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Seismic Hazard Assessment of Kashmir Region Using Logic Tree Approach: Focus
on Sensitivity of PSHA Results Towards Declustering Procedures and GMPEs
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Abstract—Probabilistic seismic hazard assessment (PSHA) for
the Kashmir region located in the northwestern Himalayas has been
performed to quantitatively estimate the probability of exceedance
of various ground-shaking levels. An updated earthquake catalog
composed of 7826 events was prepared by combining historical
events (from 1250 BC) and instrumental events (1900-2020).
Kijko’s maximum likelihood technique yielded seismicity param-
eter b-value 0.92-1.05 and m,,, ~ 7.98 for the entire Kashmir
region. A comparison of three seismicity delustering methods has
been presented based on the resulting seismicity parameters. PSHA
computations were conducted using RCRISIS software based on a
logic tree approach to account for the model uncertainties in
attenuation models and epistemic uncertainties due to declustering
methods. Seismic hazard maps at bedrock for four return periods of
475, 950, 2475, and 4950 years were prepared using peak ground
accelerations (PGA) as well as short- (0.2 s) and long-period (1 s)
spectral accelerations (S,). Sensitivity analysis of the computed
hazard revealed the substantial effect of attenuation relationships as
well as declustering methods on the outcomes. Furthermore, hazard
curves and uniform hazard response spectra at each of the 1228
grid points were developed. The southwestern, northwestern, and
northern regions of the valley including Pulwama, Shopian, Kul-
gam, and Budgam were found to have the highest hazard as
opposed to the central regions like Ganderbal and parts of Bara-
mula. Kashmir region was divided into five zones (ZA-ZE) of high
to low seismicity with mean PGA values of 0.175, 0.258, 0.379,
0.456, and 0.514 g, respectively, for the 2475-year return period.
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1. Introduction

Seismic hazard assessment is carried out using the
two most widely used approaches—Deterministic
Seismic Hazard Assessment (DSHA) and the Proba-
bilistic ~ Seismic (PSHA)
approaches. DSHA considers a single earthquake
scenario, with the maximum magnitude, Maximum
Credible Earthquake (MCE), and minimum source-
to-site distance, as the most critical for a site. Prob-
abilistic hazard analysis approach, on the other hand,
considers all probable earthquake magnitude and
distance combinations as opposed to a single critical
earthquake in the case of DSHA. In simple terms, it
incorporates all spatial and temporal uncertainties,
along with the uncertainties in the assessment of the
ground motion parameter at the site, combined using
the total probability theorem. Following the
pioneering work of Cornell (1968), PSHA has been
widely employed in numerous regions around the
world. Besides, several PSHA studies have also been
conducted using the software RCRISIS (formerly
CRISIS), e.g., in Pakistan (PMD and NORSAR,
2006), Saudi Arabia (Al-Arifi et al., 2013), Himachal
Pradesh (Patil et al., 2014), Central Asia (Ischuk
et al.,, 2017), Argentina (Gregori & Christiansen,
2018), Nepal (Rahman and Bai, 2018), Himalayan
region (Rout et al., 2018), and UK (Aldama-Bustos
et al., 2019).

The Global Seismic Hazard Assessment Program
(GSHAP) categorises the Himalayan belt into a zone
of highest seismic hazard with PGA between
0.20-0.50 g for a 475-year return period (Bhatia
et al., 1999). Seismic hazard studies in India started in
the 1960s when the Bureau of Indian Standards (BIS)
developed the seismic zonation map for India. The
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BIS code (IS-1893:2016) divides the country of India
into four seismic zones (II, III, IV, and V) based on
the expected maximum PGA estimated from seismic
hazard analysis. This remains the most widely used
reference of peak ground accelerations for seismic
design of buildings in India. The zonation map,
however, is not based on detailed seismic hazard
analysis; rather it only utilizes the knowledge of
seismotectonic and geophysical data in India to
determine peak ground accelerations at bedrock cor-
responding to the maximum credible and design basis
earthquakes. Subsequently, several PSHA studies
were conducted to develop a complete PGA map for
the whole of India (e.g., Khattri et al., 1984; Bhatia
et al.,, 1999; NDMA, 2012).

In addition to nationwide seismic hazard studies,
several PSHA studies on individual cities or regions
have been conducted. Major studies have especially
been conducted at IIT Delhi on several cities in India,
producing a valuable resource for the country, e.g., in
Delhi (Rao, 2003; Rao and Satyam, 2005; Satyam,
2006), NCR of Delhi (Rao & Rathod, 2014; Rathod,
2011), Ahmedabad (Trivedi, 2011), Surat and sur-
rounding region (Thaker et al., 2010, Thaker and Rao
2014), northeast states (Rebecca and Rao, 2017), and
Jammu (Ansari et al., 2022).

Kashmir region falls in seismic zones IV and V of
the IS 1893:2016 zonation map, which corresponds to
peak ground acceleration (PGA) of 0.24-0.36 g.
Seismic hazard studies conducted in India have pre-
dicted a wide range of PGA values (0.16-0.70 g) for
the Himalayan region (e.g., Mahajan et al., 2010;
NDMA, 2011). Studies conducted in Pakistan (e.g.,
Hashash et al., 2012; Waseem & Erdik, 2021) report
maximum hazard in the NW Himalayan region
specifically owing to the presence of active faults like
the Main Boundary Thrust and Main Mantle Thrust.
PGA values of 0.60 g and 1.00 g were reported for
475- and 2475-year return periods, respectively, for
Muzaffarabad, corroborating well with the measure-
ments of ground motions experienced during the
October 8 2005 Kashmir earthquake in the city.
Hashash et al. (2012) proposed PGA values as high as
0.80 g for a 475-year return period along the MMT
(Main Mantle Thrust) and 0.40-0.60 g along the
MBT (Main Boundary Thrust). Waseem and Erdik
(2021) reported PGA values of 0.24-0.45 g for the
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475-year return period and 0.55-1.02 g for the
2475-year return period in the northern and western
parts of Pakistan, which basically share borders with
the southwestern margin of Kashmir Valley.

These studies call attention to the risk of high
hazards in the Kashmir region, which is located
within the tectonically active NW Himalayas. For the
Kashmir region specifically, attempts at conducting
probabilistic seismic hazard studies have been mostly
preliminary, not producing any specific information
useful for the seismic design of buildings (e.g.,
Chandra et al., 2018; Dar & Dubey, 2015). Sana
(2019) conducted a comprehensive study for Kashmir
region addressing the uncertainties associated with
sources and model uncertainties of ground motion
prediction equations in a logic tree framework.
However, the outcomes are only focused on a few
districts of Kashmir, limiting the application. Yousuf
and Bukhari (2020) provided hazard curves and
uniform hazard response spectra (UHRS) which are
beneficial for building design; however, the devel-
opment of an updated earthquake catalogue and
derivation of seismicity parameters thereof are not
considered in their study. Instead, the seismic zones
and seismicity parameters generalized by National
Disaster Management Authority of India (NDMA,
2011) for the Himalayan region were directly used.
Moreover, disregarding the uncertainties in the
attenuation models, they considered a single ground
motion prediction equation (GMPE) by NDMA
(2011).

In light of the high seismic hazard in the NW
Himalayan region, the present study aims at con-
ducting a comprehensive seismic hazard analysis for
the Kashmir region using RCRISIS software (Ordaz
et al., 2017). An updated earthquake catalogue
(1900-2020) was prepared which is further used to
determine the seismicity parameters for the Kashmir
region. Linear sources along with newly delineated
fault systems are included as seismogenic sources.
The selection of GMPEs as well as the description of
the seismic activity for a region is critical in the
overall estimation of results in PSHA because of the
substantial influence on the resulting hazard, espe-
cially for low seismicity areas (Atkinson & Goda,
2011; Sabetta et al., 2005). Therefore, in this study,
we consider the use of a logic tree to include more
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than one GMPE together with the incorporation of the
variability in seismicity parameters produced by dif-
ferent declustering techniques. Three GMPEs (one
global and two regional) along with three decluster-
ing approaches are considered in the branches of a
logic tree model in the RCRISIS software to account
for the model uncertainties and the epistemic uncer-
tainties, respectively. The effect of the declustering
methods adopted in this study is assessed through a
comparison of completeness periods, seismicity
parameters, and the final horizontal peak ground
acceleration values. Several other studies have com-
pared the seismic declustering methods (Talbi et al.,
2013; Telesca et al., 2016) and their effect on the
seismic hazard (Atkinson & Goda, 2011; Eroglu
Azak et al., 2018; Sabetta et al., 2005). A sensitivity
analysis is thus performed in this study to assess the
effect of the choice of GMPEs and declustering
methods on the output hazard. The results are pre-
sented in the form of hazard maps using PGA (at
T =0 s) and spectral accelerations at a short period
(0.2 s) and at long period (1 s) for 2% and 10%
probability of exceedance (PE) in 50- and 100-year
time frames. Additionally, hazard curves as well as
UHRS for each district are presented. Based on the
PGA values attained, the complete Kashmir region is
divided into five seismic zones and the corresponding
hazard curves and UHRS for each zone produced.
Disaggregation charts showing the relative contribu-
tion of magnitude and distance combinations of
sources are also provided. The results presented
herein form a practical and beneficial resource for the
appropriate seismic design of buildings and other
infrastructure in the region.

2. Tectonic Framework of Kashmir Region (NW
Himalayas)

Situated in the northwesternmost segment of the
Himalayan arc, the Kashmir region is one of the most
earthquake-prone regions in the world. The collision
of the Indian and Eurasian Plates that started over
50 Ma has resulted in the formation of the Himalayan
Mountain range and the subsequent high seismicity in
the area (Searle et al., 1986). The plates are con-
verging at a rate of ~ 30-40 mm/year towards the
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NNE (Stevens & Avouac, 2015), about half of which
is accommodated along the MHT (Main Himalayan
Thrust) in the Himalayas (Bettinelli et al., 2006). The
Greater Himalaya, Lesser Himalaya, and Inner
Himalaya represent the major tectonic components of
the Himalayas (Karan, 1966). These ranges are sep-
arated by three major NW-SE-trending thrust
systems (from north to south), namely the Main
Central Thrust (MCT), Main Boundary Thrust
(MBT), and Main Frontal Thrust (MFT). These thrust
systems have played a major role in the formation of
the parallel Himalayan ranges and the geomorpho-
logical evolution of the Kashmir basin as well as the
Himalayan relief in general (Vassallo et al., 2015).
The principal thrust systems in the region along with
the cross section from Jammu to Kashmir basin are
shown in Fig. 1. The thrust systems merge with a
deep-seated decollement—the Main Himalayan
Thrust (MHT)—which acts as a separation between
the Indian Plate from the overriding Himalayan oro-
geny (Nabelek et al., 2009). The Kashmir Valley is
also affected by the confluence of three major
mountain ranges, viz., the Himalayan range, Hindu
Kush range, and Pamir range.

