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ABSTRACT

Seismotectonic processes of the Shillong Plateau (SP) have been
influenced by the Himalayan orogeny, the India-Burmese subduc-
tion, and the Bengal Basin evolution leading to high seismic activ-
ity in the region. With a goal of assessing seismic hazards in the
SP and providing a scientific information to engineering and dis-
aster risk management communities, a probabilistic seismic haz-
ard analysis is employed to determine hazard in highly-populated
districts of SP and particularly in Shillong, Nongpoh, and Tura cit-
ies, located within the districts. This analysis is based on the use
of historical and instrumentally recorded regional earthquakes
since 1411 and deals with uncertainties related to earthquake
magnitudes, rupture locations, and the frequency of ground
motion exceedance. Individual hazard curves indicate that the
Barapani fault possesses the highest frequency of seismic hazard
for Shillong city and Nongpoh, and the Eocene hinge zone and
Dauki faults are responsible for the highest frequency of seismic
hazard at Tura. The results of the hazard assessment together
with those obtained earlier using a scenario-based approach dem-
onstrate that although the Oldham fault located near Tura can
produce a great, but rare earthquake, few other nearby faults are
capable of producing smaller magnitude events with a higher

probability of occurrence.

1. Introduction
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The northeastern (NE) India is tectonically active region intertwined with numerous
faults, which have been the source of several strong to great damaging earthquakes.
The regional seismicity has encouraged scientists to understand the seismic hazard

potential of the region. As earthquakes are associated with uncertainties related to

their location, size and ground motion exceedance, probabilistic seismic hazard (PSH)

analysis could assist in addressing these uncertainties and provide an information on

CONTACT Abhishek Kumar @ abhitoaashu@gmail.com; abhiak@iitg.ac.in
© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/19475705.2020.1833989&domain=pdf&date_stamp=2020-12-11
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/19475705.2020.1833989
http://www.tandfonline.com

GEOMATICS, NATURAL HAZARDS AND RISK @ 2211

the exceedance of a prescribed value of ground shaking due to an earthquake within
a certain duration of time and with a defined probability of the exceedance.
Sharma and Malik (2006), Anbazhagan et al. (2009), NDMA (2010), Pallav et al.
(2012), and Sil et al. (2013) used PSH approach to assess seismic hazard for either
the entire region or its different parts. In addition, Parvez et al. (2017) performed
neo-deterministic seismic hazard assessment of India by computing synthetic
seismograms with input data set consisting of structural models, seismogenic zones,
focal mechanisms and earthquake catalogues.

Baro et al. (2018) performed deterministic (scenario-based) seismic hazard (DSH)
assessment for the Shillong Plateau (SP) located in the southwestern part of NE-India
and encompassing the state of Meghalaya (Figure 1(a)). They found that the
Barapani, the Oldham, and the Dauki faults were the most-seismic hazard causing
sources with estimated peak horizontal acceleration (PHA) of up to 0.47 g within the
SP, which was higher than that recommended by the Indian code of seismic design
of structure (IS 1893 2016). This DSH analysis considered the worst scenarios for
each seismic source based on its maximum possible earthquake magnitude, and did
not account for the likelihood of the scenarios to occur, e.g., during the design life of
constructed building and other infrastructure in the region.

The present work uses the probabilistic approach to seismic hazard analysis of the
SP to overcome the limitation associated with DSH analysis. The principal goal of
this study is to determine seismic hazards in three populated districts of the SP, pro-
viding a useful and usable scientific information to engineering applications and dis-
aster risk management communities. Therefore, the objectives of the study are; (i) to
assess earthquake hazards in the region using PSH analysis, (ii) to analyze the results
obtained by probabilistic (in this study) and scenario-based assessments (Baro et al.
2018), and (iii) to provide a broader knowledge on seismic hazards in the region
accounting for various scenarios and uncertainties in the assessments. This would
permit decision-makers to consider seismic safety strategies based on the scientific
knowledge on ground shaking and potential losses due to regional earthquakes, on
the cost-benefit analysis, and planning for mitigation strategy.

2. Seismotectonics

The SP is surrounded by faults, which have generated several major (7.0 < Mw <
7.9) and one great (Mw > 8.0) earthquakes for the recorded period of time. The SP
is considered to have been formed as a result of tectonic movements between the
Indian, Eurasian and Burma plates, approximately 60 My ago (Johnson and Alam
1991). The movements of the tectonic plates led to devastating earthquakes, and three
human settlements, such as Shillong city, Nongpoh, and Tura located within the SP
had suffered severe damages during these earthquakes (Oldham 1882; Bilham 2008;
Baro and Kumar 2017a).

The northeastern region of the Indian plate converges with the Eurasian plate at
the rate of 5cm y !, and the SP inside the main Indian plate rotates in a clockwise
direction at the rate of 1.15° per My (Vernant et al. 2014) leading to strain-stress
localization. Seismic sources in the region within the 500-km radius from the center
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Figure 1. (a) Map showing the districts of Meghalaya, India. (b) Seismotectonic map of the SP
(bordered by solid line) and surroundings showing four seismic source zones, earthquake epicen-
ters, and active faults. Numbers in the figure represent significant earthquakes; 1: year 825/magni-
tude 8.0; 2: 1411/7.7; 3: 1697/7.2; 4: 1737/7.2; 5: 1762/7.5; 6: 1787/7.8; 7: 1806/7.7; 8: 1869/7.5; 9:
1897/8.1; 10: 1915/7.1; 11: 1918/7.6; 12: 1923/7.1; 13: 1930/7.1; 14: 1938/7.2; 15: 1943/7.2; 16:
1947/7.7; 17: 1954/7.7; and 18: 1957/7.0. (c) Source map showing major faults in the region (ITSZ:
Indus Tsangpo Suture Zone, BNS: Bangong Nujiang Suture, MCT: Main Central Thrust, MBT: Main
Boundary Thrust, CMF: Churachandpur-Mao Fault, GKF: Garhmayna-Khanda Ghosh Fault, JGF:
Jangipur-Gaibandha Fault, PF: Pingla Fault, and SBF: Sainthia—Bahmani Fault). The fault numbers
correspond to those in column 1 of Table A1 (in Appendix). SP is shown as the shaded area.
Modified after Baro et al. (2018).

of the SP (Figure 1(b)) were identified by Baro and Kumar (2017b). We note that
only known seismic sources, which generated seismicity from 1411 until 2015 are
included in the analysis. Based on seismicity and tectonic patterns, regional geology,
rupture characteristics, and the rate of the regional movement, this seismotectonic
region was split into four seismic source zones: the Shillong Plateau — Assam Valley
Zone (SP-AVZ), the Indo-Burma Ranges Zone (IBRZ), the Bengal Basin Zone (BBZ),
and the Eastern Himalaya Zone (EHZ) (Figure 1(b,c); Baro and Kumar 2017b).
We discuss here briefly the tectonic setting of the seismic source zones following
Baro et al. (2018).

