavé and Avouac, 2000) and 23 ± 6.2 mm/yr 
(Paul Burgess et al., 2012), respectively. The occurrence of the 1897 
earthquake near the SP attests to the accommodation of the convergence 
in this region and has been proposed to increase the interval between 
great earthquakes in the Bhutan Himalaya (Bilham and England, 2001). 
Gahalaut et al. (2011) also proposed that the stress shadow caused by 
this earthquake may be responsible for the low seismicity rate currently 
observed in Bhutan. According with instrumental and historical records, 
Bhutan experienced no major earthquake in the past 200 years (Gaha
laut et al., 2011). 

2.2. Northeastern himalaya 

The northeastern Himalaya is subdivided into four major tectonic 
units by different thrusts. From south to north (see Fig. 2): the Outer Sub- 
Himalaya (that lies between the MFT and the MBT), mainly consists of 
Neogene and Quaternary molasse sediments; the Lesser Himalaya 
(bounded by the MBT and MCT), consists in pre-Tertiary rocks that 
underlie the central Himalaya. While the MBT is clearly defined all along 
the southern margin of the Himalaya, the position of MCT is debated, 
particularly in the northeastern part. 

The Central Himalaya is made by metamorphic and granitoid rocks 
and higher structural units to the north of MCT. In the Trans-Axial 
Himalayas, a tectonic contact being defined by the Tethyan/Trans-Axial 
Thrust or Indus Suture Thrust (IST) puts in contact Phanerozoic sedi
ments and metasediments and the crystallines. 

2.3. Eastern Himalaya Syntaxis 

The Eastern Himalaya Syntaxis (“Assam syntaxis”) is a complex triple 

junction that joins the Indian and Eurasian plates with the northern end 
of the Burma platelet. The Himalayan arc shows a sharp turn of about 
90◦ and meets the Indo-Burma ranges. The crustal deformation due to 
plate motions is particularly complex and this syntaxis zone is also the 
location of high stress concentrations. To the southeast and east of the 
Assam Syntaxis within east Burma and Yunnan (China), the relative 
motion between India and southeast Asia is dextral; to the west and 
north of the Syntaxis, within the Eastern Himalaya and southeast Tibet, 
the motion between India and Asia is convergent. The crustal thickness 
estimated in this region range from 50 to 60 km. This area was the place 
of the August 15, 1950 Assam earthquake (Mw 8.6): it is considered as 
the manifestation of the India-Asia convergence (Seeber et al., 1981). 
Armijo et al. (1989) supported the right-lateral strike slip solution on the 
Po Qu fault zone in southeast Tibet, which wraps around the Eastern 
Syntaxis and connects with the right-lateral strike-slip Sagaing fault 
zone. 

2.4. Indo Burma ranges 

The Indo-Burma ranges (IBR) is located in a complex tectonic zone 
with oblique subduction at its western boundary, a dextral transform 
fault (Sagaing fault) on the eastern boundary, the Mishmi thrust in the 
north, and the Andaman Spreading Ridge (ASR) to the south. The Bur
mese arc, NS oriented and 1100 km in length and 13–14 km in width, is 
convex westward. Different interpretations have been proposed through 
years about the evolution of the Burmese arc (Curray et al., 1979; Le 
Dain et al., 1984; Mitchell and McKerrow, 1975; Nandy, 1983; Tap
ponnier et al., 1982; Uyeda and Kanamori, 1979), but it is generally 
agreed that the IBR is a subduction zone characterized by high 
seismicity. 

2.5. Shillong-Mikir Massif 

The Shillong Plateau-Mikir Massif intraplate zone is a part of the 
Indian shield and moved to the east along the Dauki fault. The Shillong 
Plateau is located between the Himalayan arc to the north and the 
Burmese arc to the east; it was created by a “pop-up tectonics” in the 
Pliocene and it is bounded by active faults (Kayal et al., 2006; Saikia 
et al., 2017). To the south, the Plateau is limited by the ~320 km long 
E-W Dauki fault, that separates the Precambrian basement of the SP to 
the north and the thick Tertiary sediments of the Bengal basin to the 
south (Kayal, 2008; Sharma et al., 2017). The area between the SP and 
the Mikir hills is called the Kopili gap and they are separated through the 
NW-SE Kopili lineament (300–400 km long). The Kopili fault produced 
two large intraplate earthquakes, the damaging 1869 Cachar earthquake 
(Mw 7.4), and another one in 1943 (Mw 7.2). In January 2016 a strong 
intraplate earthquake of Mw 6.9 occurred at the southeast end of the 
Kopili fault in Manipur. To the west, the Plateau is bordered by the 
Dhubri fault, that generated the 1930 Dhubri earthquake (Mw 7.1) 
(epicenter at 25.8◦N, 90.1◦E and ~60 km depth). The northern bound
ary of the SP is not well constrained and different authors proposed 
different interpretation (Bilham and England, 2001; Kayal et al., 2006; 
Rajendran et al., 2004). For this study, according to Bilham and England 

Fig. 2. Simple model of how the Indian continent underplates the Eurasian continent which gives rise to the Himalayas with the major faults Main Frontal Thrust 
(MFT), Main Boundary Thrust (MBT) and the Main Central Thrust (MCT) (Bungum et al., 2017). 
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(2001) based on GPS observations, we have considered that the SPis 
bounded by two reverse faults: the north dipping Dauki fault to the south 
and WNW-ESE trending south dipping Oldham fault at the boundary 
between the Plateau and the Brahmaputra valley. The Shillong 
Plateau-Mikir massif and Assam valley intraplate zone produced many 
large earthquakes, including the great Shillong earthquake, occurred in 
June 12th, 1897. It is one of the largest intra-plate earthquakes in the 
world, with a magnitude Ms 8.7 (revised Mw 8.1 by Bilham and England, 
2001), and it was the first Indian earthquake for which instrumental 
records, recorded outside India, are available (Oldham, 1899). It caused 
widespread damages over the entire plateau and in NE India, causing 
1542 casualties. Different interpretation (Baruah et al., 2016; Bilham 
and England, 2001; Imsong et al., 2016; Martin and Szeliga, 2010; 
Oldham, 1899) have been proposed to define the earthquake source. The 
scenarios based on either the Chedrang Fault or the Oldham Fault are 
more in line with the reported damage and shaking intensity reported 
from the 1897 event. 

2.6. Assam valley 

The Brahmaputra valley is divided into three parts: the eastern upper 
Assam valley, the central Brahmaputra valley and the western lower 
Assam valley. The Brahmaputra plain is stretched nearly 800 km in 
length with an average width of 110 km and runs NE-SW, and it is 
composed by Mesozoic to early Tertiary sediments that they increase the 
seismic hazard of the region. The Brahmaputra basin formed as a result 
of upliftment and subsidence of different blocks of Precambrian crys
talline deposition. The Oligocene sequence in Assam shelf is represented 
by 600–1000 m thick sediments. The upper Assam valley is flat, about 
100 km in width and 300 km in length and is NE-SW oriented (Saikia 
et al., 2017). 