Kashmir Basin lies between the major deep-seated
Panjal Thrust (MCT) and the Zanskar Thrust (ZT)
and is surrounded on the northern end by the Main
Karakoram Thrust (MKT) and the Main Mantle
Thrust (MMT). The MKT forms the southern
boundary of the Hindu Kush and the Karakoram,
accommodating the thrusting of the Karakoram Plate
southwards over the Ladakh block (Rex et al., 1988).
The MMT is considered the western extension of the
MCT and lies within the Hazara-Kashmir Syntaxis.
The Karakorum Fault (KF) forms a major dextral
strike-slip system running almost parallel to the
northwestern Himalaya (Chevalier et al., 2005) and
separates the tectonic regimes of western Tibet and
NW Himalaya (Houlie and Phillip, 2013). Kashmir
Basin is further laced by Indus Tsangpo Suture Zone
(ITSZ), Indus Kohistan Seismic Zone (IKSZ), and
Himalaya Hazara Thrust System (HTS) in the north.
The northwesternmost segment of the Himalayas,
known as Hazara Kashmir syntaxis (HKS), is a zone
for major earthquakes in the region due to the activity
of MBT, MCT, and MFT at this junction. The syn-
taxial bend is a result of the pushing of the



792 F. Zahoor et al. Pure Appl. Geophys.

FoPAKISTAN )/ b (@
[T Ak,
\ o

Karg)

N
ot I:.r > w‘“@ﬁ: Shingo

= %) INDIA \
pill : %

25

74°300°E T44S0E 75°00°E 75"150°E
1 1 1

KASHM/R 8 ASII?L]

UPPER
SIWALIKS | yppeR
MIDDLE ~ [MIOCENETO
33300N: SIWALIKS [LOWER
LOWER | PLEISTOCENE
SIWALIKS

Anticline RIASI

AKMN{X)R \ /

33*150°N |
an &
Potwar platea Chenab
4
£
,/\\&y ‘ Vs Kangra
I | \‘.’\5“, 2 1905
| - /e . S -
MF :/, Jammu * Mw7.8 —
| £ g b PALEOCENETO
‘ ‘ . . - O :| EARLY MIOCENE
74 75 "
N\ | [ turree)
" /
Kohistan-Ladakh Il Murree N
‘-\Jr\ ,/ D HIGHER HIMALAYA
:| B MMT-Indus suture Siwalik ,.
) s 76 PRECAMBRIAN
| Higher Himalaya [ Intramontanc basins 20 k LIMESTONES
Lesser Himalaya [ Foreland — Tn [ esserramaava [
. 2005 MuzafTarabad rupture N
Precambrian limestones 1905 Kangra rupture T T T T
74"300°E 74°450°E 75'00°E 75'150°E
© Frontal Pir Panjal range Kashmir Basin

KOTRENKA
\ \mz

Figure 1
Tectonic framework of the Kashmir Himalayas. a Simplified structural map of the Northwestern Himalayas. b Principal tectonic structures in
the region. ¢ Crustal cross section of line AA’ in B extending from Jammu to Kashmir (Vassallo et al., 2015)

westernmost end of the Indian Plate into the Eurasian
Plate and hosted the epicenter of the devastating 2005
Kashmir earthquake. Yeats et al. (1992) identified
two main active fault systems within the syntaxis, the
NW-SE-trending Balakot Bagh Fault (Hussain &
Yeats, 2006) and the south-trending Jhelum Fault.
Most of the stress accumulated along the plate
boundaries in the Himalayas is released through the
rupture of the major thrust systems (MBT, MCT,
MMT); however, some portion of the stress is also
released through several out-of-sequence smaller
faults, like Reasi Thrust (RT), Kishtawar Thrust
(KT), Kotli Thrust (KoT), and Balakot Bagh Fault
(BBF), including strike-slip faults like Jhelum Fault
(JF) and Shinkiari Fault (SF) (Tapponnier & Molnar,

1977; Panday et al., 2017). The 8 October 2005
Kashmir earthquake reactivated the Tanda and
Muzaffarabad Faults (Zare & Karimi-Paridari, 2008)
in HKS, which were subsequently renamed together
as the Balakot-Bagh Fault (BBF). BBF is an out-of-
sequence reverse fault (Perumal and Thakur, 2008),
which is thought to be extending as a subsurface fault
and emerging as the Riasi Thrust in Jammu (Gavillot
et al., 2016).

2.1. Recently Delineated Seismogenic Structures

A number of faults have been delineated within
the Kashmir basin itself (e.g., Alam et al., 2015;
Ganju & Khar, 1984; Yeats et al., 1992), many of
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which however lack support from appropriate field
investigations. The Balapur Fault (BF) is the only
tectonic structure within the Kashmir basin that has
been properly established through thorough field
investigations, paleoseismic observations, and geo-
morphic methods (Ahmad et al., 2015, 2017a;
Madden et al., 2010). It is a NW-SE-trending fault
that passes through the highly populated cities of
Shopian, Pulwama, Anantnag, Kulgam, and Budgam
in South Kashmir. Being present within the Kashmir
Basin, and having an identified length of 95 km
(Ahmad et al., 2017a), BF could be a source of
significant seismic hazard in the region. Moreover,
Ahmad et al. (2015) suggested the presence of a
strike-slip fault, which they named as Central Kash-
mir Fault, to be passing almost through the centre of
the Kashmir region. Furthermore, positive anomalies
detected from observations of gravity data (Qureshi,
1969) as well as information on a deep-seated fault
structure almost parallel to Jhelum River (Kaila et al.,
1978) provide substantial evidence for the presence
of large structures like the Central Kashmir Fault
(CKF) within the Kashmir Basin. Ahmad et al. (2015)
established the strike of the CKF using geomorphic
indicators and outlined its role in the formation of the
Kashmir region. Shah and Malik (2017) delineated
four new curvilinear faults striking NE-NW through
geomorphic analysis of the landforms in Jammu and
Kashmir, indicating thrusting along the faults with a
small component of sinistral faulting. These faults,
namely Tunda Fault, Mawer Fault Zone, Gulmarg
Fault Zone, and Udhampur Fault Zone, are mainly
NW-SE trending. Sharma et al. (2014) noted a
concentrated seismicity within the area bounded
between MBT and MCT within Kishtwar and Doda
districts of Jammu. This region between the Panjal
Thrust (PT) and the Kishtwar Window is highly
active with 200 earthquakes recorded from March to
September 2013 (Coordinated Universal Time,
UTC), including the M, 5.7 earthquake on 1 May
2013 and M, 5.1 earthquake on 2 August 2013
(Sharma et al.,, 2014). Such occurrence of earth-
quakes at shallow depth (7-12 km) indicates the
presence of an active zone above the region of
decollement (Panday et al., 2017).

Kashmir is also affected by the Hindu Kush
region, which is a far-field seismic source for the

Seismic Hazard Assessment of Kashmir Region Using Logic Tree Approach 793

region. Hindu Kush is an east-west-trending, very
rugged, and complex mountain range system created
by the clockwise rotation of the Indian Plate into the
Eurasian Plate (Burtman & Molnar, 1993). It
stretches over about 800 km along the Afghanistan-
Pakistan border and is a junction of three main
mountain ranges—Hindu Kush, Karakorum, and the
Himalayas—resulting from the India-Eurasia colli-
sion. It is tectonically with  mostly
intermediate-to-deep foci (70-300 km) earthquakes
(Pavlis & Das, 2000) occurring at a high rate of over
100 earthquakes of magnitude M,, 4 and above in a
year. A number of studies proposed the theory of
continental subduction beneath the Pamirs and Hindu
Kush (e.g., Burtman & Molnar, 1993), while others
proposed the hypothesis of a sinking blob (Molnar &
Bendick, 2019) creating a vertically dipping seismic
zone in which the material is being stretched at a rate
of 100 mm/year. Hazard studies in Afghanistan (e.g.,
Waseem et al., 2018) have pointed out the high
hazard generated by the seismically active Hindu
Kush and Pamir regions.

active

3. Seismicity in and Around the Kashmir Region

Kashmir has a long history of seismic activity and
resulting extreme damages. Documentation of the
devastating earthquakes in the historical records of
Kashmir and their profound effects on the life and
property in the valley provides a clear picture of the
high seismic hazard to which the region is exposed.
The particulars of the historical earthquakes in
Kashmir regarding the damage witnessed by people
have been reported widely in the literature, mostly in
the Sanskrit and Persian records of the region. The
most important source of information on historical
earthquake events in Kashmir is a four-part series of
an ancient Sanskrit work collectively known as Raj-
tarangini. The first part, Rajtarangini, written by
Kalhana Pandit, gives an account of historical events
from the remote past to 1148 AD; the second part,
Rajavali, by Jonaraja, extended the records up to
1459 AD; the third part, Jainrajtarangini, by his
pupil Srivara, mentions events up to 1477 AD, and
the last part, Rajavali Pitaka, by Prajya Bhatt and
Suka, covers the period up to 1587. Another
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significant historical record is a Persian manuscript,
Tarikh-e-Hasan, by Pir Hasan Shah (nineteenth cen-
tury AD), which documents 13 earthquakes from
1250 BC to 1885 AD. Recent works on the compi-
lation of historical earthquakes include the likes of
Oldham (1883), Iyengar et al. (1999), Ambraseys and
Douglas (2003), and Ahmad et al. (2009).

Oldham (1883), in his catalogue of Indian earth-
quakes, documents three historical earthquakes
(1552, 1669, and 1828) in the valley of Kashmir.
Iyengar et al. (1999) collected information on earth-
quakes in the medieval period (1200-1800) in India
after a review of various historical records. They
provide a database of 12 historical earthquake records
in the Kashmir Valley. An elaborate study by Ahmad
et al. (2009) is yet another major attempt at preparing
a comprehensive catalogue of historical earthquakes
from the medieval period up to 1900 AD. They
retrieved information on around 17 earthquakes from
an exhaustive perusal of Sanskrit and Persian his-
torical literature. Ahmad and Shafi (2014) further
modified and updated this catalogue by adding
missing earthquakes from 1128 to 1570 retrieved
from various Persian and other historical records.
Later, Ahmad et al. (2015) added six more previously
unreported historical earthquakes. In addition to these
catalogues, works are available related to detailed
study of some major historical earthquakes in Kash-
mir like the 883 earthquake (Bilham and Bali, 2013),
1555 earthquake (Ambraseys and Douglas, 2003),
1885 earthquake (Jones, 1885; Ahmad et al., 2014),
1828 earthquake (Bilham et al., 2010) and so on. The
particulars of these earthquakes regarding the damage
witnessed by people and documented in historical
records are presented in Table 1.

The October 8 2005 Kashmir earthquake is proof
of the accumulation of stress along the plate bound-
aries especially along the Hazara-Kashmir Syntaxis
(HKS) in the NW Himalayan region. Since this event
occurred on a fault that was formerly believed to be
inactive, it is a prime example of the dynamic nature
of the active tectonics in the Himalayas. Around
80,000 people are reported to have been killed in the
event, and thousands of buildings collapsed. A spatial
concentration of the earthquakes (both recent and
historical) is observed in the HKS (Ahmad et al.,
2017b), the most remarkable being 1501, 1555, 1669,
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1736, 1779, 1824, 1828, 1885, and the recent 2005
Muzaffarabad and 2019 Mirpur earthquakes.

Furthermore, the events seem to be concentrated
along a NNW and SSE-orientation within the Kash-
mir Valley, which may suggest the presence of
tectonic structures within the basin like the Central
Kashmir Fault, Balapur Fault, and so on (Ahmad
et al., 2017a; Alam et al., 2015). Other significant
events in the recent history of the Kashmir region
include the 1905 Kangra, 1963 Budgam, 1967
Anantnag, and 1974 Pattan earthquakes. The records
of the devastating nature of the earthquakes and their
overwhelming effects provide a glimpse into the
future seismicity and associated risks to which the
Kashmir region is exposed. Most recently, the 24
September 2019 Mirpur earthquake caused large
ground shaking and deformations in the area.

Earthquakes occurring in the Hindu Kush-Pamir
region are also felt significantly in Srinagar, Jammu,
and Kashmir, even though the regions are ~ 500 km
apart. This is because the earthquakes have deep foci,
characterized by low attenuation of seismic waves
(Oliver and Isacks, 1967) and high wave speeds
(Mitronovas and Isacks, 1971). Thus, they show a
greater effect at larger distances from the epicentres
than at the surface directly above their foci. Several
major earthquakes have occurred in the Hindu Kush,
Afghanistan, causing a significant hazard in Jammu
and Kashmir. The 3 March 2002, M 7.4 earthquake at
a depth of 225.6 km and the 26 October 2015, M 7.5
earthquake with a focal depth of 231 km are the most
recent ones.