The SP-AVZ is composed of the SP and the undulating plains of the Assam
Valley. This zone begins from the foothills of the Himalayas, with the Assam Valley
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in the north followed by the SP in the south. The Oldham (or Brahmaputra) fault is
inferred to be located within this zone extending from the Assam Valley to the SP.
The Oldham fault is considered responsible for the 1897 Assam earthquake (Bilham
and England 2001). The northwest-dipping Kopili fault located to the east of the
Oldham fault was the source fault for the 1869 Cachar earthquake and the 1943
Assam earthquake (CNDM 2002; Dasgupta 2011). The Kopili fault has been an active
fault for at least last 900 years (Kayal et al. 2010). According to Bilham and England
(2001), the Dauki fault to the south of the SP is a south-dipping reverse fault with a
strike slip component, being the source for the 1923 Meghalaya earthquake (CNDM
2002). To the west of the SP-AVZ, the Dhubri fault, a north-south trending fault,
was the source for the 1930 Dhubri earthquake (Kayal 2008). Aman et al. (1995) and
Singh et al. (1996) considered earthquakes of 1986 Meghalaya (mb-5.7), 1987 Burma-
India (my-5.7), 1988 Tripura-Assam (my-5.8) and 1988 Guwahati (my-7.2) and devel-
oped attenuation relations for the Himalayan earthquakes.

The IBRZ is located to east of the SP-AVZ and comprises of the north-south
trending faults in the vicinity of the tectonic boundary between the Indian and
Burma plates. The faults in this zone originated as a result of the collision and sub-
duction process between the two plates. According to Wang et al. (2014), the Kabaw
fault is a strike-slip fault having a capacity to generate earthquake of Mw8.4, and the
Churachandpur-Mao Fault (CMF) located west of the Kabaw fault could generate an
earthquake of Mw7.6. To the west of the CMF, the Naga thrust fault is located, which
continues as the Kaladan fault towards the south. The Kaladan fault shows a strike-
slip mechanism northward and a thrust mechanism southward (Maurin and
Rangin 2009).

Southwestward, the IBRZ changes from mountainous terrain to the plains of the
Bengal Basin, filled-up with sediments dating around 60 to 2.6 Mya (Mohanty and
Walling 2008). Two most prominent tectonic sources within this seismic source zone
are the Sylhet fault and the Eocene Hinge Zone. Nandy (2001) suggested that the
Sylhet fault was likely to be the source for the 1918 Srimangal earthquake (m;7.6).
According to Nath et al. (2014) and Kayal (2008), the Eocene Hinge Zone located at
a depth of 4.5km beneath Kolkata City, might have been the source for the 1935
Pabna earthquake (Mw6.2). Other major faults that exist within this zone are the
Garhmayna-Khanda Ghosh fault, Jangipur-Gaibandha fault, Pingla fault and
Sainthia-Bahmani fault.

The EHZ is located to the north of the SP-AVZ and comprises of the northeastern
part of the Himalayan mountain range. The Himalayas originated approximately 60
Mya when the Indian plate started subducting under the Eurasian plate (Johnson and
Alam 1991). The subduction led to the formation of thrust faults within the zone.
Some of these faults are the Indus Suture Thrust (IST), the Main Central Thrust
(MCT), and the Main Boundary Thrust (MBT). Some studies such as Mukhopadhyay
(2011) suggest that several past earthquakes could be traced back to the Main
Himalayan Thrust, located between the underthrusting Indian plate and the overlying
Himalayas. However another school of thought exists which suggests that the MCT is
presently in a dormant state (Ni and Barazangi 1984; Kayal 2014). Nevertheless, it is
unequivocal that the northeastern section of the MCT and MBT have remained
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dormant, leading to the speculation of the existence of the Assam Gap (Khattri 1987),
which is also called as the Northeast Seismic Gap (Mittal et al. 2012). It is also specu-
lated that an earthquake of Mw8.5 might occur in this region of the seismic gap
(Srivastava et al. 2015).

The diversity among the four seismic source zones provides a difficulty to estimate
the future seismic hazard potential of the SP (Baro and Kumar 2017b). For example,
faults situated in the BBZ and the IBRZ produced major earthquakes in the past;
meanwhile, strong earthquakes occurred in the IBRZ, but was not yet observed in the
BBZ (Figure 1(b)). Hence, to account seismic contributions from the both seismic
source zones, the probability of occurrence of different size (magnitude) earthquakes
should be considered. The faults located within the studied seismic source zones are
of varying lengths (Figure 1(c), following nomenclature of faults as Baro et al. 2018),
and different size earthquakes can occur at different locations within the same fault.
Thus, it is essential to consider the probability of rupture at any point within a fault,
i.e., at different hypocentral distances from the site. The presence of major earth-
quakes within these zones also raises the question of probability of occurrence of
such earthquakes during the lifetime of a structure. The above mentioned uncertain-
ties associated with determining the seismic hazard potential of the SP could be
addressed by PSH assessment.

3. Hazard analysis

We use the regional declustered earthquake catalogue (Baro and Kumar 2017b),
where foreshocks and aftershocks of main earthquake events have been removed
using the static window method of Reasenberg (1985). This catalogue containing
2359 earthquakes for the period from 1411 to 2015 and is split into four sub-cata-
logues corresponding to four seismic source zones introduced in Sect. 2. Baro and
Kumar (2017b) estimated the mean annual activity rate, a- and b-values of the
Gutenberg-Richter (GR) relationship, and the maximum earthquake magnitude for
each seismic source zone using a relevant sub-catalogue and the Kijko et al. (2016)
method. In addition, Baro et al. (2018) estimated the maximum possible magnitude
(M,) at each of 72 faults within the seismotectonic region (four seismic zones; see
Table Al in Appendix).

A PSH anlysis considers uncertainties associated with earthquake magnitude, hypo-
central distance, and ground motion exceedance at a given site due to a particular
fault rupture (Reiter 1989). Hereinafter, we follow the seismic hazard assessment
approach described in EM-11101110 (1999). This approach allows for assessing the
frequency of ground motion exceedance at a given site during a certain time interval.
Using the Poisson distribution model, the probability of exceedance Pg (z) of a
ground motion level z (or a spectral acceleration) at a site of interest for an exposure
time period “t” is given the following equation:

P(z) = 1—exp (—v,t), (1)

where v, is the annual frequency of ground motion exceedance at the site of interest,
which can be determined considering the uncertainties as
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K
V, =
k=

Z ik(m,‘) ZP(R = rJ|m,)P(Z > z|m,~rj), (2)

1 i=1 j=1

where K is the total number of seismic sources in the seismotectonic region (K=72 in
this study); Ax(m;) is the frequency of earthquake magnitude m; to occur on each source
k (i=7 values of magnitudes considered in this study); P(R = rj|m;) is the probability
that during an earthquake of magnitude m; the rupture occurs on source k at the hypo-
central distance r; (j = 14 sub-faults on each source fault considered in this study) from
the site of interest; and P(Z>z|m;r;) is the probability that an earthquake of magnitude
m; occurring at the hypocentral distance r; will cause ground motion Z exceeding a
known threshold value of z. Below, we present how the three uncertainties, associated
with magnitude, distance and ground motion exceedance, can be assessed.