2.7. Bengal Basin 

The Bengal basin is one of the largest basins of the world, with a 
thickness of up to ~15 km (Kayal, 2008). The Bengal geosyncline shrunk 
with time in consequence of the eastward subduction of the Indian plate 
below the Andaman-Burmese arc. Several stages have been observed: 
India collision with Eurasia, uplift and erosion of the Himalaya in the 
Tertiary-Quaternary, transport of the eroded materials by confluent 
Ganges and Brahmaputra rivers and deposition of the sediments in the 
newly formed Bengal geosyncline. Due to continued spreading of the 
Indian ocean floor, the above stages are still ongoing. An important 
tectonic feature is the Eocene Hinge Zone (500 km long, width varies 
from 25 km to 110 km), which separates the continental shelf to the west 
and the geosynclinal facies to the east. Curray et al. (1982) suggested 
that the Hinge line represents the boundary between the continental 
crust and the young oceanic crust that extends southwards into the Bay 
of Bengal, and it intersects the Dauki fault near 92◦E. The Bengal basin 
has produced two large deeper (depth ≥ 20 km) intraplate earthquakes, 
one in 1918 (Mw 7.1) at the Sylhet fault, and the other in 1923 (Mw 7.0) 
at the junction of the Hinge zone and the Dauki fault. 

3. Seismicity information 

In order to completely represent source seismicity through a recur
rence relation, the annual rate of earthquakes above a minimum 
magnitude is needed. There are basically two approaches to define ac
tivity rate of a given seismic source, either through the analysis of past 
seismicity from an earthquake catalogue or through structural geolog
ical data, such as faults information. The procedure to identify potential 
seismic sources in the studied region comprises an evaluation of the 
historical and recent instrumental seismicity data, emphasizing that 
these data are the primary empirical basis for conducting the seismic 
hazard analyses. Another information source is the evaluation of the 
tectonic history based on available geological data and information and 

finally a quantification of known seismicity and geology into model 
recurrence parameters used as basis for the PSHA. 

3.1. Earthquake catalogues 

An earthquake catalogue is an archive where all the past events are 
reported with information about magnitude, time and location, hypo
central depth and other source-specific information. The earthquake 
catalogues are, regrettably, inherently heterogeneous. From the early 
days of instrumental seismology at the beginning of the twentieth cen
tury, seismological networks have undergone many changes that are 
reflected in the database of earthquake records in use today. One of the 
challenges is related to the variety of scales used for recording earth
quake magnitude. In 1964 the International Seismological Centre (ISC) 
catalogue shows a rapid increase in the reported earthquake globally. 
The ISC-GEM Extended catalogue, updated in July 2017, was used as 
one of the basic sources of information since it is based on reports from 
many international seismological networks and reporting agencies 
(Weatherill et al., 2016). The ISC-GEM Extended is a global homoge
nized catalogue (Weatherill et al., 2016) that represent seismicity in a 
common and comparable scale using the moment magnitude Mw scale. 
It contains data from 1900 through 2016, and in the region of interest 
the smallest magnitude reported is Mw = 3.93. Two other catalogues 
were taken into consideration: the Global Centroid Moment Tensor 
Catalogue (Global CMT) (Ekström et al., 2012) and the USGS earthquake 
catalogue (see Data Availability). In particular, the Global CMT cata
logue database covers a period from January 1976 to December 2017 
and it was used to evaluate the dominant rupture mechanisms of the 
area by means of ternary diagrams (Kaverina et al., 1996) (Fig. 3). 

The USGS earthquake catalogue was used, together with the ISC- 
GEM Extended catalogue, for analyzing the hypocentral depth distri
bution of the past events and a statistical analysis was performed to 
understand how the ruptures are distributed along the depths. 

There are many uncertainties that affect the catalogues. These un
certainties are basically related to the magnitudes, the precise hypo
central locations and the depths of the events (Gulia et al., 2012; Panzera 
et al., 2016). Another problem is linked to the short period of observa
tion in comparison with the recurrence time of the large events. For 
example, the observation period of earthquake activity in the study area 
covers around 116 years and this means that the used earthquake in
formation (reliably quantifiable) does not stretch longer back in history. 
Since the average return period of large earthquakes is assumed much 

Fig. 3. The dominant rupture mechanisms for the entire study area are plotted 
in a ternary diagram, showing the main rupture kinematics (reverse, normal, 
strike-slip). 
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longer than 116 years, it becomes clear that the uncertainty of any 
hazard estimate is significant. 

3.2. Declustering procedure 

In order to perform a Poissonian analysis of the earthquakes in the 
catalogue, all the events must be independent from each other. Usually, 
after a larger earthquake, several events on a short time scale occur that 
are related to the previous one. These events, which are related to a 
parent event, are called aftershocks. Later, the time interval between 
earthquakes becomes longer. For what concerns the catalogue, it is 
important to perform the decluster procedure which removes the 
aftershock (and foreshock) events that are not allowed in the statistical 
analysis and violate the Poissonian assumption (Gardner and Knopoff, 
1974; Hainzl et al., 2006; Taroni and Akinci, 2021; Zhuang et al., 2002). 
To remove the aftershocks and create a declustered ISC-GEM catalogue, 
many tests have been done to understand the sensitivity of the classical 
Gardner and Knopoff (1974) method. In this method, the earthquakes 
within certain time and distance windows of the mainshock, the size of 
which are defined by the mainshock magnitude, are considered depen
dent events and removed from the catalog. These windows are depen
dent only on the magnitude of the event and were derived for California 
earthquake. The Gardner and Knopoff (1974) algorithm resulted not 
suitable for the area investigated in this work because it was removing 
more than 40% of the total events, reducing the activity rates of the 
source zones. For this reason, a criterion based on a visual selection of 
the cluster events has been adopted. Different tests have been performed 
to evaluate the total number of events removed applying different time 
and distance windows. At the end, it has been decided to identify and 
remove the aftershocks from the catalogue listings if they satisfy the 
following assumptions:  

- for events with magnitude equal or greater than 6.5, the distance 
considered for the decluster procedure was set to 70 km and the post- 
earthquake time set to two months;  

- for main events with magnitude lower than 6.5, the distance was set 
to 50 km and the time set to one month. 

Before the decluster procedure, the total number of the events were 
4153 in the area between latitude 23◦N to 30◦N and longitude 85◦E to 
98◦E; after applying the decluster method, the total events are 3050 

(around 25% of the events have been removed). 

3.3. Completeness of the catalogue 

The magnitude completeness is the lowest magnitude above which 
100% of the events in a space-time volume are detected; it is very 
important because it tells us from which years all the events above this 
threshold magnitude are detected and can be included in the statistical 
analysis. The magnitude completeness of an earthquake catalogue is a 
factor that profoundly affects the recurrence parameters, and it is a basic 
requirement for the processing of input data for seismic hazard analysis. 
After some tests with the Stepp (1971) algorithm, a manual procedure 
was selected for the characterization of the magnitude completeness 
based on the analysis of the obtained rates and the bins related to the 
magnitude are fairly homogeneous and growing with magnitude. The 
time-magnitude plot (Fig. 4) demonstrates that the ISC-GEM catalogue 
can be regarded as being reasonably complete for M ≥ 5.0 only from 
1965, because below M < 5 there is an evident irregularity in the dis
tribution of events, that cannot be attributed to a problem of a simple 
incompleteness of the catalogue or to a real inhomogeneity of occur
rences. From 1925 for M ≥ 5.5 the figure again indicates complete 
recording. For M ≥ 6.5, the catalogue has been considered complete 
from 1900. Finally, for M ≥ 7.5 it’s very difficult to say with certainty 
when it started to record; however, the recording start year has been 
estimated equal to 1850. It is worthy to note that the two major im
provements in seismicity coverage occurred in the early 1960’s (the 
WWSSN network) and around 2000. 