4. Seismic Hazard Assessment

The probabilistic seismic hazard analysis proce-
dure outlined by Cornell (1968) and later by McGuire
(2004) has been adopted in this study. The readers are
requested to refer to the studies which summarize the
computations and complete equations involved in
PSHA in detail (e.g., Baker, 2015; Kramer, 1996,
etc.). The outputs are expressed in terms of parame-
ters like peak ground acceleration (PGA), peak
spectral acceleration (S,), disaggregation charts,
seismic hazard curves (SHC), and uniform hazard
response spectra (UHRS).
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List of historical earthquakes in Kashmir Valley

S No Date Intensity/ Source Description
Magnitude
1 1250 BC MM XII Iyengar et al. (1999), Ahmad et al. (2009), Severe earthquake; created a rupture in
Bilham and Bali (2013) Samdhimatnagar, submerging the entire city
under water forming a lake now known as
Waular Lake; authenticity is doubtful
2 883/ 844 MM V Iyengar et al. (1999), Hough et al. (2009), Severe earthquake; caused a landslide in
Ahmad et al. (2009), Bilham and Bali (2013) Khadanyar hill near Baramulla. followed by a
major flood due to damming of Jhelum by the
debris
3 1123 - Iyengar et al. (1999), Ahmad et al. (2009), Frequent earthquakes with no further description
Hough et al. (2009)
4 1389-1413 - Ahmad and Shafi (2014) Strong tremor; damaged the Shankaracharya
temple badly
5 1412 - Ahmad and Shafi (2014) An indirect reference to an earthquake with no
details
6 1420-70 - Ahmad and Shafi (2014) In the SE part of the valley; destroyed many
buildings
1429-1470 Ahmad and Shafi (2014) Major tremor; destroyed a three-storeyed palace
on an island on the middle of Dal Lake
7 1470-1477 - Ahmad and Shafi (2014) Frequent tremors were reported during this
period, with no description
8 24th September — — Iyengar et al. (1999), Ahmad et al. (2009) Severe earthquake; destroyed many houses;
1501 aftershocks felt for 3 months
1505 Hough et al. (2009)
9 1552 Oldham (1883) Very strong earthquake; caused massive
1554 landslides, one of which changed the course
26th September MM XII, Iyengar et al. (1999), Ambraseys and Jackson of Jhelum and killed over 600 people; ground
1555 M, 7.56 (2003), Ahmad et al. (2009), Bilham et al. deformations and cracks and lateral
(2010), Hough et al. (2009) displacement due to liquefaction in Hasanpur
and Husainpur villages situated on banks of
Jhelum; older springs vanished and new
springs appeared
10 1560/61 - Iyengar et al. (1999), Ahmad and Shafi (2014) No mention of any damage
11 1569-77 - Iyengar et al. (1999) No mention of any damage
1570 - Ahmad and Shafi (2014)
12 23" June 1669 MM 1V or V Oldham (1883), Iyengar et al. (1999), Ahmad  No loss of life or damage; shocks continued for
et al. (2009) day
13 1678/79 MM VII Iyengar et al. (1999) Strong shaking preceded by a flood and followed
1683 Ahmad et al. (2009) by a series of aftershocks
14 24" March 1736 MM VIII Iyengar et al. (1999), Bilham and Bali (2014)  Strong tremor; caused loss of life and
1735 Ahmad et al. (2009) destruction to houses; aftershocks were felt
for about 3 months
15 1779 MM VII Iyengar et al. (1999) Strong mainshock; loss of life and property;
1778 Ahmad et al. (2009) aftershocks persisted for 1% months
16 1784 MM VIII Iyengar et al. (1999) Major earthquake; aftershocks felt for 3 months;
1785 Ahmad et al. (2009) many lives lost and destruction of buildings
17 1803 - Ahmad et al. (2009) Spire of Khanqah-e-Moalla collapsed; houses
collapse and people killed; ground
deformation and cracks in earth observed
18 1824 - Ahmad et al. (2015) Severe mainshock; aftershocks continued for

about 3 months; description is similar to 1828
earthquake
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Table 1 continued

S No Date Intensity/ Source Description
Magnitude
19 26™ June 1828 EMS VII Oldham (1883), Ahmad et al. (2009), Bilham  Series of shocks with loud explosions, 100-200

et al., (2010); Ahmad et al. (2015), Joshi and

Thakur (2016)

20 1842 - Ahmad et al. (2015)
21 1857 - Ahmad et al. (2015)
22 1863/64 - Lawrence (1895), Ahmad et al. (2015),
23 1873 - Ahmad et al. (2015)
24 1877 - Ahmad et al. (2015)

25 30th May 1885 ESI X
M,, 6.3

Thakur (2016)

26 1892 - Ahmad et al. (2015)

Jones (1885), NY Times Report (1885),
Ambraseys and Douglas (2004); Ahmad et al.
(2009), Bilham and Bali (2013), Joshi and

per day continuing for 2 months; large
fissures in ground; 14 pier Doderhama bridge
collapsed

Details not mentioned

Series of shocks for 3 months

Strong shaking in Kruhan and Baangil with
lesser intensity in eastern part of valley;
aftershocks reported for 3 months

Severe; killed 3000 people

16 houses reportedly fell into a chasm created by
the earthquake at Manasbal

About 3000 lives lost; greatest damage near
Baramula; epicenter at the base of Pir Panjal
near Baramula; large fissures along the banks
of Jhelum due to liquefaction; major landslide
at Laridura; 1 m crack in a road at Pattan
displaced vertically by 0.6 m, signifying huge
crustal deformation; change in pattern of flow
of water in springs; Nilanag Lake was formed
due to the inundation of an area

Women’s hospital (present day JLNM hospital)
in Rainawari Srinagar collapsed because of
the strong shaking

4.1. Development of Tectonic Map

Seismic sources within a radius of ~ 350 km
were considered around Kashmir region with Srina-
gar as the centre (coordinates 34.06°N and 74.82°E)
for this study. The main source of information
considered was the Seismotectonic Atlas of India
(GSI, 2000), which includes the details of thrusts,
lineaments, and other fault systems for the whole of
India. This database was supplemented by the
information on new faults delineated in and around
the Kashmir region since 2000. Several active faults
have been delineated within the Kashmir Basin itself
through geomorphological investigations or using
remote sensing techniques and digital elevation
models. Figure 2 shows the seismotectonic map
generated in this study for the region, representing
all the major faults and seismic sources within a
350-km radius of the Kashmir region.

In this study, individual linear sources and two
area sources—Hindu Kush and Kishtawar Window—
have been considered. Based on the observations in
the available literature, Hindu Kush cannot be
represented by a single thrust or suture; instead, it

needs to be considered as a source zone spread over
some area. Similarly, Kishtawar Window is also
considered an area source zone.

4.2. Development of the Earthquake Catalogue

Earthquake records of seismographs worldwide
form a comprehensive database of instrumental
earthquakes for the development of an earthquake
catalogue in any region. Events within the 350 km
radius around the study region (Fig. 2) were collected
starting from the year 1900 till 30 September 2020
from open access online sources like the United
States Geological Survey (USGS) and the Interna-
tional Seismological Center (ISC). Data were also
gathered from the Indian Meteorological Department
(IMD) through personal communication with the
department.

These databases provide detailed information
about time including year, month, day, hours, min-
utes, and seconds of occurrence; location including
longitude, latitude, and depth of epicentre; as well as
magnitude including various available scales like M,
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Tectonic map for Kashmir region. The dashed circle represents the 350-km radius around Srinagar city within which the faults have been

considered. Major tectonic features of the northwestern Himalaya

include the Main Central Thrust (MCT), Main Boundary Thrust (MBT),

Main Karakoram Thrust (MKT), Himalayan Frontal Thrust (HFT), Main Mantle Thrust (MMT), Hazara Kashmir Syntaxis (HKS), Karakoram
Fault (KF), Shinkiari Fault (SF), Salt Range Thrust (SRT), Jhelum Fault (JF), Jwalamukhi Thrust (JT), Kishtawar Thrust (KT), Kishtawar

Window (KW), Balakot Bagh Fault (BBF), BF (Balapur Fault), Re
Central Kashmir Fault (CKF), and Kamila Shear Zone (KSZ).

asi Thrust (RT), Udhampur Fault Zone (UFZ), Mawer Fault Zone (MFZ),
Yellow stars represent epicentres of earthquakes with M, > 6. Focal

mechanisms of major earthquakes have been included

my, My, Mp, and M,, (surface, body-wave, local,
duration, moment), and so on. The earthquake data
from the different sources were combined and
duplicate events were removed. Twenty-six docu-
mented historical earthquakes have been collected
from the detailed literature survey (Table 2). Along
with the instrumental data, the events add up to a total
of around 7386 events, forming the raw dataset for
this study, which was further used for the final
catalogue generation. The event data for M,, < 3.5 is

incomplete because of the dearth of instrumentation
in the region. The instrumentation for recording
earthquakes is minimal within the Jammu and
Kashmir region itself, and therefore the only records
available are through the open-source information
from the USGS seismic stations and those installed in
the neighbouring regions. It is indeed the lack of
events of small magnitude in the region which leads
to the relatively smaller number of events in the
earthquake catalogue (i.e., 7386).
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4.2.1 Magnitude Homogenization

Since earthquake data are collected from different
sources which in turn acquire data from various
seismic stations having varying methods of measure-
ment of magnitude of earthquakes, the data are highly
non-homogeneous. Thus, the magnitudes need to be
converted to a common scale to homogenize the data.
All other scales (my,, Mg, M, Mp, etc.) have been
converted to M,, using magnitude conversion equa-
tions developed by Scordilis (2006) and Deniz and
Yuceman (2010). Based on the preference given to
different magnitude scales, the procedure outlined by
Karimiparidari et al. (2013) has been adopted for
magnitude conversion.

4.2.2 Declustering

Seismicity consists of independent/background
events, which are the mainshocks, and dependent
events, which include the after- or foreshocks (Wyss
& Toya, 2000). It is argued that consideration of the
aftershock sequence would lead to an overestimation
of the rate of occurrence of earthquakes around a
fault, in other words overpredicting the activity of the
faults. In statistical terms, the presence of these
clustered events causes seismicity to have a non-
poissonian distribution. The process of separating
dependent earthquakes from independent earthquakes
is called declustering and forms an essential part of
processing an earthquake catalogue for seismic
hazard assessment.

van Stiphout et al. (2012) have presented a review
of around 25 available declustering methods. In this
study, the Gardner and Knopoff (1974), Urhammer
(1986), and Gruenthal (1985) methods were used

Pure Appl. Geophys.

amongst the window methods, whereas Reasenberg
algorithm (1985) was chosen amongst the cluster
methods for declustering the earthquake data for the
region. The 26 historical earthquakes were excluded
from the declustering procedure since these were
collected directly from historical records and are
definitely main events that must be retained within
the catalogue. The combined and homogenized
earthquake catalogue obtained from online sources
thus has about 7360 events. An updated set of
MATLAB codes for major declustering techniques
was obtained through personal communication from
Dr. Jiancang Zhuang (Institute of Statistical Mathe-
matics, Japan, and a member of the Community
Online Resource for Statistical Seismicity Analysis,
CORSSA).

Table 2 presents the results of the application of
declustering algorithms to the raw database of
earthquakes utilizing the mentioned MATLAB code.
For simplicity, these methods will hereafter be
represented by the respective codes as mentioned in
the table. There is no single method which can be
classified as best for declustering of earthquakes in
general. The suitability and effectiveness of a
declustering method vary for different regions.
Therefore, the catalogue obtained after employing
the three declustering procedures was checked and
compared for the efficiency in removal of aftershocks
as well as the retention of mainshocks. All algorithms
retain the main earthquakes that have occurred during
the time period. However, the number of events
identified as after- and foreshocks differs consider-
ably. In addition to the results of this study, the
results from two more studies—Eroglu Azak et al.
(2018) and Galina et al. (2019)—are included in
Table 2 to compare the percentages of earthquakes

Table 2

Summary of results of the declustering techniques for the Kashmir region

Declustering method Code Mainshocks retained Events removed as aftershocks (%)

This study Eroglu Azak et al. (2018) Galina et al. (2019)
Gardner and Knopoff (1974) GK74 1307 82.24 50 27-77
Uhrhammer (1986) Uhr86 2781 62.21 62 19-30
Gruenthal (1985) Gru85 880 88.04 Not used Not used
Reasenberg (1985) Reas85 6195-6701 8.9-15.8 14-27 Not used




Vol. 180, (2023)

eliminated in the declustering process. The percent-
ages removed vary with the region for each of the
methods. The Reas85 method, however, shows a
similar trend in Eroglu Azak et al. (2018) with
minimal elimination of aftershocks.

4.2.3 Influence of Declustering Methods
on Earthquake Catalogue

A comparison of the declustering methods in Table 2
indicates that Gru85 removes the maximum number
of events as aftershocks, followed by GK74 and then
Uhr85. In the window-based methods, the detection
of dependent events is solely a function of the size of
the defined magnitude and temporal windows. In
general, bigger time windows are specified from
Gru85 compared to GK74 and Uhr86 at smaller
magnitudes (Eroglu Azak et al., 2018), which in turn
causes more events to be classified as after- and
foreshocks in the former. This is reflected in the
higher percentage of data being removed through the
procedure (Table 2). This feature may, however,
cause the algorithm to misinterpret and discard
several main events as dependent events (Eroglu
Azak et al., 2018). In comparison, GK74 was found
to perform better, and the results also agreed well
with the seismotectonic structure. Moreover, it is
evident that for this study region the effect of the
Reas85 algorithm on the earthquake catalogue is not
significant. The algorithm removes only 8-15% of
events as aftershocks. Clusters of main events
associated with dependent events are still seen in
the results of the Reas85.