3.1. Frequency of different magnitudes (m;) of EQs on each faulti,(m;)

For each seismic source zone, the frequency of occurrence of earthquakes (N) of mag-
nitude mi and greater can be presented in the truncated exponential form of the GR
(frequency-magnitude) relationship (EM-1110 1999)

lofb(m,-fmo) _ lofb(Mpme)

N(M>m;) = a(m°) , (3)

1 — 10~ bMp=m?)
where M is the magnitude; b is the b-value in the GR relationship; m® is the lowest
earthquake magnitude of interest to the calculation (m° = 4 in this study); and a(m°) is
the frequency of earthquake occurrences with magnitude m° and greater, that is, the
ratio of the total number of earthquakes of magnitude m® > 4 in the catalogue to the
duration of the catalogue’s completeness, which is 80 years. For SP-AVZ, IBR, BBZ, and
EHZ, the frequency of occurrence (m°) is estimated to be 3.28, 17.01, 2.375, and 6.81,
respectively.

To assess the frequency of occurrence of earthquakes on individual fault within each
seismic zone (N), we use the following relationship proposed by Iyenger and Ghosh
(2004):

Nk(M>m,~) = O.S(O'k -+ 5k)N(M>m,~), (4)
where
length of fault k
Ok = . - — »and
summation of all fault lengths within the seismic sourse zone
5 total number of EQs on fault k

k= . ; — .
summation of the total number of EQs in the seismic sourse zone

Table Al lists 72 faults along with their characteristics, such as their starting and
end point coordinates, maximum observed and possible earthquake magnitudes, the
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Figure 2. Frequency of occurrence versus earthquake magnitudes for the Oldham fault.

number of earthquakes on each faults (including the total number of earthquakes per
seismic source zone), the fault’s length (including the total length of faults per seismic
source zone), and parameters o and Jx for each fault.

The interval between magnitudes m® and M, is divided into I-1 parts (in this
study, I=7). For each point of the division (i=2, ..., I—1), the values
ofNy(M>m; + Am/2) and Ni(M>m;—Am/2) are estimated considering Am =
(M, — m")/(2n) and noting that Ny(M>m;—Am/2) = Ny(M>m;) and Nx(M>m; +
Am/2) = Nx(M>my). At each of the points and for all 72 faults, the frequency of
occurrence Ag(m;) of earthquake magnitude m; on fault k can be then calculated as

/lk(m,') = Nk(M>m,~fAm/2)ka(M>m,~ + Am/Z). (5)

A typical calculation of the frequency of occurrence Ax(m;) for the Oldham fault is
presented in Table A2 (in Appendix), and a plot of the A¢(m;) versus m; is presented
in Figure 2. As expected, the frequency of earthquake occurrences decreases with the
increase in magnitudes and reaches lowest value of 0.000019 for magnitude 8.7.

3.2. Uncertainty in hypocentral distance

The conditional probability distribution function of the hypocentral distance R given
that the magnitude M =m; for a rupture segment uniformly distributed along a fault
can be estimated from the following equations (Der Kiureghian and Ang 1977;
Iyenger and Ghosh 2004):

P(R<r|M = m;) = 0 for R<(D* +12)"/%, (©)
2 )\ 2
P(R<r|M = m;) = % for (D? +13)"* < R<[D* + (L+ Lo — X(my))*] ",

(7)
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P(R<rIM = m;) = 1 for R > [D? + (L + Lo — X(m))2]", (8)

where r is the shortest distance (in km) between the site and a rupture segment; L is
the length of the fault (in km); X(m;) is the rupture length (in km) corresponding to
earthquake magnitude m;; and notations d, D, Lo, and r, are explained graphically in
Figure 3. X(m;) is calculated corresponding to m; for each of the 72 faults, using the
following equation (Iyenger and Ghosh 2004):

X(m;) = min (107244059 (km), L). 9)

Here, the minimum of two terms in Eq. (9) defines the length of the rupture. To cal-
culate the conditional probability distribution function (Egs. (6) - (8)) with respect to
distance between the rupture segment and the site, each of the 72 faults is divided into
14 sub-faults. For each sub-fault, (i) the distance between the site and the location of the
sub-fault center +(the sub-fault length)/2 on the fault, and (ii) the distance between the
site and the location of the sub-fault center — (the sub-fault length)/2 on the fault is con-
sidered. The difference between the conditional probabilities at the two locations is taken
as the probability of rupture to occur at distance from the sub-fault center. Each of the
three districts (east Khasi Hill, West Garo Hill, and Ri-Bhoi) is then divided into grids of
0.05° x 0.05° and the distance between the top left corner of each grid to each sub-fault’s
center is used to calculate the probability of rupture. Typical calculations considering the
Oldham fault with m; = 4.0 at the Shillong city center is summarized in Table A3 (in
Appendix), and the results of the calculations are presented in Figure 4. The cumulative
probability of rupture varies between the hypocentral distances of 77.87 km to 170.54 km
as 0.038 and 1.0, respectively.

3.3. Uncertainty in ground motion exceedance

Uncertainties are considered in PSH analysis by estimating the probability of exceed-
ance of the ground motion parameter above a threshold value for a given m; and r;.
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According to EM-1110 (1999), the conditional probability distribution for exceedance
of the ground motion P(Z > z|m;,r;) is estimated using the following log-normal dis-
tribution

P(Z > z|mir;) = 1.0—F(U), (10)

where F(U) is the cumulative distribution function of a truncated normal distribu-
tion; U = (InZ — E[Inz])/S[lnz]; Z is the ground motion of interest to this study; z
is the ground motion calculated from the selected ground motion prediction equation
(GMPE) based on m; and rj; E represents the mean level of ground motion given by
the selected GMPE; and S represents the standard error in the ground motion predic-
tion by the selected GMPE (presented below).

The function F(U) in Eq. (10) can be represented as

F(U) = (F(U) — F(=3))/(1 - 2F(=3)), (11)

where F(U) is the standard cumulative normal distribution. In this way, for various

combinations of m; and r;, the probability that ground motions assessed by GMPEs

exceed the initially defined range of Z is calculated using Eq. (10). For the present

work, the values of Z vary from 0.025g to 0.80g in increments of 0.025g considering

all 72 faults. Once the value of P(Z > z|mrj) is calculated, using formulas (5)-(10)

the overall frequency of exceedance of a ground motion to occur can be determined.
In this study, we employ the following GMPEs (Baro et al. 2018):

Inz = A, + Ay(M—6) + A3;(M—6)°—A, In Ryy—(As—A,)max[In (Ry;/100), 0] — (12)
A6RM + &5+ &

where, z is the spectral acceleration (in g), M is the moment magnitude, Ry =

r+0.089exp (0.6M), r is the hypocentral distance, ¢, is aleatory uncertainty, &, is

epistemic uncertainty, and A;to A¢ are the constants (presented in table 3 by Toro

et al. 1997);

In (z/g) = By + ByM + By;M? + Byr + Bs In (r + Bs exp (B;M)) + Bglog (r)fo + In (¢),
(13)

where g is the acceleration due to gravity, fy = max(In(r/100),0), ¢ is the standard
error; and B; to Bg are the constants specified for NE-India (NDMA 2010); and

logz = C; + C;M—b,log (r + exp (C3M)) + o, (14)

where b, is a decay parameter, C;, C, and C; are regression coefficients, and o, is
the standard error (Anbazhagan et al. 2013).