3.4. Seismogenic faults 

The modelling of all existing active faults as independent entities can 
be considered as the most accurate source model for seismic hazard 
assessment (Rivas-Medina et al., 2018; Stevens et al., 2020; Valentini 
et al., 2019). This idea is however quite idealistic, because many times 
earthquakes do not occur on pre-existing faults, and many faults in the 
sub-surface are simply not known in terms of size, geometry and po
tential. A more realistic view includes only a limited number of active 
faults that have the presumed highest seismic activity. The normal 
approach for mapping the faults is followed by different methods, for 
example field observation, morphological evidences, using aerial and 
satellite photos. Since it is extremely difficult to determine the correct 

Fig. 4. Time-magnitude plot for the ISC-GEM catalogue for the identification of magnitude completeness thresholds.  
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fault traces and their precise position, simplified fault geometries have 
been adopted in this work. In this way, the computational efforts were 
reduced, without losing accuracy in the results. The faults information 
was taken from the Geological Survey of India (see Data Availability) 
and they were also supported by a careful literature research (Baruah 
et al., 2016; Bilham and England, 2001; Islam et al., 2011; Kayal, 2010). 
The following seismogenic faults (Fig. 5) have been considered: HFT 
(Himalayan Frontal Thrust), Yadong fault (strike-slip), Tista fault 
(strike-slip), Dhubri fault (left strike-slip), Kopili fault (right strike-slip), 
Oldham fault (reverse), Dauki fault (reverse fault). In section 2. Geology 
and Seismotectonics, three superficial expressions of the MHT have been 
described: the HFT, the MBT and the MCT (Fig. 2). Since the MBT and 
MCT are possibly less important from the seismological point of view 
(there are no relevant events related to these thrust) than the under
plating main thrust (MHT – detachment zone), in this work only the HFT 
and the MHT have been considered for the hazard calculation. In Fig. 5 
only the HFT is represented because the MHT starts at about 17 km deep 
until ~50 km. The HFT is considered as the principal superficial 
expression of the MHT. The most important parameter for crustal 
deformation is the slip rate (in units of mm/yr); the slip rate of a fault is 
the speed with which one side of the fault moves with respect to the 
other. Slip rates are today most often estimated from GPS measure
ments, but nevertheless often remain uncertain. Moreover, it has to be 
considered that not all the slip rates value recorded by GPS can generate 
future earthquakes, since much of this slip is accommodated and con
verted in deformation (e. g. aseismic creep; Murray et al., 2014; 
Thatcher and Pollitz, 2008). The percentage of the slip rates that takes 
account for future earthquakes is called seismic coupling coefficient and 
is usually a value between the 30% and 50% of the registered data. 
When the slip rates are available, algorithms based on such estimates are 
considered to represent the most viable alternative provided that the 
derived activity is always assessed in terms of the equivalent moment 
release. Moreover, such approach assumes that the slip rate observed 
can be considered constant back in past times. When the slip rates are 
not available, the earthquake activity on a fault has to be assessed by 
assigning to the fault a certain proportion of the seismic activity which is 
assessed for the region containing the fault. 

Regarding the faults, the main uncertainties are related to the correct 

fault traces and their locations, the slip rates values, the dip and depth of 
the faults. A way to overcome the problem of the correct fault traces and 
their locations can be comparing field data, morphological evidences, 
aerial and satellite images and try to define a simplified geometry. The 
variations in geometry (both strike and dip and possible listricity) can be 
accommodated by assigning the different geometries with appropriate 
weights in the model, and in this way consider several plausible alter
natives. The solution to overcome the uncertainties related to the slip 
rate could be do different tests to extract the recurrence parameters 
changing each time the value of the slip rate. In this way, a sort of 
balance between the recurrence parameters used and the percentage of 
the slip rate used can be created for building a model much credible and 
realistic as possible. 

4. The seismic source model 

The hazard calculation for this work is mainly performed using two 
types of sources: the area sources and finite faults. 

4.1. Area sources 

The earthquake catalogue is used to build the spatial and temporal 
occurrence model that can be used as input for seismic hazard assess
ment, providing essentially a prediction model for a number of expected 
events at different magnitude levels and in different source regions. 

4.1.1. Seismic zonation, maximum magnitude, depth distribution and 
moment tensors 

The area sources can be described by areal regions in which earth
quakes may occur anywhere and randomly within the defined zone and 
these zones are assumed to have uniform source properties in both time 
and space. The zonation has the purpose of dividing the seismicity into 
distinct source zones, and subsequently evaluating the seismic potential 
in each zone based on past seismicity. This is clearly a simplification 
with respect to the more continuous seismicity distribution. A main goal 
applied in a zonation process is to represent the seismicity and the tec
tonics as balanced as possible. In making the zonation, the basic prin
ciples were used as guidelines: each zone should be large enough to 

Fig. 5. The study area for hazard calculation is marked by a black dashed square (24–28.8⁰ N to 88–94.5⁰ E); and in the figure the main seismogenic faults of the area 
are shown as modelled with a simplified geometry: in red the reverse faults, in green the strike-slip faults, in blue the normal fault. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version of this article.) 
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allow for a reasonably stable assessment of recurrence parameters and a 
homogeneous source zone should encompass regions of supposedly 
uniform seismic potential and seismotectonic characteristics; the zones 
should cover all areas where the seismicity could have some influence on 
the seismic hazard, which normally means 200–300 km around the site, 
depending on activity level (this because also events that occur outside 
the study area can be relevant for the hazard level of the region of in
terest); the zonation should, if required, allow for possible regional 
differences in seismogenic conditions (focal depths, maximum magni
tudes and faulting mechanisms); the zonation should be consistent with 
the regional geology and tectonics. 

Based on the above tectonic knowledge, structural geology, main 
active faults and earthquake distribution the division into ten distinct 
seismic zones was made (Fig. 6). The division was based also on the data 
processing of the whole catalogue regarding the seismicity, depth and 
the previous studies (Baruah et al., 2016; Bilham and England, 2001; 
Islam et al., 2011; Kayal, 2010). The maximum magnitudes (Mmax) 
were defined, using the ISC-GEM Extended catalogue, for each of the 
zones defined through a combination of the observed maximum 
magnitude for each zone and the evaluated tectonic potential, where a 
simple and commonly applied rule is that Mmax should be set to about 
0.5 magnitude units above the largest value.  

- Zone 1 represents largely the Burmese Arc subduction zone. It is a 
very active seismic region and the Mmax is been fixed equal to 8.2. In 
this zone about half of the events show a reverse kinematic, and the 
other half a strike-slip mechanism;  

- Zone 2 corresponds to the Bengal Basin with a Mmax equals to 7.7. In 
this case, there are less events but they show both reverse and strike- 
slip kinematics;  

- Zone 3 or the Shillong area, where the 1930 Dhubri earthquake 
occurred with a Mw 7.1, and in this case the Mmax used is 7.6;  

- Zone 4, called the Mikir Massif region, shows a strike-slip behaviour 
and during 1943, the Kopili earthquake was recorded with a Mw 7.2. 
So the Mmax used for the model is equal to 7.7;  

- Zone 5, named also Eastern Himalaya Syntaxis, is note for the great 
1950 Assam earthquake with a Mw 8.6. In this zone, the magnitude 
of the largest earthquake recorded is above 8.5, that is a value for 
which an increase of 0.5 would lead to a Mmax that should be not 
realistic. In this case, the catalogue has registered an event that is 

probably very close to the maximum awaited. For this reason, the 
model Mmax has been put equal to observed Mmax 8.6;  

- Zone 6, called here India region, is represented by a low seismicity 
distribution and the Mmax is 7.3;  

- Zone 7 or Nepal region, is marked by the west part of the Himalayan 
Frontal Thrust. The 1934 earthquake recorded a Mw 8 so the Mmax 
used is 8.5. In the area, half of the events indicate a reverse kine
matic, and the other half is marked by both normal and strike-slip 
mechanisms;  

- Zone 8, called Bhutan region, shows a reverse mechanism confirmed 
by the central part of the HFT. In this case the Mmax used is 7.0;  

- Zone 9, named Arunachal Pradesh, is characterized by a reverse 
mechanism and through the east part of the HFT. The Mmax is 7.8; 

- Zone 10 comprises the China area and shows a low seismicity dis
tribution (Mmax used 6.5) with a normal kinematic. 