To compare the working of the declustering
methods, a manual check was performed for the
aftershocks of the 8 October 2005 Kashmir earth-
quake. This cluster of selected earthquakes was
examined in terms of the spread of the earthquakes
over space and time. After the main event, an
increased seismicity is observed in the raw catalogue,
obviously due to the aftershock sequence that
followed. The Reasenberg algorithm fails to remove
these aftershocks around the epicentre of the main
event, while the other methods are fairly successful in
identifying them as aftershocks. A similar observa-
tion about Reas85 was made for other regions like
New Zealand (Christophersen et al., 2011) and
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Turkey (Eroglu Azak et al., 2018). This is due to
the inefficiently small spatial extent considered in the
method (Eroglu Azak et al., 2018), particularly for
small to intermediate earthquakes. Thus, according to
their conclusive studies, Eroglu Azak et al., (2018)
suggested that the Reas85 algorithm may perform
better for complete catalogues and may not work well
on incomplete catalogues. Since the earthquake
catalogues are not complete over the entire duration
of time considered, due to the paucity of instrumen-
tation in earlier times, this becomes an issue for the
application of the Reas85 algorithm. Moreover, the
outcome of the Reas85 algorithm depends on the
input parameters, which thus need to be chosen
carefully. For these reasons, the results from the
Reas85 algorithm have been dropped from further
analysis in this study.

For further comparison among the three declus-
tering methods (i.e., GK74, Gru85, Uhr86), the
seismicity maps for the region derived by plotting
earthquake events regarding their coordinates are
presented in Fig. 3. A comparison of the maps
illustrates the level of reduction in background
seismicity after the application of the three declus-
tering procedures. The map from Gru85 clearly
indicates lower seismicity, Uhr85 shows the most
events on the map, whereas GK74 gives intermediate
results.

The magnitude histograms for each catalogue
have been plotted to demonstrate the distribution of
the number of events over various magnitude ranges
(Fig. 4). Observing the effect on the number of events
in different magnitude bins (Fig. 4), it is found that
similar window sizes are attained at larger magni-
tudes (M, > 6). The histograms also indicate that the
proportion of smaller magnitude earthquakes (< 4
M,,) in the declustered catalogues from GK74 and
Gru85 methods is much less than in Uhr86.

The cumulative graph of earthquake events with
time gives an idea about the rate of occurrence of
earthquakes and any major changes therein. A sudden
change in the slope of the graph could suggest a
change in the rate of earthquake occurrence. A
comparison of these cumulative graphs for the
declustered catalogues regarding that of the raw
catalogue for the study region is shown in Fig. 5. The
arrows represent the change in slope in the
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catalogues. The sudden spurt in events around 1970,
however, is indicative of the increase in instrumen-
tation worldwide and hence a better recording of the
earthquakes.

It is evident that the cumulative number in all the
catalogues before 1960s is very small and they mostly
contain information on large magnitudes which are
probably the main events. Therefore, the effect of the
declustering algorithms is insignificant before the
1960s. Beyond this point, the differences introduced
by the declustering methods can be clearly seen. The

F. Zahoor et al.
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cumulative number of earthquakes reduces in the
catalogues after declustering compared to the raw
catalogue. Moreover, the plots for declustered cata-
logues also deviate with respect to each other and to
the plot of raw data after around the year 1970 when
the
increases with years and becomes more pronounced
after the year 1999, after which smaller and smaller
events are recorded, which are most sensitive to being
removed as aftershocks. Similar observations have

instrumentation era started. This deviation
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Figure 3
Seismicity maps for Kashmir region using a GK74, b Gru85, and ¢ Uhr86. Yellow stars represent events with M,, > 6, whereas blue dots
represent events with M,, < 6
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Plot of the cumulative number of earthquakes with time for GK74,
Gru85, Uhr86, and raw catalogues. Arrows indicate the years when
the declustering algorithms start diverging significantly in their
results of cumulative number of earthquakes

been made by Mizrahi et al. (2021) for California
earthquakes.

In general, declustering of earthquake catalogues
is far from being a straightforward procedure thought
to yield exact results. This is mainly because most of
the declustering techniques rely on subjective guide-
lines and definitions to discriminate between main
events and the associated dependent events. As a
result, the final catalogues derived using various
declustering approaches significantly differ in various
aspects. In the absence of a single standardized
procedure, the selection of the best declustering
method and assessment of the effects on the final
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seismic hazard assessment are major concerns.
Moreover, the proportion in which large and small
magnitude earthquakes are removed has a serious
impact on the calculation of a and b seismicity
parameters. In this study, therefore, we utilize all
three declustering methods (i.e., GK74, Gru85, and
Uhr86) in a logic tree framework, as described later,
such that the epistemic uncertainties associated with
these algorithms are accounted for.

4.2.4 Completeness Analysis

Completeness analysis is an important step in the
development of a complete earthquake catalogue.
The cumulative visual investigation method (CUVI)
by Tinti and Mulargia (1985) has been used in this
study. It is a simple graphical procedure and was
applied individually to the earthquake catalogues
derived from the three declustering methods (GK74,
Gru85, Uhr86). The catalogues were divided into 12
magnitude bins and the cumulative number of events
was plotted against the years for each bin. The
completeness intervals are determined from the
visual investigation of the plots. The results from
this method have been compiled in Table 3. The
values imply that the completeness interval is a
function of the declustering method used.

The low magnitudes are incomplete because of
the unavailability of such data in the region arising
from the lack of proper instrumentation. Moreover,
the interval is higher for Uhr86 than GK74 and Gru85
at smaller magnitude bins (M, < 4). This is as
expected, because the removal of a larger number of
low magnitude earthquakes as dependent events in
Gru85 and GK74 reduces the completeness interval.
For these reasons, the completeness intervals for
magnitude (M,, < 3.5) are not reliable and must not
be used for further analysis. Contrarily, the influence
of the selection of a declustering procedure is
negligible for higher magnitudes as is also noticed
from the similar completeness periods at magnitudes
M,, > 5. The estimated completeness intervals sug-
gest that the data are complete for higher magnitude
earthquakes.
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Summary of completeness intervals for GK74, Gru85, and Uhr86 catalogues using the CUVI method

F. Zahoor et al.

Table 3
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Mw My Completeness
GK74 Gru85 Uhr86
Period Interval (years) Period Interval (years) Period Interval (years)
<15 1.1 2006-2010 04 - - 2007-2019 12
1.5-1.9 1.5 2007-2019 12 2006-2012 06 2005-2019 14
2.0-24 2.0 2000-2009 09 2006-2010 04 2000-2019 19
2.5-3.0 2.5 2000-2013 13 2000-2012 12 2000-2019 19
3.0-34 3.0 2000-2010 10 1997-2005 08 2000-2019 19
3.5-3.9 35 1997-2019 22 1997-2019 22 1996-2019 23
4.0-44 4.0 1983-2019 36 1995-2019 24 1987-2019 32
4.5-49 4.5 1962-2019 57 1978-2019 41 1962-2019 57
5.0-54 5.0 1962-2019 57 1962-2019 57 1962-2019 57
5.5-5.9 5.5 1921-2019 98 1921-2019 98 1921-2019 98
6.0-6.5 6.0 1921-2019 105 1921-2019 105 1921-2019 105
> =65 6.5 1505-2019 514 1505-2019 514 1505-2019 514
4.3. Recurrence Parameters Using Gutenberg- Logl(m) = a — bm (1)

Richter Equation

The mean annual rate of exceedance of earth-
quakes A, is the number of earthquakes greater than
‘m’ divided by the time period. The logarithm of the
rate of exceedance of the earthquakes is plotted
against the magnitude. The equation of the straight
line representing these points is the Gutenberg-
Richter (GR) equation, which is defined by the
intercept ‘a’ and slope ‘b’ as follows

The magnitude of completeness (Mc) for a
catalogue is the magnitude above which the catalogue
is considered complete. Thus, for further analysis,
only events with M, > Mc are considered (Wiemer
& Wyss, 2000). The GR line has been plotted for the
three declustered catalogues (Fig. 6). The point
where the GR line becomes nonlinear is marked as
Mc. Mc is assumed as 4 for all three catalogues from
an observation of the recurrence plots (Fig. 6).

The summary of the seismicity parameters

2.0+ derived from the GR equation is presented in Table 4.
1 5_' \'\‘ A comparison of the results of the CUVI method
] — GK74 applied to catalogues derived using the three declus-
1.0+ - S:igg tering techniques shows clear differences. Uhr86
0_5_' gives a larger b-value (b =1.202) than GK74
;E | (b=1.1) and Gru (b =1.03) methods. This was
2 0.0+
-0.54 Table 4
1 _0_- Summary of seismicity parameters derived from GR relation for
| GK74, Gru85, and Uhr86 catalogues
157 - Catalogue Mc a b R?
4.0 4.5 50 55 6.0 6.5 GK74 4 5.964 £ 0.563 1.10 £ 0.106 0.965
Magnitude (M,) Gruss 4 5.582 £ 0.563  1.03£0.106  0.949
Uhr86 4 6.602 + 0.425 1.20 £ 0.080 0.978

Figure 6
Gutenberg-Richter recurrence relations for GK74, Gru85, and
Uhr86 catalogues
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expected since the former retained more small
magnitude earthquakes than the latter two in the

declustered catalogue. For the same reason, ‘a
parameter is also higher as derived from Uhr86.

4.4. Estimation of MC Using Maximum Curvature
Method (Wyss and Weimer, 2000)

The maximum curvature (MAXC) technique
proposed by Wiemer and Wyss (2000) was also used
to determine a more appropriate estimate of Mc. In
this method, the Gutenberg-Richter model is fixed to
the observed frequency magnitude distribution
(FMD). Mignan and Woessner (2012) provide the
complete details of MAXC method along with a
summary of other available techniques. The magni-
tude at which the lower end of the FMD departs from
the linear trend in the log-lin plot is considered the
Mc (Zuniga and Wyss, 1995). Alternatively, the
cumulative FMD plots can also be used for the
estimation. In addition to the standard cumulative
FMD, a non-cumulative FMD is plotted to overcome
errors due to cumulation. Through simple visual
evaluation, the point of maximum curvature is easily
detected in the dataset.

Figure 7 presents the cumulative FMD plots for
the three declustering methods. The summary of the
outcome of the maximum curvature method in terms
of magnitude of completeness (Mc), a and b values,
and the annual rate of exceedance (\) for the three
catalogues is presented in Table 5. Notably, declus-
tering procedures have a significant impact on the
final estimates of seismicity in a region. Since Uhr86
retains more small magnitude earthquakes than GK74
and Gru85, Mc turns out to be less in the former
catalogue, signifying that the catalogue is complete
for smaller magnitudes.

The maximum curvature method (MAXC) is one
of the simplest techniques for estimating Mc.
Furthermore, it is considered more vigorous and
better than the least square regression method (Xie
et al., 2019). Therefore, this method was finally
selected for estimating M, which was further used as
an input in the calculation of the seismicity param-
eters My, A, and b value through the Kijko and
Sellevol (1992) method.
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4.5. Calculation of Seismicity Parameters, m, .., 4,
and b-Value (Kijko et al., 2016)

The seismic catalogue for this region is incom-
plete, especially for the time period before the
instrumental era started. For this reason, the classical
Aki-Utsu estimator or the Gutenberg-Richter recur-
rence model for the b-value is not appropriate for
these data. The maximum likelihood procedure
proposed by Kijko and Sellevoll (1989), KS-I, allows
for the inclusion of incomplete catalogues composed
of historical as well as instrumental events. This helps
to incorporate the uncertainty due to the incomplete-
ness of earthquake catalogues. The input catalogue is
divided into two parts, complete and extreme.
Extreme input includes prehistorical and historical
events, whereas complete input consists of events
which were recorded after the beginning of the
instrumental era and is usually available for relatively
short periods of time. The complete part is further
divided into sub-catalogues such that these are
complete for different time intervals and minimum
magnitude levels (Mc). This allows for the consid-
eration of missing records by permitting for
occurrence of gaps (Kijko & Sellevoll, 1989).