The termS(Inz) in Eq. (10) is estimated asS(lnz) = §; + S, + S3, where S; is the
product of the weight of the GMPE and the value of the standard error term in Toro
et al. (2002) for S;, in NDMA (2010) for S,, and in Anbazhagan et al. (2013) for Ss.
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Figure 4. Cumulative probability of rupture as a function of the hypocentral distance calculated
for the Oldham fault (earthquakes m; = 4.0) with respect to the Shillong city’s center.

The weights of GMPEs for each seismic source zone are listed in Table A4
(in Appendix).

GMPEs assist in an assessment of the level of the ground motion at a given site
due to an earthquake. In this study, the ground motion parameters are calculated at
the sites corresponding to shear wave velocity of 1500m s~ or to class A (hard rock)
as per the NEHRP site classification scheme (BSSC 2004). Because measured data on
the ground motion are limited, a standard error term is introduced in most GMPEs
to account for variation in ground motions. When several GMPEs are employed in a
hazard assessment, a logic tree approach helps to minimize the standard error by
using weighting (ranking) coefficients prescribed to each GMPE (Delavaud et al.
2009). Note that as the highest maximum possible magnitudes differ within each
source zone, the ranks of the same GMPEs vary with the zone. Moreover, the
GMPE’s weights can be influenced by the difference in the hypocentral distances
from the selected sites — Shillong, Nongpoh, and Tura - to each of the seismic source
zones (Baro and Kumar 2018).

4, Results
4.1. Hazard curves

A hazard curve presents the frequency of exceedance of a specific level of ground
motions defined over a range of the motions. As discussed in Sect. 3, the values of
the frequency of exceedance versus corresponding ground motion due to a fault rup-
ture is calculated at each site using Egs. (5)- (10). Repeating this procedure for all
faults considered, individual hazard curves for the faults can be determined at each
site. Figure 5 illustrates the hazard curves for various contributing faults at Shillong
city (a), Nongpoh (b), and Tura (c). All hazard curves show that the stronger a
ground motion (PHA) is, the lower is the frequency of occurrence of the that motion
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in a specified time period. The hazard curves are presented not only for the sources
close to the sites considered, but also for those sources capable producing significant
ground motion at the sites. The Barapani fault possesses the highest frequency of
exceedance for any possible ground motion at Shillong city followed by the Dauki
fault, the Kopili fault, the Oldham fault, the Eocene Hinge Zone and other faults
(Figure 5(a)). Also the Barapani fault is the highest hazard-causing fault for Nongpoh
(Figure 5(b)). The Dauki and Dhubri faults show the highest frequency of exceedance
until the peak ground acceleration is lower than 0.225g, and hence, both the faults
generate the highest seismic hazard at Tura (Figure 5(c)). At greater PHA values, the
Eocene Hinge Zone shows a higher frequency of exceedance.

An individual fault-based hazard curve accounts for ground motion at the site of
interest from all possible earthquake magnitudes to occur at all possible location on
that fault. Hence, a PSH assessment provides an aggregated assessment of all possible
scenarios of ground motions with estimated frequency of exceedance of the motions. A
deaggregation procedure allows for identifying the earthquake scenarios at a source
fault (for instance, magnitude-distance pairs), which have contributed to the hazard
curve at the site of interest. While all the contributions are accounted to get a hazard
curve, the deaggregation procedure determines relative contribution to the seismic haz-
ard from the range of magnitude (M), distance (R), and the ground motion scatter or
the random error, which is defined as the number of standard deviations (often
referred to as ‘epsilon’), by which the ground motion deviates from its median value.
The highest contributing combination can help in understanding the selected return
period or the probability of ground motions being exceeded (McGuire 1995; Bazzurro
and Cornell 1999; Kumar et al. 2013; Sokolov and Ismail-Zadeh 2015). Meanwhile, it
should be noted that if small magnitude earthquakes occur much more frequently than
bigger magnitude events near the site of interest, the number of small events may be
large enough to cause many exceedances of selected ground motion level due to high-
level positive deviations from the mean values of predicted ground motion. Thus, the
relative contribution to hazard from small events may be comparable with the contri-
bution from much larger, but less frequent events (Sokolov and Ismail-Zadeh 2015).

As the number of standard deviations has already taken into consideration during
the event-by-event calculation of seismic hazard, as described in Sect. 3, we perform
here deaggregation in terms of the magnitude and the source-to-site (hypocentral)
distance considering the full range of error. The deaggregation procedure for the case
of the 10% probability of exceedance in 50years (similarly for the case of the 2%
probability of exceedance) assumes that the value of seismic hazard (suppose z1) is
obtained for the fault causing the highest hazard (which can be seen in Figure
5(a-c)). Depending upon the considered magnitude and hypocentral distance bins (in
Figure 6) for this fault (sections 3.1.1 and 3.1.2), the frequency of exceedance is deter-
mined for each combination of the magnitude and hypocentral distance. If the contri-
butions from all magnitude-distance combinations are added, it will give a total
seismic hazard of z1, which will have the 10% probability of exceedance in 50 years.
These frequencies of exceedance in each magnitude-hypocentral distance bin are
expressed in terms of percentage contributions to the seismic hazard value. As a
result of the deaggregation, a 3-D histogram is plotted with the magnitude,
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Figure 6. Deaggregation plot for (a) the Barapani fault at Shillong city, (b) the Barapani fault at
Nongpoh, (c) the Dauki fault at Tura, and (d) the Dhubri fault at Tura.

hypocentral distance, and percentage contribution to the seismic hazard as its axes.
For this work, the deaggregation histograms are developed using the procedure
described above for the worst seismic hazard causing faults for Shillong, Nongpoh,
and Tura (as per Figure 5(a—c)), and the results are presented in Figure 6(a-d). The
Barapani fault provides the highest contribution of 13.7% to seismic hazard at
Shillong city, if an earthquake of Mw6.1 occurs at 24.67km hypocentral distance
(Figure 6(a)). At Nongpoh, the highest contribution from the Barapani fault is 13.9%
due to an earthquake of Mw6.1, which might occur at 10.18 km hypocentral distance
(Figure 6(b)). At Tura, the highest contributions of 41.05% from the Dauki fault is
possible due to an earthquake of Mw?7.6 occurring at 69.76 km hypocentral distance
(Figure 6(c)). Considering the Dhubri fault (another high hazard-causing fault for
Tura), a contribution of 26.3% is possible at Tura due to an event of Mw7.6 occur at
80.41km hypocentral distance (Figure 6(d)). The deaggregation procedure helps to
identify the size and the location of a rupture area within a hazard-causing fault,
which will produce a highest PHA among all possible seismic scenarios.