The hypocentral depth distribution has been analyzed using two 
different catalogues: the ISC-GEM Extended and the USGS earthquake 
catalogues (Fig. 7). 

4.1.2. Quantification of the earthquake recurrence 
In each source zone, the temporal occurrence of events with 

increasing magnitude is assumed to follow a power-law behaviour, 
which we model using a double truncated Gutenberg-Richter recurrence 
relation (or magnitude-frequency distribution, MFD) (Gutenberg and 
Richter, 1956). Lower truncation is arbitrarily assigned to Mw 4.5 
(lowest magnitude threshold considered capable of generating damage) 
for all zones. Upper truncation is defined as the magnitude of the largest 
earthquake assumed possible for an area (explained in the previous 
section and in Table 2). The ISG-GEM Extended catalogue was used to 
compute the b-value. Since the b-value heavily affects the hazard 
calculation, and the uncertainty on b in some zones is very high, due to 
the small number of events available in each zone, we decided to set this 
value equal to the b-value obtained for the total area. In a first round, the 
b-value has been computed for the total area using the linear regression 
method, and then the rates are obtained for each zone by using the fixed 
b-value (Table 2). 

Fig. 6. The zonation of the study area, taking into consideration the earthquakes distribution, the main active faults and the geological framework of the area.  
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4.2. Fault sources 

The main seismogenic faults of the area were considered and they 
have been treated and modelled in a simplified way to perform the 
hazard calculation (Fig. 5). The information about faults focal mecha
nisms are extracted from the literature review (Baruah et al., 2016; 
Bilham and England, 2001; Islam et al., 2011; Kayal, 2010). In most 
cases the dip and the depth information are not available, and the values 
used refer to extrapolated data from figures or from a geological inter
pretation. For a long fault or fault system, some segmentation is usually 
needed when evaluating the potential seismicity, or the recurrence 
characteristics. Since it is not realistic that a fault ruptures along its 
entire length, faults and fault systems are segmented when evaluating 
their seismic potential in order to avoid unrealistically large magnitude 
earthquakes. If the fault is modelled with the real length (without seg
mentation), the a-value and the maximum magnitude would be unre
alistically high, corresponding to the fault length. For this reason, 
knowing the fault width factor, the aspect ratio was fixed to extract the 
segments fault length. The aspect ratio is given by the ratio between the 
fault length and the fault width factor. The details of the segmented 
model faults are provided in Table 1. In this work, the data about the slip 
rates is derived from GPS measurements (Barman et al., 2017; Bilham 
and England, 2001; De and Kayal, 2003; Diehl et al., 2017; England and 
Bilham, 2015; Goswami, 2005; Hauck et al., 1998; Hetényi et al., 2016; 
Kayal et al., 2006; Le Roux-Mallouf et al., 2015; Marechal et al., 2016; 

Nandy, 2001; Stevens et al., 2020; Stevens and Avouac, 2015; Velasco 
et al., 2007; Vernant et al., 2014; Yin, 2006). However, many times the 
value recorded by GPS is converted directly without considering that not 
all the slip rates can generate future earthquakes, but much of this slip is 
accommodated and converted in deformation (Murray et al., 2014; 
Thatcher and Pollitz, 2008). After different sensitivity tests, the 40% of 
the GPS recorded slip rate of each fault has been used (Table 1). 

The estimation of activity rates (N-values) involves the seismic 
moment, M0, the rigidity or shear modulus, μ, the total average 
displacement (or slip) across the fault, D, the annual slip or slip rate, S, 
and the rupture area, A = LW, where L is fault length and W is fault 
width. Knowing the slip rate and the rupture length of the faults, we 
extracted the a-value (keeping fixed the b-value at 1.05, like the area 
sources; see Table 3) using an average model based on Anderson and 
Luco (1983) (Eq. (1), Eq. (2), Eq. (3)) and Youngs and Coppersmith 
(1985) (Eq. (4)) relations (Bungum, 2007). 

Anderson and Luco (1983) proposed the following relationships for 
the determination of the number of earthquakes N above the lower 
bound magnitude (around 4–5) on a fault: 

N1(M)=
((

d − b
)/

d
)
(S / β)eb(Mmax − M)e− ((d/2)Mmax) Eq. 1  

N2(M)=
((

d − b
)/

b
)
(S / β)

[
eb(Mmax − M) − 1

]
e− ((d/2)Mmax) Eq. 2   

Fig. 7. On the left, the magnitude-frequency 
distributions and recurrence regressions for 
the determination of the recurrence values 
for the entire study area. White squares and 
red dots are respectively the observed in
cremental and cumulative occurrence rates, 
while the grey histogram and the red line 
represent the incremental and cumulative 
rates from the inverted Gutenberg–Richter 
relation. It must be noted that the width of 
noncumulative magnitude bins is not uni
form, as this is not a requirement of the 
fitting method. On the right, the hypocentral 
depth distribution is shown for the whole 

study area with the filter for depths 10 and 33 km. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this 
article.)   

Table 1 
In the table, the fault geometries are summarized (rectangular fault planes), the original length, the length of each fault after the segmentation procedure and the aspect 
ratio for the segmented parts.  

Fault Width Original Length 
(km) 

Number of 
segments 

Length after the segments 
(km) 

Aspect 
ratio 

Slip rate from GPS data 
(mm/yr) 

Slip rate used (mm/ 
yr) 

Dauki 40 300 3 100 2.5 5.00 2.00 
Dhubri 25 165 3 55 2.2 0.80 0.32 
Kopili 50 200 2 100 2.0 2.50 1.00 

Oldham 40 88 1 88 2.2 5.00 2.00 
Tista 40 320 4 80 2.0 1.50 0.60 

Yadong 25 125 2 62.5 2.5 0.50 0.20 
HFT- 
central 

70 350 2 175 2.5 17.00 6.80 

HFT-east 60 240 2 120 2.0 21.20 8.48 
HFT-west 60 300 2 150 2.5 19.40 7.76  

N3(M)=
(

d
(

d − b
)/

b
)
(S / β)

{
1
/

b
[
eb(Mmax − M) − 1

]
− (Mmax − M)

}
e− ((d/2)Mmax) Eq. 3   
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where b = b(ln(10)), d = d(ln(10)), β =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(αM0(0)/(μW)

√
and M0(0) is the 

seismic moment for Ms = 0. The parameter d is the magnitude scaling 
coefficient in the log-linear relation between moment and magnitude, of 
the form logM0 = c – dM (Kanamori and Anderson, 1975). 