The method KS-I was later modified by Kijko and
Sellevoll (1992), KS-II, to account for the errors in
earthquake magnitude and further by Kijko et al.
(2016), KS-III, to account for the uncertainty in the
earthquake model itself. This modified procedure is
perhaps the only technique that allows the incorpo-
ration of complete and incomplete catalogues in the
hazard assessment, in addition to accounting for
magnitude and model uncertainties (Kadiri & Kijko,
2021). Thus, this updated method has been selected
for A, b-value, and m,,,, determination in the current
study. User-friendly MATLAB codes developed by
Professor Andrzej Kijko and his co-workers at the
University of Pretoria Natural Hazard Centre were
acquired from Professor Kijko. For a complete
review of the procedure, the reader is referred to
Kijko and Sellevoll (2016).

4.5.1 Input Parameters

The HA3 code provided by Prof. Kijko allows for the
input of the earthquake events as separate catalogues
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Figure 7
Comparison of FMD plots for a GK74, b Gru85, and ¢ Uhr86 catalogues. Filled squares are number of earthquakes of each magnitude bin;
empty squares are cumulative number of earthquakes equal to or larger than each magnitude. Red solid lines represent the best-fit linear
regression and Mc is the magnitude of completeness

Table 5
Maximum likelihood estimate of seismicity parameters from MAXC
method
Catalogue Mc a b A
GK74 49 6.772 0.84 (+— 0.04) 371
Gru85 49 6.467 0.79 (+— 0.04) 3.41
Uhr86 4.3 6.891 0.85 (+ — 0.02) 3.81
Raw Data 4.3 7.035 0.83 (+ — 0.01) 3.98

based on completeness. As per the specified proce-
dure, the dataset for this region was divided into three
sub-catalogues—one historical (H1) and two instru-
mental/complete catalogues (C1, C2). The temporal
extent of historical, and complete catalogue is
decided based on the examination of sharp changes
in slopes in the cumulative plots for earthquakes
obtained for the whole catalogue. From the observa-
tion of the plots of the catalogues derived from the
three declustering methods (Fig. 5), the historical
catalogue was considered to extend till the year 1970
and the complete part of the catalogue to start from
the year 1971, after which instrumental records are

available for the region. The complete catalogue-1
(C1) was assumed to start in 1971 and end in 1999,
whereas the complete catalogue-2 (C2) was assumed
to begin in 1999.

Threshold magnitude was checked separately for
each individual sub-catalogue (incomplete and com-
plete). The threshold magnitude (M,,,) for the
historical catalogue (H1) is higher than that for the
complete catalogues. Accordingly, the values for
threshold magnitude were assumed for the catalogues
as given in Table 6. This was anticipated since the
historical records are complete for strong events
which are easily detectable. Next, the input file is to
be constructed in such a way that only magnitudes
greater than the threshold magnitude are included in
the file. Furthermore, the error in magnitude deter-
mination was assumed to be highest (~ 0.3) in H1. It
was assumed to be less in the complete datasets
(Giardini et al., 2004)—0.2 in C1 and 0.1 in C2. Once
the catalogue is divided in time, and all the param-
eters are fixed, the standard computer programme
(Kijko and Sellevoll, 2016) is used to determine the
earthquake recurrence relation. The respective mag-
nitudes of completeness of each sub-catalogue (Mc),
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maximum expected magnitude (M.x), magnitude
errors considered, the time windows, and so on, are
summarized in Table 6. The M value for each
catalogue is selected from the results obtained by
employing the MAXC (Wiemer & Wyss, 2000)
method (Table 5).

When the catalogues are input into the pro-
gramme, it asks the user if an a priori value of
b-parameter is available, which is important to
stabilize the results from the code. In this study, the
first estimate of b-value from the MAXC method
(Table 5) was used as the initial value. Furthermore,
the programme gives an option to select the method
of analysis from a list of choices as follows, out of
which, the Kijko-Sellevoll-Bayes was used as per the
recommendation in the manual. This method helps to
keep the whole analysis based on Bayesian principles
for consistency. The final results are attained after a
number of iterations. The analysis is performed using
the least value of threshold magnitudes in all the
catalogues.

4.5.2 Outcomes

The recurrence parameters (b-value, A, and my,y)
estimated through the implementation of Kijko and
Sellevol (2016) procedure on the catalogues GK74,
Gru85, and Uhr86 in this study, are presented in
Table 7. The results reveal that the recurrence
parameters vary for each catalogue. The conclusions
drawn from the results are encapsulated in the
following points:

1. The maximum possible earthquake (m2,,,x) 1S
the largest earthquake that is expected to occur in a
specific seismotectonic framework. m,x for the
complete Kashmir region computed in this study is
in the range of 7.97-7.98, whereas the b-value ranges
between 0.92 and 1.05 for the three catalogues
(Table 7). These values fall within the general range
for the region as obtained by other studies (Chandra
et al., 2018; NDMA, 2011; Sana & Nath, 2017). The
global b-value is said to range between 0.45 and 1.5
(Gutenberg & Richter, 1954). In general, the b-value
is close to 1.0 in active tectonic regimes (Reasenberg
& Jones, 1989). Fundamentally, a low b-value
represents higher stress and the possibility of higher
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magnitude events in the future (Weimer and Wyss,
1997). The activity rate A varies by a huge margin
between 3.878 and 13.53. Furthermore, it can be
observed that the variance in the b-value is much
smaller than in the values of activity rate and my,x.

2. The seismic hazard curves and return period
curves for the region using the three catalogues are
shown in supplementary material (Figs. S1-S3).
Table 8 includes the values of the mean rate of
exceedance, return periods, and corresponding prob-
ability for time periods 1, 50, 100, and 1000 years for
various magnitudes of earthquakes. A cursory look at
the results suggests that A (activity rate) reduces as
the magnitude of earthquakes increases. Moreover,
the probability of exceedance (PE) for the same
catalogue reduces as the magnitude level increases. In
simple terms, this means that larger magnitudes occur
less often than smaller magnitudes.

3. For activity rate, a specific trend amongst the
respective results of the three catalogues in Table 8 is
absent. On the other hand, the PE of the earthquakes
is highest for Uhr86, followed by Gru85, then by
GK74 for 50-, 100-, and 1000-year time periods. It
can be stated that the PE of an earthquake of
magnitude 7 is 87% in 50 years, 97% in 100 years,
and 100% in 1000 years for GK74; 88% in 50 years,
98% in 100 years, and 100% in 1000 years for
Gru85; and 97% in 50 years, 99% in 100 years, and
100% in 1000 years for Uhr86 in the region. Similar
statements can be made for other magnitudes.

Conversely, the return period of the earthquake
magnitudes follows an opposite trend and is, in
general, largest for GK74, then for Gru86, and
smallest for Uhr85. The hazard values are in line
with the seismicity parameter b-value calculated from
Kijko and Sellevoll method, i.e., lowest for Uhr86
and highest for GK74. The low b-value in Uhr86 is
manifested as a higher hazard in terms of the
probability of exceedance of the magnitudes. How-
ever, it is observed that the exceedance rates at higher
return periods are influenced less by the declustering
methods.
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Summary of complete and incomplete catalogues considered in Kijko and Sellevoll (2016) m,,,, estimation

Sub-catalog Start date  End date ~ Threshold Largest magnitude Std. error of  No. of events Mc Prior value of b
magnitude M nax EQ magnitude
Mmin
GK74
Historical 06.06.883  24.11.1969 5.5 79+ 0.1 0.3 78 4.9 0.840 + 0.04
Complete Data 1 28.04.1971 10.11.1999 4.9 6.9 0.2 186
Complete Data 2 01.08.2000 24.09.2019 4.9 7.6 0.1 122
Gru85
Historical 06.06.883  24.11.1969 5.5 79+ 0.1 0.3 76 4.9 0.790 + 0.04
Complete data 1 28.04.1971 10.11.1999 4.9 6.9 0.2 159
Complete data 2 01.08.2000 24.09.2019 4.9 7.6 0.1 109
Uhr86
Historical 06.06.883  24.11.1969 5.5 79 +£0.1 0.3 87 4.3 0.854 + 0.02
Complete data 1 28.04.1971 26.11.1999 4.3 6.9 0.2 585
Complete data 2 01.08.2000 08.10.2019 4.3 7.6 0.1 514
Table 7

Summary of main parameters obtained from the maximum likelihood method for this study

Catalogue A priori b (from MAXC) B b A Mimax Cov (B,A)
GK74 0.84 £+ 0.04 2.41 £ 0.07 1.05 £ 0.03 4.36 £+ 0.44 (for Mc 4.9) 7.97 £ 0.12 — 0.362
Gru85 0.79 £ 0.04 2.29 £ 0.07 1.00 £ 0.03 3.87 £ 0.40 (for Mc 4.9) 7.97 £ 0.12 — 0.367
Uhr86 0.85 £+ 0.02 2.11 £ 0.04 0.92 £+ 0.02 13.53 4+ 1.23 (for Mc 4.3) 7.98 £ 0.13 — 0.325

4.6. Selection of GMPEs for the Region

Strong ground motion data for the Jammu and
Kashmir region are scarce; therefore, no particular
GMPE has been specifically developed for this
region. In such a case where regional GMPE is not
available, relations developed for other tectonically
similar regions are selected. In this study, the best
suited three GMPEs have been selected out of which
two are applicable for the Himalayas and the third
one is based on a global dataset. The three sets of
ground motion prediction equations (GMPEs) have
been combined using a standard logic tree structure in
the RCRISIS software to capture the epistemic
uncertainties associated with the models.

One Next Generation Attenuation (NGA-west2)
model, which Idriss (2008) developed from a global
dataset, and two models developed for the Himalayan
region—NDMA (2011) and Raghukanth and Kavitha
(2014)—have been selected. The details of the
selected attenuation relationships are provided in

Table 9. Initially, Sharma et al.”s (2009) attenuation
relationship was also included in the analysis. How-
ever, the DSHA calculations using this equation
resulted in extremely high PGA values (> 2.00 g),
which are unusual for any region. The reason for
these unexpected results could be that Sharma et al.
(2009) borrowed the strong motion data for the
Himalayan region from the Zagros region of Iran
assuming that the tectonic region is similar. We thus
excluded the Sharma et al. (2009) equation after
concluding that it is not suitable for the Kashmir
Himalayas. Similarly, the GMPE developed for the
Himalayas by Rao and Rathod (2011) could not be
used even though it yielded good results. This is
because one of the primary aims of PSHA in this
region was to develop UHRS for all sites. GMPE by
Rao and Rathod (2011) is limited to the calculation of
PGA at T = 0 s, whereas the requirement to construct
a UHRS is the calculation of peak spectral acceler-
ations at different time periods. Therefore, these two
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Table 8

Estimated mean activity rate 1, return period (RP), and the
probability of exceedance (PE) of selected values of earthquake
magnitudes occurring in the Kashmir region

M,, Parameter GK74 Gru85 Uhr86
5 A 3.436 3.087 3.279
RP 0.291 0.324 0.305
PEin 1 yr 0.955 0.940 0.949
PE in 50 yrs 1.000 1.000 1.000
PE in 100 yrs 1.000 1.000 1.000
PE in 1000 yrs 1.000 1.000 1.000
6 A 0.365 0.363 0.509
RP 2.740 2.750 1.960
PE in 1 yr 0.303 0.301 0.394
PE in 50 yrs 0.999 0.999 1.000
PE in 100 yrs 1.000 1.000 1.000
PE in 1000 yrs 1.000 1.000 1.000
7 A 0.044 0.047 0.08
RP 22.90 21.50 12.60
PE in 1 yr 0.042 0.045 0.076
PE in 50 yrs 0.870 0.886 0.971
PE in 100 yrs 0.978 0.983 0.998
PE in 1000 yrs 1.000 1.000 1.000
7.9 A 0.001 0.001 0.003
RP 820 740 342
PE in 1 yr 0.001 0.001 0.002
PE in 50 yrs 0.059 0.065 0.135
PE in 100 yrs 0.114 0.125 0.251
PE in 1000 yrs 0.691 0.726 0.931

equations had to be excluded from the analysis,
reducing the logic tree branches to three GMPEs.
Hindu Kush is characterized by intermediate-
depth earthquakes; therefore, GMPEs developed for a
similar tectonic setup must be used. The GMPEs
considered for the faults in the Kashmir region are for
active shallow crustal zones, which are not applicable
for Hindu Kush. Danciu et al. (2016) and Waseem
et al. (2018) used GMPEs proposed by Youngs et al.
(1997) and Lin and Lee (2008) for deep subduction
earthquakes, following the recommendations of Dan-
ciu and Woessner (2014) for deep seismicity in
Varancea. Along similar lines, in this study, we used
the inbuilt GMPE in RCRISIS proposed by Montalva
et al. (2017) for deep subduction earthquakes for both
the Hindu Kush region and the Kishtwar seismic
zone. The attenuation relationship by Montalva et al.
(2017) was proposed for the Chilean subduction zone
for deep depth events that occurred between 1985 and
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2015. It was chosen because of its simple functional
form and being inbuilt within RCRISIS making it
relatively easier to use.