A summation of hazard curves for a site, from all faults considered, gives the total
hazard curve indicating the overall frequency of exceedance of a particular ground
motion. At the period of seismic wave oscillation 0s, the frequency of exceedance is
0.00174 for the spectral acceleration 0.2 g, which gives a return period of 575 years for
Shillong city (Figure 7(a)). Thus, the annual probability of exceedance of 0.2g at
Shillong city for the next 50 years is 8.33% according to Eq. (1). At oscillation periods
of 0.4s, 1s and 2s, the frequency of exceedance are estimated to be 5.69 x 1074
1.97 x 10~* and 9.28 x 107, respectively. The probability of exceedance in 50 years at
oscillation periods 0.4s, 1s, and 2s are 2.93%, 0.98% and 0.0046%, respectively.
Similarly, the frequency of exceedance of the spectral accelerations can be assessed
for Nongpoh (Figure 7(b)) and Tura (Figure 7(c)).
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4.2. Hazard assessment maps

Probabilistic hazard maps can be plotted by presenting seismic hazard values (e.g.,
PHA) at selected grid points in the study area, for a specified probability of exceedance
and for a desired period. In this section, the seismic hazard maps are developed for the
districts of the East Khasi hills, Ri-Bhoi, and the West Garo hills because of highly
populated cities located in the districts, although the same technique can be applied to
study seismic hazards of the entire Meghalaya state. PHA values are calculated for each
of the three districts using 247, 273, and 323 grid points, respectively (laid out in a grid
size of 0.05° x 0.05°) and the numerical code by Kumar et al. (2013).

Figure 8 shows the seismic hazard maps for the selected districts at 2% probability
of ground motion exceedance in 50 years. The highest PHA value of 0.54g and 0.48 g
reaches in the northern part Khasi hills and the central Ri-Bhoi (Figure 8(a,b)). This
indicates that these parts of the districts are seismically more hazardous than the
remaining parts. The southern part of the West Garo exhibits a PHA value of 0.22g
(Figure 8(c)). PHA values at 2% probability of exceedance in 50 years (with a return
period of 2475years) in Shillong city, Nongpoh, and Tura are 0.28g, 0.52g, and
0.20 g, respectively. Figure 9 shows the hazard maps for the same three districts at
10% probability of ground motion exceedance in 50years (with a return period of
475 years). Similarly, the northern East Khasi hills, the eastern Ri-Bhoi, and the south-
ern West Garo hills exhibit highest seismic hazard, and the maximum PHA values at
Shillong city, Nongpoh and Tura are estimated to be 0.19g, 0.32g, and 0.11g,
respectively. Bhatia et al. (1999), Das et al. (2006), and NDMA (2010) developed PSH
assessment maps for the SP for 10% probability of exceedance in 50years, and
showed that the PHA values over the SP vary between 0.25¢g and 0.30 g, and hence in
good agreement with our assessment results. However, Bhatia et al. (1999) and Das
et al. (2006) did not present seismic hazard values in the study area. Similarly,
NDMA (2010) assessment considered the NE-India as one seismic source zone.

4.3. Spectral acceleration

While PSH maps provide probable seismic scenarios at specific period of oscillation,
uniform hazard spectra (UHS) present seismic hazards at various oscillation periods
for a specific frequency of exceedance (Figure 10) and provide a design response
spectrum for structural analysis. The spectral acceleration (SA) values at Shillong city
at period Os are 0.28 g for 2% and 0.19 g for 10% probabilities of exceedance, and the
peak SA values for 2% and 10% probabilities of exceedance are attained at period
0.1s as 0.50g and 0.33 g, respectively (Figure 10(a)). The SA values for Nongpoh at
period Os are 0.52g and 0.32g for 2% and 10% probabilities of exceedance, respect-
ively (Figure 10(b)), and for Tura are 0.20g and 0.11g at the same probabilities of
exceedance (Figure 10(c)).

In addition to UHS obtained here for Shillong, Nongpoh and Tura, response spectra
presented in IS 1893 (2016) is also plotted in Figure 10 (see also Table 1). IS 1893
(2016) presents the SA values for (i) a maximum credible earthquake (MCE), which is
considered to be the most severe earthquake to occur in a region with the ground
motion that has 2% probability of exceedance in 50years, and (ii) for a design basis
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earthquake (DBE), which can be expected to occur during the construction design life
with the ground motion that has 10% probability of exceedance in 50 years. Figure 10
shows that the SA values based on IS 1893 (2016) are higher than those derived in this
work, and the reason for that is site conditions considered in this work and in IS 1893
(2016). The latter defines hard soil/rock as a site condition having the standard pene-
tration test N-value above 30, which belongs to site class B/C based on the NEHRP site
classification scheme (BSSC 2004). On the other hand, UHS values derived in the pre-
sent study corresponds to the NEHRP site class A condition. Thus, the site conditions
for the present findings and those given in IS 1893 (2016) correspond to two different
site conditions, and hence a direct comparison of the obtained results for site class A
with the building code IS 1893 (2016) data is inappropriate as the values of the spectral
acceleration will be much higher in the case of hard soil/rock sites compared to hard
rock sites. The findings obtained in this work can be used for building design only after
a refinement of the results based on an assessment of the local soil’s contribution to
the ground shaking. In case of a building’s location on rocks related to site class A, the
present findings can be used directly.

Further, we compare the spectral acceleration obtained in this work with those
obtained earlier by NDMA (2010) and Baro et al. (2018) for engineering bedrock
conditions corresponding to site class A and three locations - Shillong City,
Nongpoh, and Tura (see Table 1). Although the present study and study by NDMA
(2010) use a probabilistic SHA, there are some differences in their assessment meth-
odologies. For example, NDMA (2010) carried out PSHA for India, and the Shillong
Plateau was a part of one of thirty-two source zones. NDMA (2010) developed PGA
contour maps for the entire country, where only average values within a compara-
tively small area, like Shillong Plateau, can be extracted. As a result, the same spectral
accelerations are listed in Table 1 for the three locations. Another source of the dis-
crepancy in the results can come from the fact that a source zone is defined differ-
ently in both cases, e.g., in the case of the present study, the seismic activity, slip rate,
and tectonic setting are considered. Moreover, more than one GMPE are employed
in our analysis of ground motions.