In addition to these three models, also Youngs and Coppersmith 
(1985) relation has been considered: 

N4
(
m0)=

μAf S(d − b)
[
1 − e− β(mu − m0)

]

bMu
0e− β(mu − m0)

Eq. 4  

where m0 is some arbitrary reference magnitude, m = b(ln(10), Af = LW 
is fault area and mu is an upper bound magnitude. 

The maximum magnitude of the faults is essentially assessed from 
the segmented fault length (Table 3). The Wells and Coppersmith (1994) 
magnitude-scaling relationship was used, that is based on a global 
database of historical earthquake ruptures and it works for shallow 
earthquakes in active tectonic regions. 

5. Ground motion model 

During the last three decades, more than 500 different Ground Mo
tion Prediction Equations (GMPEs) have been produced around the 
world (Douglas, 2019), and new equations (or the update version of 

existing ones) are periodically released. However, despite the presence 
of large methodological similarities between GMPEs, the predicted 
ground motion proves to be highly variable. A careful evaluation should 
be performed when selecting the most suitable GMPEs for a given study 
region. There are few relations available that have been developed 
specifically for the Himalayan region and hardly for any region with 
reasonably similar tectonics. However, the approach that is used for 
selecting GMPEs for the study area is to use empirical relations based on 
observed data from other similar active regions. The proper calibration 
of such relations is difficult, leading to considerable uncertainties in the 
prediction of ground motions, and from the largest earthquakes. In a first 
round, eleven GMPEs were selected as possible candidates, covering 
three different tectonic contexts: active shallow crust (ASC), stable 
continental crust (SCC), and subduction zone (SZ). These GMPEs have 
been tested and compared with their hazard curves and response spectra 
and only some of these have been considered suitable for the study area 
(Fig. 8), taking into consideration some information get from literature 
and the magnitude range of operation. 

While the aleatory component of the model uncertainty is generally 
taken into account through the hazard integral, the epistemic compo
nent, which is related to the available level of knowledge and the 
adopted initial assumptions and simplifications, can be quantified by 
using a logic-tree approach. The need of a logic-tree scheme is also due 
to the fact that there is no GMPE calibrated on local settings, since few 

Table 2 
All the parameters related to the area sources necessary for the hazard calculation. The column “Id” is relative to the identificative number of each area; the “Depth 
range” put in relation the minimum and the maximum depth where the events can generated; the “Hypocentral depth” is expressed by a statistical analysis for a 
specified depth; the “M range” is relative to the Mmin and Mmax used; the a and b-values of the Gutenberg-Richter recurrence law (obtained from the catalogue); and 
finally the “Focal mechanisms” expressed in terms of probability, specifying the most representative strike, dip and rake of the area.  

Id Name Depth range 
(km) 

Aspect 
ratio 

Hypocentral depth (km) ¼
probability 

M 
range 

a- 
value 

b- 
value 

Focal mechanisms (probability - 
strike,dip,rake) 

1 Burmese Arc 0–150 2.0 17.5 = 0.15 
52.5 = 0.30 
87.5 = 0.35 
122.5 = 0.20 

4.5–8.2 5.89 1.05 0.25–0,90,180 
0.25–290,90,0 
0.25–35,45,90 
0.25–35,60,90 

2 Bangal basin 0–80 2.0 10 = 0.18 
30 = 0.44 
50 = 0.28 
70 = 0.10 

4.5–7.7 5.06 1.05 0.25–90,45,90 
0.25–270,45,90 
0.25–45,70,45 
0.25–45,90,0 

3 Shillong 0–80 2.0 10 = 0.26 
30 = 0.44 
50 = 0.24 
70 = 0.06 

4.5–7.6 4.73 1.05 0.50–330,90,180 
0.50–330,60,45 

4 Mikir Massif 0–80 2.0 10 = 0.17 
30 = 0.28 
50 = 0.46 
70 = 0.09 

4.5–7.7 4.81 1.05 0.50–330,90,180 
0.50–330,60,45 

5 Eastern Himalaya 
Syntaxis 

0–80 2.0 10 = 0.31 
30 = 0.52 
50 = 0.14 
70 = 0.03 

4.5–8.6 4.87 1.05 0.40–225,30,90 
0.40–315,30,90 
0.20–50,50,90 

6 India region 0–80 2.0 10 = 0.20 
30 = 0.48 
50 = 0.16 
70 = 0.16 

4.5–7.3 4.47 1.05 1.00–0, 90,180 

7 Nepal (HFT-west) 0–80 2.0 10 = 0.32 
30 = 0.31 
50 = 0.21 
70 = 0.16 

4.5–8.5 5.25 1.05 0.20–320,90,180 
0.25–270,30,90 
0.25–270,10,90 
0.30–45,45,-90 

8 Bhutan (HFT-central) 0–80 2.0 10 = 0.43 
30 = 0.30 
50 = 0.18 
70 = 0.09 

4.5–7.0 4.85 1.05 0.50–270,30,90 
0.50–270,10,90 

9 Arunachal 
Pradesh (HFT-east) 

0–80 2.0 10 = 0.33 
30 = 0.40 
50 = 0.19 
70 = 0.08 

4.5–7.8 4.99 1.05 0.50–225,30,90 
0.50–225,10,90 

10 China 0–80 2.0 10 = 0.38 
30 = 0.34 
50 = 0.18 
70 = 0.10 

4.5–6.5 4.31 1.05 1.00–70,40,-90  

F. Ghione et al.                                                                                                                                                                                                                                  



Physics and Chemistry of the Earth 123 (2021) 103029

10

data of the study region are available. The current logic-tree model is 
using two separate branching levels for active shallow crust and sub
duction zone regions (Fig. 9). 

For the active shallow crust region, two GMPEs (Boore et al., 2014; 
Boore and Atkinson, 2008) were used with equal weights in the 
logic-tree calculation (0.5 each). For the subduction zone, it was decided 

to use a logic-tree based on Boore and Atkinson (2008) with weight 0.4 
and Atkinson and Boore (2003) with weight 0.6. For the subduction 
zone, it was decided to use Atkinson and Boore (2003) relation, specif
ically developed for this type of areas, in combination with Boore and 
Atkinson (2008) relation, since there is a zone component which can be 
modelled as active. All the area sources and the faults have been 
modelled like ASC, except for the Burmese Arc zone that is modelled like 
SZ. 

