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Abstract The Koyna-Warna region in western India is
well known around the globe for recurrent reservoir-
triggered seismicity soon after the impoundment of the
Koyna and Warna reservoirs. The seismicity pattern
delineates two distinct seismic zones, Koyna Seismic
Zone (KSZ) and Warna Seismic Zone (WSZ). To un-
derstand the seismic potential of the region, we estimated
the strain budget by analysing the published GPS veloc-
ities and earthquake catalogue of the region. Although
the KSZ and WSZ are separated by ~25 km only, the rate
of strain accumulation in the former (2.55E+16 Nm/
year) is estimated to be ~11 times larger when compared
to the latter (2.29E+15 Nm/year). However, KSZ re-
leases only ~20% of the accumulated energy per year,
whereas, WSZ releases most of the accumulated energy
in the form of earthquakes. Best fitting elastic dislocation
model for KSZ also shows a left lateral slip of 0.8 mm/
year and the fault plane dips at ~77° in NW direction.
The distribution of strain accumulation and release rates
in the two regions may be attributed to significant spatial
variability in the medium properties such as density,
elastic constants and fracture density. This proposition
is supported by other geophysical studies in the region. A
density model constructed from Airborne Gravity
Gradiometry (AGG) data also shows relatively higher
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average density for KSZ compared to the WSZ. The
strain budget of the region suggests that the earthquake
activity in KSZ may continue for a longer time whereas
it may diminish in the WSZ in the near future. Based on
the gross strain estimates, the KSZ has accumulated
enough strain post the 1967 M6.3 Koyna earthquake to
generate an event of M,,5.8, provided the accumulated
strain is released in a single event. The seismic hazard
scenario in terms of peak ground acceleration (PGA) due
to a potential M,5.8 event is estimated using the sto-
chastic simulation (SS) technique. The simulated PGA at
a radial distance of ~40km from the source zone is
estimated to range between 0.09 and 0.26g with an
expected intensity of V-VIL

Keywords Koyna-Warna seismic zone - Strain rate -
Geodetic moment rate - Energy release rate - Stochastic
simulation - Peak ground acceleration - Seismic hazard -
Airborne gravity gradiometry

1 Introduction

The Koyna-Warna region located in the western part of
the Deccan Traps province is a classical site of reservoir
triggered seismicity since the impoundment of the
Shivaji Sagar reservoir in 1962 (Fig. 1). The site was
earlier considered aseismic and placed in the seismic
zone ‘0’ in the seismic zoning map of India (IS 1893—
1962). During 1954, the Koyna hydroelectric project
was taken up and construction of a dam on the Koyna
River, near the Koynanagar town in Satara district, was
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planned. The impoundment of the Shivaji Sagar reser-
voir in 1962 led to the occurrence of frequent low-
magnitude earthquakes in the vicinity of the dam, cul-
minating in the occurrence of the 1967 M6.3 Koyna
earthquake (Guha et al. 1968; Narain and Gupta 1968;
Rastogi et al. 1997). The 1967 M6.3 Koyna earthquake
is the largest triggered earthquake in recorded history
and calls for appropriate seismic hazard assessment for
this region. After the 1967 M6.3 event, the seismic
potential of the region was re-evaluated and the region
was placed in the seismic zone IV in the seismic zoning
map of India (IS 1893— 1962 (revised in 1966, 1970);
BIS 2002). The M6.3 earthquake, with an observed
maximum intensity of VIII in the MM scale near the
epicentral zone, devastated the Koynanagar town caus-
ing nearly 200 deaths, injuring over 2000 people and
rendering about 50,000 people homeless (Gupta et al.
1969).

Although the study region was considered aseismic
before the impoundment of the Koyna dam, analysis of
records collected by a single seismograph at Poona
(Pune), located ~130 km NNE of Koyna and operational
since 1950 found that infrequent low-magnitude earth-
quakes had occurred in the Koyna region prior to the
construction of the dam (Milne 1911). Guha et al.
(1968) have also reported ~20 strong earthquakes that
occurred in the western margin of Indian peninsula,
including the Koyna region, during 1594-1967. The
catalogue of destructive earthquakes (7 to 1899 A.D.)
compiled by Milne (Milne 1911) has reported as many
as three destructive earthquakes in the Deccan region
and the Koyna event of 1967 is one of them. Thus,
evidence of infrequent seismic activity of the region
can be found in the larger region surrounding
Koynanagar in the Deccan Traps province, but the
events do not result in marked structural changes of
surface geological formations (Guha et al. 1968). The
Donichawadi fissure zone, a ~200-m-wide zone of sur-
face fissures mapped for a length of about 4 km along
the NNE-SSW direction by the Geological Survey of
India (GSI) in the wake of the 1967 Koyna earthquake
remains the only record of surface expression in the
region (GSI 1968).

In 1985, a new reservoir was constructed on the
Warna River, ~25km to the south of the Koyna dam
(Fig. 1). The impoundment of the Warna reservoir in
1987 likely resulted in migration of the seismic activity
in the region towards the south of the Warna River
(Rastogi et al. 1997; Gupta 2017). The Koyna and

@ Springer

Warna reservoirs seismic activity has continued for a
few decades after their impoundment and are notable
exceptions, which clearly pose continuing seismic haz-
ard that is worth probing. In the present study, the
persistent question regarding the recurrent seismicity
in the Koyna-Warna region is investigated using
present-day geodetic measurements as well as recorded
recent seismicity of in the region. An evaluation of the
expected maximum potential event in the region and
simulation of the hazard scenario in terms of PGA has
also been attempted.