Despite the differences in the methodologies, our results fit rather well the previ-
ous estimates (NDMA 2010), especially when the average values of the spectral accel-
erations obtained in this work for the three locations (a sum of the spectral
accelerations determined for a specific period for Shillong City, Nongpoh, and Tura
divided by three) are compared to the values obtained in NDMA (2010) (see the
numbers in parentheses next to the NDMA’s numbers in Table 1). The present
assessment refines the NDMA (2010)’s results at the regional/local scales highlighting
the importance of regional seismic hazard assessments for engineering aims. The val-
ues of spectral accelerations based on DSHA (Table 1; Baro et al. 2018) tend to be
closer to those values obtained by PSHA in the case of 2% probability of exceedance
in 50years than in the case of 10% probability, because average return periods are
normally longer for large earthquakes.
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Figure 11. Hazard maps for the West Garo hills: (a) DSH assessment map, (b) PSH assessment map
for 10% probability of ground motion exceedance; (c) PSH assessment map for 2% probability of
ground motion exceedance; (d) DSH assessment map with no contribution of the Oldham fault.

5. Discussion: scenario-based versus probabilistic seismic hazard
assessments

Compared to deterministic seismic hazard maps, probabilistic maps do not present the
ground shaking at site, but instead present a level of ground shaking, which can be
exceeded with a certain probability, within a certain period. The PSH maps provide a
low bound of seismic hazard useful for engineering purposes (Ismail-Zadeh 2018).
Keeping this in mind, we compare here results of the PSH assessment performed in
this work with the results of deterministic (scenario-based) seismic hazard (DSH)
assessment of the SP obtained by Baro et al. (2018). We note that both DSH and PSH
analyses are based on the same earthquake catalogue, same b-values and maximum
possible magnitude values, and the same GMPEs. However, the pattern of seismic haz-
ard for the West Garo hills district significantly differs in the case of DSH and PSH
assessments. Namely, the highest PHA values for the scenario-based hazard assessment
were calculated for the north-eastern part of the district, and the values decrease to its
south-western part (Figure 11(a)). Meanwhile, the pattern of seismic hazard values
based on 10% (Figure 11(b)) and 2% (Figure 11(c)) probability of ground motion



GEOMATICS, NATURAL HAZARDS AND RISK @ 2231

exceedance in 50year shows the highest ground motion to be associated with the
southern part of the district.

The Oldham fault, located to the north of the SP and generated an earthquake of
Mw8.0 (1897 Shillong earthquake), is very likely to influence the pattern of seismic hazard
in the district. In the DSH assessment, its contribution is significant because of the possible
maximum earthquake magnitude, the fault had produced. Meanwhile, the great earth-
quakes at the fault have lower frequency of reoccurrence, and hence the contribution of
the Oldham fault to the probabilistic assessment of seismic hazard is smaller compared to
other faults, such as the Eocene hinge zone, Dauki fault and Dhubri fault (Figure 5(c)).

To show the influence of the Oldham fault to the results of the DSH assessment, the
same DSH calculations (as in Baro et al. 2018) has been performed by removing the
Oldham fault from the analysis. In this case, the DSH and PSH assessment results for the
West Garo hills district show a similar trend of the highest seismic hazard towards the
south with gradually decreasing seismic hazard towards the north (Figure 11(d)). Hence,
we conclude that the effect of the fault generating great earthquakes is prominent in DSH
assessments. However, the probability of rupture of the Oldham fault to generate a great
earthquake is smaller (but not negligible) during the design life of a structure.

Consideration of the maximum possible earthquake magnitude at a fault leads to
the worst-case scenario in seismic hazard quantification, and this might generate diffi-
culties in decision making related to building construction/retrofitting and disaster
risk management. Besides an economic component associated with construction/ret-
rofitting costs, the determination of the maximum possible earthquake magnitude has
significant uncertainties (e.g., Kijko 2004; Kijko and Singh 2011). There is no widely
accepted procedure for the determination of the maximum earthquake magnitude in
the region. But even though the maximum possible magnitude could be determined
exactly, a recurrence time of events with this magnitude, or slightly below it, is
unknown. It is because of a lack of observations on large earthquakes occurred on
natural faults. Note that some attempts were made to estimate statistically the recur-
rence times of large earthquakes on individual faults (e.g., Zoller et al. 2007).

The term of “recurrence time” is perceived differently in scientific and non-scientific
communities dealing with seismic hazards and risks. Earthquake recurrence time is
referred to an average time between two subsequent big events (of the same magnitude)
normally evaluated based on several known occurrences of big events. Therefore, a recur-
rence time should be used cautiously in hazard assessment, because a great earthquake may
happen in a region within a much shorter (compared to a recurrence time determined)
period since the last big event. For example, Chile experienced two great earthquakes of
Mw9.5 in 1960 (38.24 S; 73.05 W) and of Mw8.8 in 2010 (36.29 S; 73.24 W) with an epicen-
tral distance of 217 km between two events and within time interval 50-years although such
events are extremely rare. The major 2003 (Mw?7.6) and 2013 (Mw?7.8) Scotia Sea earth-
quakes occurred at the same fault segment (Vallée and Satriano 2014). The time difference
between the 1812 Wrightwood (estimated Mw?7.5) and 1857 Fort Tejon (estimated Mw?7.9)
earthquakes in California was much shorter than the estimated average recurrence time of
about 330 years (Jacoby et al. 1988). The 1934 Bihar-Nepal Mw8.0 earthquake (26.86 N;
86.59 E) and the 2015 Nepal Mw7.8 earthquake (28.23 N; 84.73 E) occurred at a spatial dis-
tance of about 238km and temporal distance of 81years, although based on a
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comprehensive analysis of geological, paleo-seismological, geophysical and geodetic obser-
vations since Late Holocene, the return times of great earthquakes in eastern Nepal were
estimated to range between 750 + 140 and 870 + 350 years (Bollinger et al. 2014).

Similarly, the recurrence time of great earthquakes in the Shillong Plateau region cannot
be known with the accuracy, to communicate to the earthquake engineering community or
disaster risk management authorities. However, the information about ground shaking due
to a great earthquake in the region, such as the 1897 Assam earthquake, is essential for
design/retrofitting of important building constructions in the region. Meanwhile, a deter-
mination of all possible seismic scenarios expected during the design life of infrastructure is
vitally important for a seismic safety assessment. Such hazard assessments should include
various uncertainties related to determination of magnitudes of the events, their recurrence
times, ground motion due to site conditions etc. PSH analysis allows to overcome some of
the issues related to uncertainties, although without scenarios of large events, the analysis
will be not comprehensive (e.g., Sokolov and Ismail-Zadeh 2015).

When speaking about seismic safety as the goal of hazard assessments, an import-
ant issue is an analysis of physical and social vulnerability, exposure, and hence risk
assessment (as a convolution of hazard, vulnerability and exposure) allowing to elab-
orate strategic countermeasure plans for the disaster risk mitigation. Seismic risk
assessments facilitate a proper choice of safety measures, ranging from building codes
and insurance to establishment of rescue-and-relief resources (Ismail-Zadeh 2018).
Most of the practical problems require estimating risk for a specific territory (e.g.,
populated cities or districts) and within this territory separately for the objects such
as lifelines, sites of vulnerable constructions, etc. Multi-scale hazard and risk assess-
ments are helpful for decision-makers at local, municipal, and national levels.
Therefore, the results of the PSH analysis presented here together with the results on
scenario-based hazard analysis (Baro et al. 2018) for three most-populated districts of
the Meghalaya state is of important for decision-making.