6. Results 

Individual PSHA results from each seismicity model (area sources, 
fault model and hybrid model) are presented and evaluated with 
OpenQuake (OQ) software (Version 2.7); it is an open source and 
community-driven seismic hazard and risk calculation software devel
oped by the Global Earthquake Model (GEM) foundation. The 
magnitude-frequency distribution chosen is a double truncated 
Gutenberg-Richter distribution. This is described by means of Mmin and 
Mmax and by the a and b-values of the Gutenberg-Richter relationship. 
The magnitude-scaling relationship adopted is the Wells and Copper
smith, 1944 (WC1944) for shallow earthquakes in active tectonic re
gions and it is based on a global database of historical earthquake 
ruptures. The seismic hazard calculations have been carried out by 
performing hazard computations at a grid interval of 15 km, covering 
the entire study region delimited by latitude 24◦-28.8◦N and longitude 
88◦-94.5◦E. Peak Ground Acceleration (PGA) and Spectral Acceleration 
(Sa) values for six different periods (from 0.05 to 2.0 s) have been 
evaluated at bedrock level (Vs30 equal to 800 m/s) corresponding to a 
probability of exceedance (POE) of 10% in 50 years. This exceedance 
value corresponds to return periods of 475 year. For each grid point, all 
the sources within a radius of 200 km were considered for the evaluation 
of PGA and Sa values. The hazard results are presented by hazard maps 
for the study area, and all ground-motion exceedance values are 
computed through hazard curves and mean and quantile (0.15,0.5 and 
0.85) Uniform Hazard Spectra (UHS) for three important cities: 

Table 3 
The necessary parameters to model the faults. The columns “Rake” and “Dip” are 
related to the faults geometry; the “Upper-Lower seismogenic depth” put in 
relation the minimum and the maximum depth where the events can generated; 
the “Hypocentral depth” is expressed by a statistical analysis for a specified 
depth; the “M range” is relative to the Mmin and Mmax used; the a and b-values 
of the Gutenberg-Richter recurrence law (obtained from the slip rates).  

Name Rake Dip Upper-Lower 
seismogenic 
depth (km) 

M range a- 
value 

b- 
value 

Dauki 
(reverse) 

90 50 0–40 4.5–7.75 4.69 1.05 

Dhubri 
(strike- 

slip) 

0 90 0–35 4.5–7.29 3.64 1.05 

Kopili 
(strike- 

slip) 

180 60 0–50 4.5–7.91 4.47 1.05 

Oldham 
(reverse) 

90 57 0–40 4.5–7.69 4.67 1.05 

Tista 
(strike- 

slip) 

180 90 0–40 4.5–7.69 4.14 1.05 

Yadong 
(normal) 

− 90 60 0–20 4.5–7.33 3.46 1.05 

HFT- 
central 

(reverse) 

90 / 0–48 4.5–8.24 5.49 1.05 

HFT-east 
(reverse) 

90 / 0–47 4.5–8.01 5.48 1.05 

HFT-west 
(reverse) 

90 / 0–47 4.5–8.11 5.47 1.05  

Fig. 8. Comparison between Boore et al. (2014), Boore and Atkinson (2008) and Atkinson and Boore (2003) models used in the logic-tree scheme; the response 
spectra are shown for different magnitudes (5.0, 6.0, 7.0, 8.0) and for different distances (5, 20, 50, 100 km). 

F. Ghione et al.                                                                                                                                                                                                                                  



Physics and Chemistry of the Earth 123 (2021) 103029

11

Thimphu (27.28◦N, 89.38◦E), Guwahati (26.08◦N, 91.44◦E) and Shil
long (25.34◦N, 91.53◦E). For each model, an example is shown for 
Shillong city and at the end in the hybrid model the results are plotted 
for all the three cities. 

6.1. Calculation with only area sources 

In a first calculation, only the area sources have been considered, 
using the recurrence model extracted from the seismic catalogue; all the 
areas have been modelled with the parameters listed in Table 2. 

Fig. 10 shows the hazard map for the study area. The area sources are 
used to describe the seismicity occurring over a wide area where the 
identification and characterization of a single fault is difficult; in this 
case, the seismicity is equally distributed in each point of each area. The 
maximum PGA calculated is 0.35 g and it is shown in the two areas 
called “Eastern Himalayan Syntaxis” and “Burmese arc”. In Fig. 11, the 
hazard curve and the UHS (fixing the annual rate of exceedance like 10% 
in 50 years) are shown for Shillong city). Looking at the UHS, the 

maximum mean SA value is recorded at 0.1 s and it is equal to 0.45 g. 

6.2. Calculation with only faults 

A second calculation has been carried out with only the faults with 
derivation of the recurrence model data from GPS data. In this model, all 
the faults (except to the Himalayan Thrust) are modelled like simple 
fault: the simple adjective relates to the geometry description of the 
source which is obtained by projecting the fault trace along a charac
teristic dip direction (by extending the fault up to the surface main
taining the fault dip). The Himalayan Frontal Thrust is modelled like a 
complex fault: the complex adjective refers to the fact that the fault can 
be realized as a union of planes with different dips. Complex faults are 
generally used to model intraplate megathrust faults such as the big 
subduction structures active in the Pacific, but also to create listric fault 
sources with a realistic geometry. The first part of the HFT, that reaches 
the surface, has been built with 25◦ dip (40 km width), the second one 
with 10◦ dip (60–70 km width) and the last part that arrives at 50 km 

Fig. 9. Logic-tree model using two separate branching levels for active shallow crust and subduction zone regions.  

Fig. 10. The hazard map including only the area sources. The hazard map is shown in PGA using the g scale for the ground motion. The probability of exceedance is 
10% in 50 years, corresponding to 475 years return periods. 
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deep with 30◦ dip (40 km width) (Zhang et al., 2016). In the model with 
only the faults, both simple and complex faults have been considered 
and the parameters needed for the calculation are listed in Table 3. 

Fig. 12 shows the hazard map for the area, and, as it can be observed, 
the Himalayan thrust affects most the results. The maximum PGA 
calculated is 0.89 g and it is recorded in the northeast part of the Hi
malayan thrust. This value is particularly high, and it could be attributed 
to the way the thrust is modelled. Looking at the UHS for Shillong in 
Fig. 13, the maximum mean SA recorded is correspondent to 1.45 g at 
0.1 s. The SA is very high due to the proximity of Shillong city near the 
Dauki and Oldham faults. 

6.3. Calculation with hybrid model 

The purpose of this calculation is to combine the seismic potential of 
both types of sources that is derived from different data: for the zones, 
the recurrence model is estimated from the seismic catalogue; and for 
the faults, it is deduced from fault geometries and slip rate estimates 

derived from GPS measurements. However, the problem of using a 
model which combines zones and faults is establishing the distribution 
of seismic potential between them, considering that they are derived 
from different data sources. The problem is that a part of the events 
contained in the catalogue are linked to faults and they were already 
included in the seismic potential of the faults derived from slip rate 
estimates. If all events are assigned to the zones, the events related to the 
faults would be double-counted, and at the end the total seismic po
tential can be overestimated. Finding a solution to distribute the seismic 
potential appropriately is not easy. An approach to avoid the double- 
counting could be to fix the magnitude at a certain value to separate 
the seismic potential to the areas or to the faults. In this work, the 
magnitude was fixed at 6.5 to distinguish the different sources for the 
seismic potential (Fig. 14): for M < 6.5, the seismic potential is attrib
uted to the area sources and for M ≥ 6.5 the seismic potential is related 
to the faults. In this way, the big events are related the faults and the low 
grade of seismicity to the area sources like basic seismicity. Fig. 15 
shows, as expected, how the Himalayan thrust dominates the seismic 

Fig. 11. Calculation with only the area sources: on the left, the mean hazard curves computed for a range of spectral periods, including PGA; on the right, mean and 
quantile UHS for Shillong city for 10% POE in 50 years. 

Fig. 12. The hazard map including only the faults. The hazard map is shown in PGA using the g scale for the ground motion. The probability of exceedance is 10% in 
50 years, corresponding to 475 years return periods. 
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Fig. 13. Calculation with only the faults: on the left, the mean hazard curves computed for a range of spectral periods, including PGA; on the right, mean and 
quantile UHS for Shillong city for 10% POE in 50 years. 