4.7. DSHA

The deterministic method is applied as a precursor
to the probabilistic method and several studies
consider both equally important (Bommer, 2003).
For seismic hazard estimation, the entire study region
was divided into small grids of 0.04 x 0.04 size
resulting in a total number of grid points equal to
1228. At each grid point, the PGA values are
computed using the maximum magnitude (Mpax)
and shortest source-site distance (R,,;,) using an
attenuation relationship (Reiter, 1990). M. is
computed from the length of the fault using the
Wells and Coppersmith (1994) empirical relation-
ship. This becomes the controlling earthquake which
produces the maximum expected ground motion
parameter at the site. Multiple GMPEs, as discussed
in the previous section, have been used to estimate
the PGA at each grid point. Finally, the maximum
PGA obtained amongst all the GMPEs has been
selected as the resultant PGA at the site in this study.

The Central Kashmir Fault (CKF) is critical for all
the districts since it is an important fault of substan-
tial length passing through the entire length of the
valley. The spatial distribution of PGA values
determined throughout the Kashmir region from
DSHA has been plotted in the form of a colour relief
map (Fig. 8). The PGA values for the whole region
range between 0.50 and 1.30 g indicating very high
hazard potential. The spatial distribution makes it
clear that the southwestern flank of the valley is
exposed to a high hazard because of the presence of
faults within the valley like CKF, BF, and the major
thrusts MCT, MBT running along the length of the
valley. The northwestern end of the valley being
located near the Hazara-Kashmir syntaxis and incised
by faults like MFZ, TF also shows high PGA values.
The central part of the valley has a relatively low
hazard, whereas the northern part is again exposed to
a high hazard because of the presence of MMT and
Kamila shear zone nearby.
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Table 9

Characteristics of GMPEs considered in the present study

Type/tectonic region Region Author Code Distance Distance Magnitude Spectral period
range (km) parameter range (Mw) range (s)
Active Shallow Global Idriss (2008) 108 0-200 Rupture 5.0-8.5 0.01-10
Crustal Zones distance
Regional NDMA (2011) NDMAI11 1-160 Hypocentral 4.7-6.8 04
(Himalayas) Ragukanth and RK14 1-500 Hypocentral 4.0-8.5 04
Kavitha (2014)
Deep Subduction Chile Montalva et al. M17 0-300 Rupture 5.0-9.0 0.01-10
Zones (2017) distance

4.8. PSHA Using RCRISIS Software

Initially developed as CRISIS software (Ordaz,
1991) and modified into RCRISIS in later versions
(Ordaz et al., 2017), the software is highly versatile
and efficient for the probabilistic seismic hazard
analysis based on the standard Cornell-McGuire
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Figure 8
Hazard map at bedrock for the Kashmir region showing the spatial distribution of the map estimated using DSHA
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Table 10

Weighting factors for individual linear sources derived from deaggregation analysis for Kashmir region

Seismic Source ay =Lg/ > Ly 05 = ng/N, 0.5(0 + d) As(mg) = 0.5(og + ) A(mg)

GK74 Grus85 Uhr86
JF 0.0512 0.0537 0.0525 0.2295 0.2037 0.7109
BBF 0.0161 0.0442 0.0301 0.1318 0.1169 0.4082
MCT 0.0287 0.0072 0.0180 0.0788 0.0699 0.2441
T1 0.0342 0.0159 0.0251 0.1097 0.0974 0.3399
T2 0.0089 0.0018 0.0053 0.0234 0.0208 0.0727
T3 0.0267 0.0186 0.0227 0.0993 0.0881 0.3077
T4 0.0342 0.1148 0.0745 0.3257 0.2891 1.0090
TS5 0.0311 0.1020 0.0666 0.2910 0.2583 0.9016
T6 0.0791 0.0907 0.0849 0.3710 0.3293 1.1493
JT 0.0614 0.0145 0.0380 0.1661 0.1474 0.5146
MBT 0.1025 0.0938 0.0982 0.4290 0.3808 1.3289
MMT 0.1507 0.1850 0.1679 0.7335 0.6511 2.2722
BF 0.0287 0.0082 0.0184 0.0808 0.0717 0.2503
RT 0.0471 0.0072 0.0272 0.1188 0.1055 0.3682
SRT 0.0416 0.0246 0.0331 0.1447 0.1284 0.4483
TF 0.0120 0.0072 0.0096 0.0423 0.0375 0.1310
MFZ 0.0107 0.0082 0.0094 0.0414 0.0367 0.1283
NF1 0.0021 0.0013 0.0017 0.0076 0.0068 0.0237
NF2 0.0134 0.0031 0.0083 0.0364 0.0323 0.1128
SF 0.0120 0.0788 0.0454 0.1985 0.1762 0.6148
S1 0.0413 0.0113 0.0263 0.1151 0.1021 0.3565
KSZ 0.1183 0.0647 0.0915 0.3998 0.3549 1.2386
CKF 0.0467 0.0419 0.0443 0.1937 0.1719 0.6001

source zone. It then carries out a spatial integration
process to account for all possible focal locations
within the source. RCRISIS has a large database of
inbuilt global and regional GMPEs for different
tectonic regimes (active shallow crustal, subduction/
deep zones) from which the user can select as per
requirement. It also has the option of adding user-
specified GMPEs through the input of attenuation
tables.

In RCRISIS software, the input was specified in
detail in the following steps. The area of study was
first defined in the software in the form of a shapefile,
followed by a specification of grid points. The results
of DSHA have been used to sort the seismic sources
for further use in PSHA. From a structural point of
view, PGAs < 0.03 g are insignificant even for weak
buildings constructed using poor construction prac-
tices and sub-standard materials (Gabor, 2010). Thus,
for conducting PSHA at a site, faults producing
significant ground motion (> 0.09 g) are sorted using
DSHA and input in RCRISIS. Table 10 shows the
faults producing PGA > 0.09 g selected for PSHA

and the related information. Then, seismicity param-
eters a, b-values, A, and m,,, were entered for each
seismic source.

The b-value for all faults is considered to be
constant and equal to the b-value for the whole of the
Kashmir region (Table 7) following the guidelines of
Iyengar and Ghosh (2004). One may estimate the a-
and b-values separately for each fault in a region;
however, due to the lack of knowledge on precise and
allowable slip rates for the faults, this information is
unavailable in the Kashmir region. Even for clearly
identified active faults, this knowledge gap is unlikely
to be closed very soon. Therefore, even if the
arguments were to be heuristic, it is crucial to find
an acceptable approach to get over this challenge
(Iyengar and Ghosh, 2004); therefore, a constant b-
value is assumed.

The my,,, for each fault is as in Table 7. The
activity rate, Ag(mg), for each source is calculated by
multiplying a weighting factor to the activity rate of
the whole region. These weighting factors are esti-
mated using the deaggregation procedure of Iyengar
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Table 11

Seismicity parameters selected for area sources zones from literature

Area source Author a A

Complete Hindu Kush Rehman et al. (2017) -
region
Kishtawar Window Sharma et al. (2013); Panday

et al. (2017)

B Mc mp,,, Area Depth
(km)
540 0.852 £0.02 1.962 £+ 0.046 5.0 7.7 Waseemetal. 300
(2018)
4.3 456 0.810 £ 0.02 1.865 £ 0.046 3.3 5.7 Panday et al. 100
(2017)

and Ghosh (2004). Furthermore, the set of return
periods for which the analysis needs to be conducted
is stated and the spectral parameters for the con-
struction of a uniform hazard response spectrum
(UHRS) are specified.

Based on the observations in the available liter-
ature, Hindu Kush cannot be represented by a single
thrust or suture; instead, it needs to be considered as a
source zone extending over some area. For area
sources—Hindu Kush and Kishtwar Window—the
seismicity parameters and other particulars are
retrieved from the literature (Table 11). To use the
logic tree feature, the different branches of the logic
tree are to be prepared as separate projects within the
software. These separate projects are then combined
after assigning weights to each project/branch in the
form of a logic tree. This logic tree is then run as a
whole, such that it gives the combined hazard results
as well as the individual results for each branch/
project.

4.8.1 Logic Tree in RCRISIS Software

In this study, we have used three declustering
algorithms (Table 2) and three sets of GMPEs for
active shallow zones (Table 9) to account for the
epistemic uncertainties in the declustering techniques
as well as the model uncertainties in the GMPEs.
Nine individual projects are created using the com-
bination of the three sets of GMPEs along with three
declustering methods. The logic tree approach in this
study includes three GMPEs developed for the active
shallow regions to represent fault tectonics in the
Himalayan belt only. To simplify the analysis, the
variation in GMPE:s is considered only for the faults
in the Himalayan source zone, which contributes a

major part of the seismicity in the region. A single
GMPE, i.e., M17, has been used for the deep
subduction zones of Hindu Kush and Kishtwar zones.
To avoid the unwarranted large number of combina-
tions and logic tree branches, requiring unnecessary
huge computation time and effort, the GMPE for the
deep subduction zones (Hindu Kush and Kishtawar
sources) has been kept the same throughout (M17).
The incorporation of models as branches in a logic
tree allows us to account for the epistemic uncertain-
ties in the models (Sabetta et al.,, 2005). The
weightage assigned to the branches is based on the
confidence in each in terms of its likelihood of being
correct.

A cursory look at Table 2 indicates that the
declustering methods create obvious variations in the
values of seismicity parameters. These differences
generate significant distinctions in the resulting
seismic hazard for a region (Christopherson et al.,
2011; Kadiri & Kijko, 2021). Therefore, the concept
of the logic tree has been used to consider the
uncertainties associated with the declustering method
used. Even though the declustering methods present
significant disparity (as previously discussed), a
single method may not necessarily be better than
the others. Studies in the literature (e.g., Eroglu Azak
et al., 2018) only discuss the stark variation in the
results of the methods without explicitly grading the
methods based on their performance. As such, it is
not a straightforward task to assign a particular
weightage based on individual performance and
additional specific research may be required in this
regard for future studies (van Stiphout et al., 2012).
Each declustering method has therefore been
assigned equal weightage since there is no clear
evidence of one being better than the other.
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The compatibility among the three selected
GMPEs is checked in the RCRISIS programme.
The ranking of the GMPEs has been decided based on
the selection requirements for the choice of models
outlined by Cotton et al. (2006) and Bommer et al.
(2010). Since Idriss (2008) is a peer-reviewed
attenuation model, it has been assigned a higher
weightage. Ragukanth and Kavitha (2014) used a
regional model providing weightage equal to Idriss
(2008), although it is not peer reviewed. Finally,
NDMA (2011), despite being a regional model, has
been given less weightage than the other two, based
on a comparison of the values obtained in DSHA.
NDMA (2011) gives high values (> 2.00 g) of PGA
at a few sites within the Kashmir region. Therefore,
the weightage has been reduced. However, since such
values are attained at only a few sites, this GMPE has
not been dropped from the analysis. The branches of
the logic tree and the corresponding weights assigned
to each of the source models are presented in Fig. 9.

5. Results of PSHA

The PGA values (T = 0 s) and S, values at other
time periods at each grid point are computed at the
seismic bedrock in the RCRISIS software. Seismic
bedrock is the interface between the sedimentary
layers and the upper earth crust usually having shear
wave velocity > 3000-3500 m/s (Morikawa et al.,
2011). The contribution of all the specified sources to
hazard is considered.