6. Conclusion

In this study, the PSH analysis has been performed for the districts of the East Khasi hills,
Ri-Bhoi, and the West Garo hills, located within the SP. Hazard curves are developed at
the sites of Shillong city, Nongpoh, and Tura located within the East Khasi hills, Ri-Bhoi
and the West Garo hills districts, respectively. Hazard curves show that the Barapani fault
possesses the highest frequency of exceedance at Shillong city and Nongpoh. At Tura, both
Dauki and Dhubri faults are found to be the highest hazard causing faults.

The northern part of the East Khasi hills district, eastern part of Ri-Bhoi district and
southern part of the West Garo hills district show high PHA value. This suggests that these
parts of the districts are prone to higher seismic hazards. Within these three districts, the
PHA values range from 0.22 (0.11) g to 0.46 (0.33) g at 2% (10%) probability of exceedance
in 50 years. A comparison of our results with those developed by Bhatia et al. (1999), Das
et al. (2006), and NDMA (2010) show a reasonable agreement. Also, uniform hazard spec-
tra for Shillong city, Nongpoh and Tura obtained in this study are found comparable with
those in NDMA (2010). A comparison between the results of DSH and PSH assessments
for the same region performed by Baro et al. (2018) and in this work shows that a
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contribution of the Oldham fault to seismic hazard of the region is prominent in the case
of DSH assessments, and much smaller in case of PSH assessments because of the recur-
rence time of large events at the Oldham fault.
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Appendix
Table A1. Faults considered in this study and their characteristics.
Fault name / Number Length
Fault no. lat 1 lon 1 lat 2 lon2 Mg M, of EQs of fault Gk Sk
SP-AVZ
Oldham / 1 2610 9058 2580 9160 8 87 22 110.00 0.08 0.08
Dhubri / 2 2667 8985 2490 8967 7 76 31 198.50 0.15 0.12
F91-93 /3 26.37 92.62 25.70 93.09 7 70 22 91.40 0.07 0.08
Samin / 4 2593 9051 2579 9060 4 46 3 4,00 0.00 0.01
Kopili / 5 2686 9211 2558 9299 7 77 73 300.00 0.22 0.28
Dauki / 6 2527  89.87 2507 9311 7 76 36 320.00 0.24 0.14
Barapani / 7 25.89 91.83 25.55 91.65 6 6.1 11 40.00 0.03 0.04
Chedrang / 8 2610 9056 2590 9070 5 57 3 24.00 0.02 0.01
Bomdila / 9 2679 9338 2642 9394 6 6.0 38 74.90 0.06 0.14
Dudhnoi / 10 2609 9069 2527  90.83 6 6.0 19 91.90 0.07 0.07
Dapsi / 11 25.47 89.93 25.27 90.34 6 6.0 5 100.00 0.07 0.02
263 1354.70
IBRZ
F110-113 / 12 24,6259 93.2753 243173 941035 7.2 7.7 76 1009  0.044856 0.055841
F96-99 / 13 25,6235 93.84 246764 933506 6.7 7.2 58 54.7  0.024318 0.042616
CMF / 14 26.5647 957035 22.0139 93.7082 7.3 7.8 483 300  0.133369 0.354886
Kaladan / 15 25.0335 93.0871 22.0009 92.7671 7.5 8 270 3385 0.150485 0.198384
Kabaw / 16 241748 941772 219553 93977 72 77 242 280  0.124478 0.17781
Disang / 17 27.2747 96.1553 25.1516  93.2 7 75 34 480 0.21339  0.024982
F100-109 / 18 24.5574 93.4447 219999 93.0118 6.1 6.6 180 2953 0.131279 0.132256
Naga / 19 27.2429 956659 25.1179 93.1624 55 6 18 400  0.177825 0.013226
1361 2249.4
BBZ
F144 /20 2517 8982 2503 9006 7 7.0 1 30.70 0.01 0.01
F154 / 21 2512 91.09 2497 9107 6 66 7 17.00 0.01 0.04
F145 / 22 2491 90.04 2479 9026 6 69 5 27.90 0.01 0.03
Sylhet / 23 24.55 91.77 23.74 90.32 8 81 32 234.00 0.08 0.17
F116 / 24 2578 8928 2561 8946 6 68 4 27.40 0.01 0.02
F152 /25 2383 9097 2369 9110 6 65 6 21.90 0.01 0.03
Eocene Hinge Zone /26 2510  90.78  21.94  88.05 8 83 43 500.00 0.18 0.23
Arakan / 27 24.09 91.21 20.93 91.65 8 80 46 367.00 0.13 0.24
Madhupur / 28 2450  89.99 2408 9018 6 64 2 36.30 0.01 0.01
F132 /29 2448 8973 2421  89.13 6 67 2 73.60 0.03 0.01
F156 / 30 2477 9128 2457 9125 5 58 4 21.40 0.01 0.02
F157 / 31 24.76 91.07 24.63 91.07 5 55 1 14.70 0.01 0.01
F155 / 32 2509 9128 2486 9128 5 56 2 25.00 0.01 0.01
KNF / 33 2598 8912 2578 8799 6 65 6 127.60 0.04 0.03
F122 /34 2495 8926 2484 8944 5 53 1 23.20 0.01 0.01
F115 /35 25.85 88.90 25.67 89.12 5 55 1 32.50 0.01 0.01
F119 /36 2539 89.05 2521 8932 5 55 2 35.80 0.01 0.01
F124 / 37 2478 8905 2469 8919 5 50 2 19.40 0.01 0.01
F118 /38 2558 8875 2543 8900 5 53 1 32.20 0.01 0.01
GKF / 39 24.44 87.91 22.60 87.71 6 6.5 4 206.00 0.07 0.02
F114 / 40 2611 8860 2595 8878 5 50 1 26.90 0.01 0.01
F121/ 41 2521 8886 2498 8921 5 53 1 45.80 0.02 0.01
F123 / 42 2507 8861 2483 889 5 52 1 46.60 0.02 0.01
F117 / 43 25.55 89.27 2537 89.49 5 49 2 31.40 0.01 0.01
MRMF / 44 2627 8692 2444 8735 6 60 2 211.20 0.07 0.01
Kishanganj / 45 2574 8801 2507 8768 5 53 1 86.10 0.03 0.01
JGF / 46 2519 8891 2472 8833 5 52 1 87.20 0.03 0.01
SBF / 47 23.74 87.80 24.44 87.35 4 46 3 92.20 0.03 0.02
Pingla / 48 2370 8769 2249 8754 4 46 4 137.90 0.05 0.02
DBF/ 49 2492 8977 2375 8844 4 44 2 200.00 0.07 0.01
190  2838.90
EHZ
F94 / 50 2777 9373 2786 9399 6 69 9 30.30 0.01 0.02
BNS / 51 2987 9307 2998 8984 8 82 49 323.00 0.07 0.09

(continued)
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Table A1. Continued.