Fig. 14. The diagram shows how the seismic potential form the area and faults sources models are combined together into the hybrid model. To avoid the double- 
counting, the magnitude is fixed at 6.5 to distinguish the different sources: for M < 6.5, the seismic potential is attributed to the area sources and for M ≥ 6.5 the 
seismic potential is related to the faults. 

Fig. 15. The seismic hazard results including both the two types of sources, zones and faults, in the study area. The hazard map is shown in PGA using the g scale for 
the ground motion. The probability of exceedance is 10% in 50 years, corresponding to 475 years return periods. 
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Fig. 16. Calculation with the area sources and the faults (hybrid model): on the left, the mean hazard curves computed for a range of spectral periods, including PGA; 
on the right, the mean and quantile UHS for different cities for 10% POE in 50 years. 
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hazard with the maximum PGA of 0.77 g in the northeastern part. 
Looking at these results, it is very clear why is so important to compute a 
model considering both types of sources. Like in the previous cases, 
Fig. 16 shows the hazard curves and UHS for Shillong city where the 
PGA is 0.55 g and the maximum mean SA recorded is around 0.9 g at 0.2 
s. The PGA recorded is in the middle between the results for the calcu
lations with only the area sources (0.28 g) and only the faults (0.90 g). 
The answer for these observations can be find in how the hybrid model is 
developed using different thresholds of magnitudes between the two 
sources. 

In addition, in Fig. 16 the hazard curves, for different spectral ac
celerations, and the UHS for other two cities are shown. For Guwahati, 
the PGA is 0.35 g and the maximum mean SA is 0.55 g at 0.1 s; for 
Thimphu the PGA is 0.78 g and the maximum mean SA is 1.35 g at 0.2 s. 

7. Discussion and conclusions 

The main issue in assessing the seismic hazard in Northeast India and 
Bhutan is the lack of base information necessary to calibrate seismicity 
parameters. In particular, the availability of a sufficiently complete 
earthquake catalogue covering an appropriate magnitude range and 
time span is critical. This is however conditional to the presence of a 
proper local network, operational over many decades and sufficiently 
dense to detect down to very low-magnitude seismicity. A complete 
catalogue is fundamental to determine the earthquake occurrence rates, 
which is one of the most important parameters controlling the seismic 
hazard of a region. In this work we mostly relied on the information from 
the Mw homogenized ISC-GEM Extended catalogue, which is nonethe
less to be considered complete only for magnitudes of 5 and above. 
Therefore, a possible future upgrade could be the integration of data 
from local seismological networks, whenever available, to supplement 
the available catalogue, in order to increase the total number of recor
ded events and consequentially perform a better statistical analysis. 

Moreover, the effect of declustering is to be considered. A major 
assumption for the calculation of the occurrence parameters is that the 
earthquake generation follows a Poissonian process. For this reason, a 
declustering procedure based on the Gardner and Knopoff (1974) 
method was tested, by varying distance, magnitude and time windows. 
However, the classical Gardner and Knopoff (1974) method removed 
more than 40% of the total events, which leads to a drastic reduction of 
the activity rates of the source zones. A possible explanation is due to the 
fact that the method has been originally calibrated on data from 
Southern California, which is expectedly different from present study 
area from a geological and seismotectonics perspective. To overcome 
this problem, a manual procedure was performed, based on the visual 
selection of the cluster events, in order to have a good balance between 
the number of aftershocks removed and the number of the events used 
for the statistical analysis. The procedure has removed about 25% of the 
initial registered events. The choice of an optimal declustering approach 
is nonetheless still open issue and must be better investigated in future 
analysis. 

Another important aspect related to the catalogue is the proper 
definition of the completeness periods for the different magnitudes. 
Several tests have been performed assuming different magnitude of 
completeness, both for the total study area and for each single source 
zone. From these tests, it was evident a strong sensitivity of this 
component on the final hazard results, particularly about the variability 
of the occurrence rates, probably due to the spatially irregular distri
bution of events. In this study, we assumed the earthquake occurrence 
process to be fully represented by a double truncated Gutenberg-Richter 
law. Due to the lack of local events, to obtain a more robust estimate of 
the activity rates, a unique b-value was first derived using all available 
events for the whole investigated area. Such value (1.05) was then 
imposed to the different sources, allowing only the rates (then the a- 
value) to vary. For future development, however, different b-values 
should be tested, in order to better understand the sensitivity and the 

influence of such parameter on the computed hazard. The a-value was 
derived differently for the two sources: for what concerns the area 
sources, the a-value was obtained from the analysis of past seismicity. 
Conversely, the a-value for the faults was calculated by means of the slip 
rates. The uncertainties on the a-value for the faults are related to many 
factors, in particular to GPS measurements errors. Moreover, it is 
important to consider that part of this slip could be accommodated and 
converted in plastic deformation; different values of the seismic 
coupling coefficient have been tested, ranging between about 10% and 
80% of the total slip. A coefficient of 40% has finally been selected as 
optimal value for the region, providing the most realistic hazard sce
narios. However, future tests should better consider the influence of 
lower slip rates values on the results. Several other aspects related to the 
faults, such as geometry, focal mechanisms and Mmax, have been 
analyzed, but their influence on the hazard results was found to be 
minor. This is particularly true and was actually expected for 475 years 
return period, but such consideration might not be applicable to longer 
return periods (e.g. 2% POE in 50 years). Regarding the area sources, the 
Mmax for each zone has been taken from the maximum recorded value 
adding 0.5 unit; for the faults, the procedure adopted is more complex 
and involves the use of specific conversion relations between fault 
length and magnitude. The first tests were made by using the entire fault 
trace, but this has led to a very high Mmax values and unrealistic seismic 
potential. For this reason, different alternative faults segmentation ge
ometries have been developed, trying to limit the ruptures length and 
consequentially the expected Mmax for each fault based on geological 
field evidence from satellite images and seismicity distribution of past 
events. The segmentation model is unfortunately very subjective in most 
cases, but it has also a relevant impact on the hazard. A possible follow- 
up of this study could be the analysis of different traces segmentation to 
compare how this aspect influence the hazard, which has been investi
gated only marginally in this study due to time constraints. 

A final critical element is represented by the selection of the Ground 
Motion Prediction Equations. Since all the area sources and the faults 
have been modelled like active shallow crust (except for the Burmese 
Arc zone that has been modelled like subduction zone), a preliminary 
selection of the GMPEs has verted to the equations calibrated and suit
able for these tectonic frameworks. Then eleven GMPEs have been 
selected and tested basing on the magnitude range of operation. A logic- 
tree scheme was implemented in OpenQuake in order to account for 
epistemic uncertainty, using the three relations that have been consid
ered suitable for the study area. We found that the choice of the GMPEs 
heavily affect the hazard results: for these reasons could be useful a 
future investigation where different equations and branching levels 
were adopted. It must be noted that the need of a logic-tree scheme is 
also due to the fact that there are no GMPEs calibrated on local settings, 
since few data of the study region are available. An important future 
development could therefore consist in creating a GMPE specific the 
Himalayan region, perhaps compensating the lack of earthquake ob
servations with the results from numerical modelling. 

Another aspect that we notice looking at Fig. 12 is the fact that the 
ground motion calculated doesn’t change along the thrust dip direction. 
This problem could find an explanation in what type of distance metric is 
used in the GMPEs selected. For the faults, Boore et al. (2014) and Boore 
and Atkinson (2008) have been used and these relations are based on the 
Joyner-Boore distance metric (Rjb). The Rjb is defined as the shortest 
distance from a site to the surface projection of the rupture surface, and 
in practice the faults dip values have not very great effects on the ground 
motion results. As in the area source model, the recurrence values are 
the parameters that mostly drive the hazard results; however, in the 
faults source model, also the dip and the geometry of fault are very 
important for the hazard calculation. 