The RCRISIS module computes the hazard at
each grid point for each of the nine branches specified
in the logic tree. These estimates are then combined
in the logic tree framework by employing the weights
defined for each to estimate the final hazard value.
The results are generated in the form of PGA and S,
values at each grid point and for the set of return
periods provided by the user. Furthermore, hazard
curves and UHRS are also generated at each grid
point. RCRISIS also generates disaggregation charts
for the specified return periods and probability of
exceedances.
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5.1. PGA and S, Spatial Distribution Maps

A set of seismic hazard maps for peak ground
acceleration, PGA at T = 0 s (Fig. 10) and spectral
acceleration, S,, at short period, 7 = 0.2 s (Fig. 11)
and long-period, T =1 s (Fig. 12) are produced in
this study for a better understanding of the spatial
variation of seismic hazard. The hazard (in terms of
PGA and S,) is computed for 2% and 10% probability
of exceedance (PE) in 50-year as well as 100-year
time frames, which correspond to 2475-, 475-, 4950-,
and 950-year return periods (RP), respectively. These
combinations are used owing to their widespread use
in the seismic design of buildings.

Several inferences can be made from the study of
the PGA and S, spatial distribution maps. A few of
these are as follows:

1. Figures 10, 11 and 12 indicate that the overall
spatial distribution of hazard (PGA and S,) is non-
uniform because of the heterogeneous seismotectonic
characteristics within the region. The hazard distri-
bution pattern clearly follows the seismicity
distribution and the spread of faults across the study
area. The regions of the highest hazard are present
near the faults and thrust systems. A close inspection
of the maps indicates that a higher hazard is attained
on the southwestern end of the region, which is
flanked by the major fault systems. Faults like Central
Kashmir Fault and Balapur Fault contribute the most
to the hazard within the region on the southwestern
end, along with the major thrust systems like MBT,
MCT, and the Hazara Kashmir syntaxis on the
northwestern extremity.

These faults contribute to a significant hazard in
the districts in South Kashmir like Budgam, Pul-
wama, Shopian, Kulgam, and Anantnag. Higher PGA
values are also observed in a part of north Kashmir
because of the presence of MMT and Kamila Shear
Zone. The central parts of the region, especially the
districts of Ganderbal and Bandipora, have a com-
paratively lower seismic hazard in terms of PGA.
Table 12 presents the PGA values for the ten districts
of the Kashmir region from PSHA as well as DSHA.
The values corroborate the higher hazard observed in
Figs. 10, 11 and 12 for districts in south Kashmir,
whereas districts in central Kashmir show less
hazard.
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Figure 9
Logic tree framework showing the nine branches obtained from the combination of three GMPEs with three declustering methods, GK74,
Gru85, and Uhr86, used for the computation of seismic hazard in for Kashmir region in RCRISIS

2. S, values are maximum at 0.2-s time period for
all the cities. The S, ranges between 0.098 and
0.766 g at zero period; 0.216-1.214 g for short period
(T'=0.25s); and 0.100-0.534 g for long period
(T=1s). The S, values at different periods are

required for the seismic design of buildings based on
the time period of a structure.

3. A comparison between the PGA values attained
through DSHA and PSHA in the region is presented
here. The maximum, minimum, and average PGA
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Seismic hazard maps of Kashmir region for PGA obtained from PSHA for a 475-, b 950-, ¢ 2475-, and d 4950-year return periods at bedrock

values and the standard deviations attained in DSHA
and for all the return periods in PSHA are summa-
rized in Table 13. It is observed that the PGA values
obtained from DSHA are much higher than the values
predicted from PSHA because DSHA considers the
worst-case scenario (largest magnitude and shortest
distance combination). The range of PGA attained
within the region is 0.113-0.766 g over all the return
periods considered in PSHA, whereas in DSHA the
range is 0.198-1.270 g.

The large difference between DSHA and PSHA
values of PGA is due to the nature of the methods

involved. DSHA produces hazard for the maximum
controlling earthquake at the shortest distance
because of the most significant fault in the region.
On the other hand, PSHA considers the aggregate
hazard at a point considering all the big and small
faults for varying magnitude distance combinations.
This results in a much lower value in PSHA than in
DSHA; in fact, DSHA is used as a cap for the hazard
estimated through PSHA. Moreover, in this study, a
logic tree approach has been used giving due
weightage to different GMPEs in the PSHA method.
In the DSHA method, however, the maximum PGA



814 F. Zahoor et al. Pure Appl. Geophys.
. 73°50'0"E 74°10'0"E 74°30'0"E 74°50'0"E 75°10'0"E 75°30'0"E 74°30'0"E 74°50'0"E 75°10'0"E 75°30'0"E
g “ 4 _JLADAKH CADAKH >
£ PEMUZAFFARABAD] ~ —— T < o SO A
& AALET 72—/\}‘7__;1., 4’6\ 75 7T 4’@@
= / g 2
z 3 Bandipora '?74/0 z Bandipora ‘,4/0
o ki Kupwara S s K
g e
3 3
MFZ:
MBI Ganderbal \ (Ganderbal
=z a3
5 Baramula amula
3, Srinagar; Srinagar;
3 | {TF \
2 r | 2 4
Legend S Pulwama’ Legend \ 3 N \ Pulwama
z [ RP475yrs '4‘?& Budgam 2 ; RP 950 yrs 4?,0 2 E BudgaT 2 ”
4 0.216-0.27 '74(/ 2 S S "74{/ 2 S T
g 0.270 - 0.32 RE / - e l
© S g Shopian Anantnag A \ } = Shopian~ y Anantnag
0.393 - 0.451 MCTE MCT = 58 X
z 0.451-0.50 ’ N Kulgam ? S i Kulgam \
Z 0506055 JAMMU JAMMUNN (Q\ ;
o 0.556.- 0.61 b 2 i A a \ ok
= 0.612-0.69 A = : % y —— A 2 2
0.696 - 0.79 —— et L e S S ARL Y e e o A
- 73°50'0"E 74°10'0"E 74°30'0"E 74°50'0"E 75°10'0"E 75°30'0"E
P i 4 S
: i3 UADAKH S
% P¥MUZARFARABAD| ¥ S
3 i T 6‘@
: %)
Y
z i ©
£E2 ORI Bandipora X
g1
3
MBT; MFZ:
Ganderbal
= | Bdais
> Baramula
3. Srinagar;
3 {TF
Legend (5042 Pulwama 4 7
49 Budgam’ g 2
z |RP2475yrs N2 g ® 4 75
2 03470421 & '7’1{(? y DB 2 b 7
~ == nantnag ot nantnag
0.496 - 0.571 Vot s
0.571-0.64 7
z 0.646 - 0.72( NG Kulgam
: | | ‘ g~
(< 0.720 - 0.79! JAMMU » 3
o 0.795 - 0.87 = Fieo.
2 0.870 - 0.94! ~ g
: P ¥
0.945 - 1.01 ; <= I =
Figure 11

Seismic hazard maps of Kashmir region for a short period S, (0.2 s) obtained from PSHA for a 475-, b 950-, ¢ 2475-, and d 4950-year return
periods at bedrock

attained amongst the considered GMPEs has been
selected as the final value of PGA. This may also be
considered a reason for the stark variation between
the two methods.

4. PGA values are lower for smaller return periods
compared to longer return periods (Fig. S4, supple-
mentary material). This means that shorter return
periods correspond to a lower hazard in terms of
PGA. In other words, a larger PGA intensity is
expected to occur after long periods of time since its
probability of occurrence is less than that of the lower
PGA intensity.

5.2. Seismic Zonation Map for Kashmir Region

Based on the spatial distribution of PGA for all
the return periods, the Kashmir region has been
divided into five seismic zones, ZA-ZE (Fig. 13),
having different ranges of PGA. ZA represents the
zone of highest seismicity within the region whereas
ZE represents the zone of lowest seismicity. As per
the seismic zonation presented in IS Code (IS
1893:2016), the Kashmir region falls in seismic
zones IV and V, which assigns a maximum PGA of
0.240-0.360 g. In this study, however, we have
attained a wider range of PGA (0.098-0.766 g) for
all return periods.
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Seismic hazard maps of Kashmir region for a long period S, (1 s) obtained from PSHA for a 475-, b 950-, ¢ 2475-, and d 4950-year return
periods at bedrock

This information has been presented in graphical
form in Fig. 14. Figure 14 indicates larger values of
PGA for zone ZA decreasing progressively towards
zone ZE. Moreover, as expected, the mean PGA
values of each set increase with the increase of the
return period. This is because higher PGA/hazard is
expected after long intervals of time whereas lower
PGA has a greater occurrence rate. These values for
the various return periods can be used for design
purposes in the different zones (ZA-ZE) in the
Kashmir region.

According to IBC 2003, Maximum Credible
Earthquake (MCE) corresponds to a 2475-year return

period (i.e., 2% probability of exceedance in
50 years), whereas Design Basis Earthquake (DBE)
corresponds to a 10% probability of exceedance in
50 years (475-year return period). On the other hand,
PGA values in IS code do not correspond to any
specific return period since it is not based on PSHA
(Jain, 2003). The spectral accelerations attained from
the response spectra in IS 1893 (2016) are said to
correspond to MCE, which are then multiplied by a
factor to reduce them to the DBE scenario. As per this
concept, the PGA values as per IS code for the
2475-year return period and 475-year return period
are 0.360 g and 0.240 g, respectively, for zone V.
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Comparison of PGA values attained from DSHA and PSHA for the ten districts of the Kashmir region

S no. District Lat ZN) Long EE) DSHA PSHA, return period (years)
PGA (g)

475 950 2475 4950
1 Anantnag 33.73 75.14 0.933 0.239 0.296 0.385 0.459
2 Bandipora 34.50 74.68 0.421 0.147 0.175 0.225 0.263
3 Baramula 34.19 74.34 0.928 0.280 0.339 0.443 0.520
4 Budgam 33.93 74.64 1.012 0.287 0.349 0.461 0.545
5 Ganderbal 34.21 74.77 0.624 0.151 0.184 0.242 0.289
6 Kulgam 33.64 75.01 0.896 0.309 0.373 0.491 0.582
7 Kupwara 34.52 74.25 1.012 0.225 0.277 0.365 0.439
8 Pulwama 33.87 74.89 1.001 0.278 0.339 0.449 0.530
9 Shopian 33.71 74.83 0.626 0.294 0.357 0.470 0.556
10 Srinagar 34.08 74.79 0.835 0.217 0.265 0.349 0.416
Table 13 limitation of the seismic macrozonation resorted to

Statistical parameters for PGA in Kashmir region derived from
DSHA and PSHA

Return period (yrs)—» PSHA DSHA
PGA (g)| 475 950 2475 4950
Minimum 0.098 0.116 0.148 0.172 0.198
Maximum 0.408 0489 0.649 0.766 1.275
Mean 0213 0.259 0.337 0398 0.724

Standard deviation 0.067 0.082 0.108 0.127 0.258

Hence, for a better comparison with the codal
response spectra, the hazard at the 2475-year return
period can be compared with IS Code hazard for a
region.

Comparing the zonation map of this study with
that of the IS code, we find several differences. The
seismic zones II-V in IS code are assigned uniform
PGA values of 0.100 g, 0.160 g, 0.240 g, and
0.360 g, respectively, representing zones of low to
high seismicity. The zones ZE through ZA in this
study, also arranged according to increasing seismic-
ity, have mean PGA values of 0.175 g, 0.258 g,
0.379 g, 0.456 g, and 0.514 g, respectively. We find
that the predicted mean values of PGA for zones ZA-
ZC for the 2475-year period in this study are much
larger (0.379-0.514 g) than the 0.36 g specified for
Zone V in IS 1893 such that these can be categorized
as high seismicity zones. For zones ZD-ZE, the
values are slightly smaller (0.175-0.258 g) such that
these zones can be categorized as low seismicity
zones. The comparison draws attention to the

by the IS code and hence the need for conducting
site-specific = PSHA  before any  important
construction.

5.3. Seismic Hazard Curves at Each Grid Point

The seismic hazard curves in terms of the mean
annual rate of exceedance A, of PGA are presented in
Fig. 15a for each city in the ten districts of the
Kashmir region. Results are provided for 50-year
time frames. It is noted that Kulgam, Shopian,
Budgam, and Baramula show the highest A,,, whereas
Ganderbal, Bandipora, and Srinagar show low values.
Figure 15b includes hazard curves for the five zones
delineated within the region for the 50-year frames.
ZA being a high seismicity zone shows a higher mean
annual rate of exceedance for all PGA values for both
time frames. The A, decreases as we go from ZA to
ZE, yet again indicating higher seismic hazard in
zones ZA-ZC compared to zones ZD-ZE. These
curves will be useful for future structural design in
the region in terms of selecting discrete hazard levels
for the proper design and performance of buildings as
well as risk assement procedures.