Fault name / Number Length

Fault no. lat 1 lon 1 lat 2 lon2 Mg M, of EQs of fault Ok Sk
Kakahtang / 52 29.10 92.86 28.56 90.19 8 82 10 313.00 0.06 0.02
Dudhkosi / 53 26.09  90.69 2527  90.83 5 57 1 11.70 0.00 0.02
Indus suture / 54 28.45 94.51 28.30 87.48 8 82 30 701.00 0.14 0.06
BTF / 55 28.00 94.80 28.90 94.60 7 70 6 105.00 0.02 0.01
F72 /56 27.50 94.50 27.60 94.40 5 58 1 15.70 0.00 0.00
Munsiari / 57 27.83 8870  27.51 87.09 7 75 26 248.00 0.05 0.05
F9 /58 30.30 90.90 29.50 90.50 6 638 10 99.30 0.02 0.02
F77 /59 2750 9500 2760  95.10 5 55 1 15.70 0.00 0.00
MBT / 60 28.03 95.19 26.94 87.01 8 82 150 973.20 0.20 0.28
F75/ 61 2760 9500 2770  94.90 5 50 1 15.70 0.00 0.00
F7 /62 28.80 91.90 29.00 91.80 5 52 2 22.00 0.00 0.00
MCT / 63 2690  86.75 28.93 94.38 7 77 198  1326.00  0.27 0.36
Arun / 64 27.72 87.42 26.86 86.89 5 57 6 113.00 0.02 0.01
F95 / 65 2806 9426 2819 9450 4 47 7 30.10 0.01 0.01
Purnea / 66 27.72 87.08 26.25 87.66 5 57 5 176.90 0.04 0.01
F1-2 / 67 28.20 92.10 28.40 92.30 5 52 1 31.40 0.01 0.00
F3-4 / 68 28.20 92.10 28.60 92.00 5 49 2 44.40 0.01 0.00
F10-12 / 69 29.10 9040 2850  89.90 6 68 10 86.70 0.02 0.02
F13-14 /70 28.40 89.80 28.20 88.60 5 56 1 135.00 0.03 0.00
F15-16 / 71 2800 8930 2760  89.10 6 66 3 49.60 0.01 0.01
F5-6 / 72 28.90 92.10 29.30 92.20 6 6.0 6 45.80 0.01 0.01

545 4912.50

Table A2. Ranks and weights of GMPEs for the East Khasi hills, Ri-Bhoi, and the West Garo hills
districts (modified after Baro et al. 2018).

District Zone GMPEs Rank Weights
East Khasi hills district SP-AVZ Toro et al. (2002) 2 0.39
NDMA (2010) 1 0.61
Anbazhagan et al. (2013) 3 -
IBRZ Toro et al. (2002) 3 0.32
NDMA (2010) 2 0.33
Anbazhagan et al. (2013) 1 0.35
BBZ Toro et al. (2002) 3 0.31
NDMA (2010) 1 0.38
Anbazhagan et al. (2013) 2 0.31
EHZ Toro et al. (2002) 3 0.31
NDMA (2010) 2 0.32
Anbazhagan et al. (2013) 1 0.37
Ri-Bhoi district SP-AVZ Toro et al. (2002) 1 0.51
NDMA (2010) 2 0.49
Anbazhagan et al. (2013) 3 -
IBRZ Toro et al. (2002) 3 0.32
NDMA (2010) 2 0.33
Anbazhagan et al. (2013) 1 0.35
BBZ Toro et al. (2002) 3 0.31
NDMA (2010) 1 0.37
Anbazhagan et al. (2013) 2 0.32
EHZ Toro et al. (2002) 3 0.31
NDMA (2010) 2 033
Anbazhagan et al. (2013) 1 0.36
West Garo hills district SP-AVZ Toro et al. (2002) 2 0.29
NDMA (2010) 1 0.42
Anbazhagan et al. (2013) 3 0.29
IBRZ Toro et al. (2002) 2 0.32
NDMA (2010) 3 0.31
Anbazhagan et al. (2013) 1 037
BBZ Toro et al. (2002) 2 0.31
NDMA (2010) 1 0.38
Anbazhagan et al. (2013) 3 0.31
EHZ Toro et al. (2002) 3 0.31
NDMA (2010) 2 0.33
Anbazhagan et al. (2013) 1 0.36
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Table A3. Parameters for the calculation of the frequency of ground motion exceedance for the
Oldham fault.

m; oy Ok Am/2  mi- Am/2  mi+ Am/2  Ng(m>m; - Am/2)  N(m>m; + Am/2) M (my)
4,00 0.0812 0.0837 0.3917 4.0000 43917 0.271000 0.11900 0.15160
478 0.0812 0.0837 0.3917 43917 5.1750 0.119000 0.02300 0.09630
5.57 0.0812 0.0837 0.3917 5.1750 5.9583 0.023000 0.00450 0.01874
6.35 0.0812 0.0837 0.3917 5.9583 6.7417 0.004500 0.00086 0.00364
7.13 0.0812 0.0837 0.3917 6.7417 7.5250 0.000860 0.000157 0.00071
792 0.0812 0.0837 03917 7.5250 8.3083 0.000157 0.0000018 0.00014
8.70 0.0812 0.0837 0.3917 8.3083 8.7000 0.000019 0 0.000019

Table A4. Parameters for the calculation of the probability of distance for the Oldham fault at
the Shillong city center considering m; = 4.0.

m ) 3) (4) (5) (6) @) 8) 9) (10)

1 170.57 0.8318 40.038 7536 174.79 0.968 166.36 1.0 0.031
2 162.18 166.36 0.891 158.01 0.968 0.077
3 153.87 158.01 0.813 149.74 0.891 0.077
4 145.65 149.58 0.736 141.58 0.813 0.077
5 137.54 141.58 0.658 133.53 0.735 0.077
6 129.56 133.53 0.581 125.62 0.658 0.077
7 121.73 125.62 0.503 117.89 0.581 0.077
8 114.09 117.89 0.426 110.36 0.503 0.077
9 106.68 110.36 0.349 103.08 0.426 0.077
10 99.56 103.08 0.271 96.11 0.348 0.077
1" 92.77 96.11 0.194 89.52 0.271 0.077
12 86.40 89.52 0.116 83.41 0.193 0.077
13 80.55 83.41 0.039 77.87 0.116 0.077
14 75.36 77.87 0 73.05 0.038 0.038

(1) Sub-fault no.; (2) hypocentral distance with respect to sub-fault center (r); (3) X(m;) (km); (4) L, (km); (5) r, (km);
(6) hypocentral distance with respect to subfaults length / 2+ subfault center location; (7) P(B <r); (8) hypocentral
distance with respect to sub-faults length / 2 — sub-fault center location; (9) P(C>r); (10) probability of rupture at
sub-fault center.
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