After all the previous considerations, the overall hazard distribution 
in the study area reflects the seismic zonation of the Indian building 
code. The Bureau of Indian Standards (BIS, 2002) classifies the entire 
N-E India region into Zone V, that represents the highest hazard in India. 
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The analysis performed in this work allows obtaining a more accurate 
representation of the hazard level in this region. As it can be seen in 
Fig. 15, the state of Arunachal Pradesh has seismically higher hazard 
than in the Assam and Meghalaya states. The higher values in the north 
part of the study area are due to the presence of the Himalayan 
décollement (and consequently to the high values of slip in this area). In 
the Assam and Meghalaya states the seismic hazard increases signifi
cantly when active faults are considered. 

Different studies have been carried out at regional scale and a 
comparison of the PGA results for Shillong, Guwahati and Thimphu 
between previous studies and the present investigation is shown in 
Table 4.  

1. Khattri et al. (1984) compute a maximum PGA of 0.8 g along the 
Brahmaputra valley and 0.4 g–0.6 g along the Himalayan mountain 
belt, for the calculation at 10% probability of exceedance in 50 years, 
using 24 seismogenic sources for the entire India.  

2. Bhatia et al. (1999) and Giardini et al. (1999), under the Global 
Seismic Hazard Assessment Program (GSHAP), develop a seismic 
hazard map for the whole India, using 86 seismic source zones. The 
highest values of PGA (0.35 g–0.4 g for 10% probability of exceed
ance in 50 years) are shown in the seismically active regions as the 
Burmese arc, Northeastern India and North-West Himalaya 
(Hindukush).  

3. Walling and Mohanty (2009) give an overview on the development 
of the seismic zonation map of India through time as well as a review 
of seismic hazard and zoning studies; they point out that the seismic 
zonation at a national level is not sufficient for a detailed seismic 
hazard assessment at the local level.  

4. NDMA (2011) report describes PGA values up to 0.35 g with 10% 
probability for exceedance in 50 years for the eastern Himalaya 
syntaxis and the Indo-Burmese arc. In the model, 32 source zones are 
modelled.  

5. Nath and Thingbaijam (2012) show hazard distribution in the 
country significantly higher than GSHAP, and BIS (2002) studies. 
The highest values are shown in northeastern India. 

All these previous studies are performed for the whole India, using 
only the area source model approach and often applying only a single 
attenuation relationship, disregarding the different geological prov
inces. For these reasons, the detailed level of the hazard results is lower 
with respect to the one analyzed in this study. In addition, it is important 
to mention some seismic hazard studies that they focus on the same 
study area at local scale:  

1. Sharma and Malik (2006) study applies an area source model 
approach, and it shows PGA values between 0.05 g and 0.6 g for 475 
years return period, with the maximum values occurring around the 
Dauki fault in the Shillong massif.  

2. Das et al. (2016) perform a PSHA for Northeast India region using the 
area sources model approach. 

3. Baro et al. (2018) carry out a Deterministic Seismic Hazard Assess
ment (DSHA) of the Shillong Plateau; the hazard map underlines a 
strong influence of the Oldham and Dauki faults on the results,  

4. Baro et al. (2020) present a PSHA of Shillong Plateau, using historical 
and instrumentally recorded regional earthquakes since 1411.  

5. Stevens et al. (2020) is the first PSHA focusing on Bhutan and it is 
based on faults locations, slip-rates and paleoseismic earthquake 
data. The results show a non-uniform hazard level across the coun
try; this outcome goes against the existing building code of Bhutan, 
adopted from the Indian Seismic Zonation of 2002 (BIS- 2002), that 
uses a PGA of 0.36 g uniformly applied across the entire country. The 
PGA for Thimphu, computed for 475 years return period, is in 
accordance with the value calculated in the present study. 

It is important to underline some aspects: the seismic hazard gap of 
Bhutan and the lower values obtained, compared to the ones calculated 
in this work. Both these facts can be attributed to the lack of faults 
modelling, that leads to lower and maybe not realistic PGA values. In 
particular, in this study, for Bhutan the hazard is driven by the Hima
layan thrust. In the calculation, however, the ground motion doesn’t 
actually change along the thrust dip direction, as it would intuitively be. 
As already explain, the faults dip values have not very great effects on 
the ground motion results due to how the considered GMPEs were built. 
If a specific GMPE calibrated for this zone should be consider, probably a 
hypocentral distance metric could lead to better results with respect to 
the classical Rjb used in Boore et al. (2014) and Boore and Atkinson 
(2008) equations. 

Furthermore, there is still a long way to go with respect to under
standing (and thereby predicting in more detail) the tectonic processes 
in this region, which is more complicated than in most other regions of 
the world. The conducted study represents a first step towards esti
mating seismic hazard for North-East India and Bhutan. However, the 
doubt that all the seismogenic faults have not been analyzed and taken 
into consideration remains; in this area, which is very complex from the 
geological point of view, there are most certainly many hidden seis
mogenic faults. 

Finally, it is here important to note how the hybrid model is built. 
Since there are two different type of sources, the areas and the faults, it 
was decided to assign the basic seismicity to the area sources, with an 
equal distribution of the seismic potential determined through the 
occurrence parameters calculated for each zone. The most relevant 
events are instead addressed to the faults. In order to consider only once 
the effects of each source, the influence of the areas is limited to a 
magnitude of 6.5, while the potential related to the faults is set from this 
magnitude to the maximum magnitude calculated specifically for each 
fault. The seismic hazard values calculated (maximum PGA equal to 
0.77 g in the hybrid model) can be used like a basis for future applica
tions, like input data for a probabilistic risk computation and for a better 
definition of scenario earthquakes for deterministic risk assessment. 

Data Availability 

The moment tensor from the Global Centroid Moment Tensor cata
logue (Ekström et al., 2012) was obtained from https://www.globalcmt. 
org/CMTsearch.html (last access January 2019). 

The USGS earthquake catalogue was obtained from https://earth 
quake.usgs.gov/earthquakes/search/(last access January 2019). 

The faults information was taken from the Geological Survey of India 
https://www.gsi.gov.in/(last access January 2019). 

The Ground Motion Prediction Equations (GMPEs) (Douglas, 2019) 
were extracted from http://www.gmpe.org.uk (last update December 
19, 2019). 

OpenQuake (OQ) software (Version 2.7) was used for the computa
tion (GEM, 2017). 

Table 4 
Comparison of computed PGA (in g) with other studies for 10% probability of 
exceedance in 50 years (475 years return period) at selected cities.   

Shillong Guwahati Thimphu 

Bhatia et al. (1999) 0.30 0.30 / 
BIS (2002) 0.18 0.18 / 

Sharma and Malik (2006) 0.45 0.50 / 
NDMA (2011) 0.25 0.23 / 

Nath and Thingbaija (2012) 0.72 0.66 / 
Das et al. (2016) 0.32 0.24 / 

Baro et al. (2018) DSHA 0.36 / / 
Baro et al. (2020) 0.19 / / 

Stevens et al. (2020) / / 0.77 
Present study (hybrid model) 0.55 0.35 0.78  
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