5.4. UHRS at Each Grid Point

UHRS represents the spectral acceleration values
for a wide range of structural periods for a single
hazard level in a single plot. These are essentially
derived from the hazard curves which give the
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Seismic zonation map proposed for Kashmir region based on PGA values computed in PSHA

exceedance probability of various peak ground
acceleration values. Since a design response spectrum
is an essential input for both structural and geotech-
nical design, a UHRS which is a response spectrum at
a uniform hazard level forms a valuable key element
of seismic design like the International Building
Code (IBC 2000). The physical significance of a
UHRS is that it embodies the aggregate effects of
earthquakes of varying magnitudes (M) and source-
to-site distances (R) instead of a single earthquake
scenario. A comparison of the IS code response
spectrum and the 2475-year return period UHRS for
the different districts as well as zones is shown in
Fig. 16. A cursory look at the Fig. 16a reveals that
the IS code spectrum for zone V matches the UHRS
for seismic zones ZA-ZC fairly well whereas that for
zone IV envelopes the UHRS for zones ZD-ZE in this
study. Figure 16b indicates that the zone V spectrum
matches fairly well with the South Kashmir districts

whereas the zone IV spectrum represents the UHRS
for the Srinagar, Ganderbal, and Bandipora districts
well.

The UHRS for the four return periods (475, 950,
2475, and 4950 years) for all districts have been
presented in Fig. S5 (a-b) (supplementary material).
The figures indicate that, in general, the city in
Kulgam shows the highest spectral accelerations,
followed by Shopian, Baramula, and Pulwama. This
is expected because of the presence of the CKF, BF,
and MCT in close proximity. The fewest accelera-
tions are observed in Bandipora, followed by
Ganderbal, Srinagar, and Kupwara. The rest of the
districts show moderate spectral acceleration in
between these extreme low and high values.

Furthermore, UHRSSs for the five zones have been
estimated and presented in Fig. S6 (supplementary
material) for all four return periods (475, 950, 2475,
and 4950 years). It is evident from the figure that
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zone ZA has the highest hazard in terms of spectral
acceleration at all return periods, and it decreases
towards ZE. Furthermore, lower return periods are
associated with shorter spectral accelerations com-
pared to longer return periods. Higher spectral
accelerations (Sa) are attained at 0.2 s than at O s
and 1s, which can also be seen from spatial
distribution plots in Figs. 10, 11, 12.

Pure Appl. Geophys.

5.5. Disaggregation Plots

The disaggregation was carried out on one
particular branch of the logic tree considered in this
study. More specifically, the logic tree could not be
utilised for the disaggregation process since the
values of hazard are estimated through a combination
of all the branches. This problem has also been
discussed by Barani et al. (2009), who then used a
single logic tree path producing hazard values closest
to those obtained through the entire logic tree for the
disaggregation process. Following Barani et al.’s
(2019) approach, we utilised a single logic tree
path—I08_Uhr86—whose hazard values showed the
least difference (~ 26%) from the logic tree values.
The difference of each individual branch from the
logic tree hazard has been discussed in detail in the
next section (Sect. 5.6).

The disaggregation plots for zones ZA and ZE are
presented in Fig. 17 for comparison. Disaggregation
charts give exceedance probabilities of magnitude
and distance combinations (Bazzurro and Cornell,
1999). This helps to recognize the most critical
combination of magnitude and distance making the
greatest contribution to the hazard at a particular site.
Since hazard curves and UHRS represent aggregate
effects from several earthquake scenarios, a disag-
gregation of the hazard results is required to
understand the effect of individual M and
R combinations.
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Seismic hazard curves for the a zones ZA-ZE and b the ten districts of Kashmir for the 50-year time frame
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The plots in Fig. 17 suggest that the maximum
contribution to the hazard is from nearfield faults,
except in districts like Ganderbal and Bandipora
where some significant contribution can be seen from
larger hypocentral distances. This trend continues for
all return periods. This is because the Kashmir region
is laced by nearfield faults, especially in the north-
western and southwestern parts. In central parts like
Ganderbal and Baramulla, the faults are at larger
distances, thus making the contribution from larger
epicentral distances significant. Zone ZE shows a
significant contribution to the hazard from large
epicentral distances due to the faults being present at
larger distances from these areas. It is evident that M,
4.0-7.7 and R 0-100 km form the dominant magni-
tude and distance range combinations for near-field
seismic sources. For far-field sources, especially in
zones ZD and ZE, the combination of M,, > 6.0 and
R 200400 km contributes the most to the hazard.

The disaggregation results complement the
accounts of historical earthquakes already discussed
in Sect. 2. The southern parts of Kashmir (seismic
zones ZA, ZB) have been affected by near-field
earthquakes like the 1555 Kashmir earthquake, 1828,
1885 Baramulla earthquake, 1963 Budgam earth-
quake, 2005 Kashmir earthquake, and 2019 Mirpur
earthquake. The far-field earthquakes are represented
by the earthquakes generated in the Hindu Kush

region. Historical records do not show major events
with epicentres within the central portions of the
Kashmir region falling in zones ZD and ZE (e.g.,
Ganderbal, etc.). Hence, as concluded from the
disaggregation results, these zones are most likely
to be affected by far-field earthquakes.

5.6. Effect of Selection of GMPEs and Declustering
Methods on Seismic Hazard

The selection of declustering algorithms has a
direct impact on the completeness periods of small
magnitude events in a catalogue since these are
removed to varying extents (Eroglu Azak et al.,
2018). The choice of declustering algorithm has,
therefore, an effect on the seismicity parameters for a
region which depend on the relative number of small
and moderate to large magnitude events that occur in
aregion (Eroglu Azak et al., 2018; van Stiphout et al.,
2012). The a- and b-values show variations in GK74,
Gru85, and Uhr86 catalogues, and especially the
activity rate A is seen to vary substantially (Table 7).
The b-value from catalogue GK74 is the highest,
whereas from Uhr86 is the lowest, reflecting the
effect of the percentage removal of aftershocks from
the catalogue. On the other hand, A and a-value are
highest for Uhr86 since it retains a larger number of
events as the main seismicity.
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Figure 17
Disaggregation plots for zones ZA and ZE showing the contribution of various magnitude and distance ranges towards seismic hazard for the

2475-year return period

These variations in seismicity parameters are
subsequently exhibited in the differences in the
estimated seismic hazard. The various branches of
the logic tree, which represent different declustering
methods, show considerable variations in the esti-
mated hazard in terms of PGA. This has been
quantified in terms of the percentage variation in
the mean values of PGA attained in each logic tree
branch with respect to the PGA obtained from the
logic tree approach combining all the branches
(Fig. 18). The difference of PGA values in the
individual nine branches regarding the final PGA
obtained by combining all the branches in the logic
tree has been calculated. This difference from the
main logic tree branch has been presented in the form
of histograms for each of the nine branches in the
figure. This helps to visualise the influence of the
declustering methods and GMPEs on the estimated
hazard. Considering the logic tree values as the point
of comparison, the PGA values may vary up to
20—40% on average from the logic tree values. GK74
and Gru86 yield similar results in terms of hazard
whereas Uhr86 shows a significant deviation from the
two. The graph shows that in general, for most of the
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Figure 18
Comparative analysis of PGA values obtained in the individual
nine logic tree branches with respect to the combined hazard
obtained a logic tree approach, illustrating the sensitivity of seismic
hazard to declustering methods and GMPEs

cases, 108_Uhr86 shows the least variation from the
logic tree PGA values.

It is evident from Fig. 19 that the GMPE used in
combination with the declustering method also con-
trols the hazard values obtained. Hence, the selection
of an appropriate GMPE in addition to declustering
method is important. Owing to this variation in the
results, various combinations of GMPEs with
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Comparison of mean PGA values showing the effect of GMPEs and declustering methods for a 475-year, b 95-year, ¢ 2475-year, and
4950-year return period

declustering methods have been incorporated by
considering the logic tree approach. In general,
Uhr86 gives higher hazard in terms of PGA, followed
by Gru85, and then GK74. Furthermore, the GMPE
RK14 gives lower PGA compared to NDMA11 and
108.

6. Discussion and Conclusions

Seismic hazard assessment for the Kashmir valley
using deterministic as well as probabilistic approa-
ches has been performed using the current available
methodology in the field. The study and its results
will prove to be a useful resource of information on

the seismic hazard and related aspects in the Kashmir
region of the northwestern Himalayas.

An earthquake catalogue containing events from
the years 1500-2019 has been prepared, including
updated knowledge of seismicity. Three declustering
procedures have been used—GK74, Gru85, and
Uhr86—to process the catalogue, and sensitivity
analysis has been conducted to understand the effect
of the declustering methods on the seismicity
parameters as well as the resulting seismic hazard. It
was found that the choice of declustering methods has
a significant effect on both seismicity parameters as
well as hazard. Gru85 removed the maximum number
of earthquakes as dependent events, followed by
GK74, and then Uhr86.
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Seismicity parameters (a-, b-value, A, Mc, and
my,,,) have been estimated for the entire Kashmir
region. For the Kashmir region, the completeness
magnitude Mc from the MAXC technique (Wyss and
Wiemer, 2000) is estimated to be 4.3—4.9, b-value is
0.92-1.05, mp,.x estimated from Kijko and Sellevol
(1989, 1992, 2016) procedure is 7.97-7.98, and
activity rate A is 3.87-13.53. The variation in the
seismicity parameters for the three catalogues high-
lights the influence of the declustering methods
suggesting that the logic tree approach should be used
to reduce the epistemic uncertainty.

Deterministic seismic hazard assessment of the
Kashmir  valley yielded very high val-
ues ~ 0.5-1.3 g. Three attenuation relationships—
one global (I08) and two regional (NDMAI1I,
RK14)—have been used to compute the hazard
parameters. A logic tree framework was utilised in
the RCRISIS software (Ordaz et al., 2017), incorpo-
rating the epistemic uncertainties associated with
different models of attenuation relationships as well
as the algorithms for declustering. These values are
much higher than the values specified for zones IV
and V of IS code (IS:1893-2016). The hazard maps
for 2% and 10% probability of exceedance for 50 and
100 years are presented in this study, in terms of both
PGA and PSA (S,) at short (0s) and long (1 s)
periods. The PGA ranges between 0.098 and 0.766 g;
S, at the short period is between 0.216 and 1.214 g,
whereas for the long period, S; is 0.100-0.534 g.

The spatial distribution of the values indicates
high hazards on the southwestern end of the valley,
which is flanked by the major fault systems. CKF and
BF contribute the most to the hazard within the valley
on the southwestern end; MFZ and TF in north-
western Kashmir, in addition to the major thrust
systems (MBT, MCT) and the Hazara Kashmir syn-
taxis; and the KSZ and ITSZ in the northern parts.
The districts of Baramula, Budgam, Pulwama, Sho-
pian, Kulgam and Anantnag show the highest PGA
values. Higher PGA values are also observed in a part
of north Kashmir because of the presence of MMT
and KSZ. The central parts of the region, especially
the districts of Ganderbal and Bandipora, have a
comparatively lower seismic hazard in terms of PGA
because of larger distances from faults.

Pure Appl. Geophys.

Seismic zonation of the Kashmir valley has been
conducted based on the PGA values attained in
PSHA, dividing the region into five zones, namely
ZA-ZE, representing high to low seismicity zones.
The mean PGA values derived from PSHA at a
2475-year return period for the five zones are
0.514 g, 0456 g, 0379 g, 0.258 g, and 0.175 g,
respectively. Seismic hazard curves, as well as UHRS
developed for the region, suggest higher hazards in
zones ZA-ZC compared to ZC-ZD.

A comparison of the hazard values from the nine
logic tree branches with the combined hazard from
the logic tree reveals that the differences are sub-
stantial. In general, the branch 108_Uhr86 shows the
least variation from the logic tree PGA values. This
branch has thus been used to produce the disaggre-
gation plots for the seismic zones ZA-ZE and all ten
districts of the region have been provided for the
2475-year return period. The magnitude and distance
combination of 4.0-7.7 M,, and 0-100 km, respec-
tively, is the most critical for the region for all zones,
ZA-ZE. For far-field sources, especially in zones ZD
and ZE, the critical combination of magnitude and
distance is M,, > 6 and 200400 km, respectively.
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