2 Geologic and tectonic setting of the study area

The Koyna-Warna region is located on the Western
Ghats escarpment, a steep, seaward-facing geodynamic
feature separating the low-lying western coastal plains
from the elevated plateau (average elevation ~1 km)
characterising the western peninsular India (Fig. 1).
The region is covered with a thick pile of lava flows
associated with the Deccan volcanism, a consequence of
the passage of Indian plate over the Reunion hot spot
~65 million years ago (Duncan and Pyle 1988). Geo-
physical datasets acquired in the past few decades show
that the thickness of the Deccan Traps in the region
varies from a few hundred meters to 2km (Kailasam
et al. 1976; Kaila et al. 1981). Recent scientific drilling
at 10 sites in the Koyna seismogenic zone provide direct
information of Deccan trap thickness in the range 412—
125Im (Roy et al. 2013; Gupta 2017; Roy 2017). A
number of lineaments have been mapped from satellite
imageries in the region and a few hundred kilometres
long, linear belt of hot springs is located along a near
coast-parallel (NNW-SSE) alignment, to the west of the
Koyna seismogenic zone (Chaterjee and Guha 1968).
The 1967 (M6.3) earthquake is associated with a NNE-
SSW striking fault, known as the Donichawadi fault,
located ~7km SSE of Koynanagar town (GSI 1968),
The earthquake was characterised by a left lateral
strike-slip mechanism but the dip of the fault plane
(ESE or WNW) remained uncertain (Gupta et al.
1999). The dip of the fault plane was earlier inferred
from geological observations near the 905m hill (near
the epicentre) where landslides along NNE striking slip
surfaces were found to dip at ~55° towards WNW, and
later supported by shallow drilling investigations in the
fault zone that suggested ~60° WNW dip of the fault
(Gupta et al. 1999).
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Fig. 1 Seismicity data (solid
circles) of the Koyna-Warna re-
gion (Source: Shashidhar et al.
2019) plotted on a topographic
map. The events are classified
according to their magnitude (cir-
cle size) and depth (colour shade)
as indicated in the legend. Loca-
tions of the GPS sites reported by
Gahalaut et al. (2018) (blue solid
triangles) and profiles AB, K1K2
and W1W2 (blue solid lines)
considered in the present study
are shown in the map. Two dis-
tinct seismic zones, Koyna Seis-
mic Zone (KSZ) and Warna
Seismic Zone (WSZ) are also
shown as a shaded rectangular
region in the map. Important local
faults and lineaments of the area
are also superimposed over the
map
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The seismicity of the Koyna-Warna region has been
studied extensively by various researchers and over the
years, 22 earthquakes of M >5, around 200 earthquakes
of M >4 and several thousands of smaller magnitude
earthquakes have been reported in the region (Gupta
2017 and references therein). A notable feature is that
the seismic activity is confined within ~20x30km? area.
Two sets of faults have been inferred from study of the
focal mechanisms of local events and they are consistent
with the local tectonic lineaments (Rao and Shashidhar
2017). Earthquakes closer to the Koyna reservoir show
dominantly strike-slip component striking along NNE-
SSW direction, whereas, earthquakes nearer to the
Warna reservoir show normal faulting mechanism with
the strike direction along NW-SE trend (Rao and
Shashidhar 2017). Thus, the seismicity distribution de-
lineates two distinct sub-zones, the Koyna Seismic Zone
(KSZ) and Warna Seismic Zone (WSZ), which are
together referred to as the Koyna-Warna seismic zone
(Fig. 1). The majority of earthquakes closer to the

73.4 73.6 73.8 74.0°E

Longitude

Warna reservoir are located to the depth range 1-8 km
whereas those in the vicinity of the Koyna reservoir are
found to extend up to 10 km, with a few hypocentres
going down to 15 km (Fig. 2).

3 Data and methods

In the present study, published GPS field velocity data
of'the Koyna-Warna seismic zone (Gahalaut et al. 2018)
are used to estimate the strain rates. The estimated strain
rates are used to compute the geodetic moment rate, and
the strain release rate is estimated based on the
seismological catalogues of Shashidhar et al. (2019)
and ISC. The gross strain estimates are used to infer
the seismic potential of the Koyna-Warna region. Seis-
mic hazard scenario for the potential event has been
assessed using stochastic simulation technique. The
techniques adopted are summarised below.
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Fig. 2 Depth distribution of
earthquakes in the Koyna-Warna
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tained using observed GPS velocities following Cardo-
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3.2 Elastic dislocation modelling

First-order information on the slip rate and locking
depth of any fault zone can be obtained following elastic
half space dislocation model as described by Savage and
Burford (1973). The model predicts the deformation due
to a vertical dislocation of infinite length, buried in a
semi-infinite elastic medium. According to this model,
the fault parallel velocity v at a distance X’ perpendic-
ular to the fault trace is given by,

(2)

where D is thickness of the locked zone, S is slip rate
and x is distance from the fault. If the fault plane is not
perpendicular to the free surface of the earth, the fault
plane will introduce an asymmetry in the model and the
surface displacement due to a screw dislocation for such
inclined fault plane is given by Cohen (1999) and
Sandwell (2001)
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where D’=D/ cos(«), « is the dip angle, D is the thick-
ness of the locked zone and S is the slip rate.

3.3 Estimation of geodetic moment rate

The maximum of the strain rate data is used to determine
the geodetic moment rate (Mgeodetic) 0f Koyna-Warna
region using Kostrov’s (1974) formula:

Mgeodetic = 2uAH;ey,

(4)

where p is the shear rigidity, Hy is the curstal thickness
of the seismogenic zone, A is the surface area over
which strain is distributed and e,, is the maximum
principal strain component.

3.4 Strain release rate

The moment M, released by the active fault can be
expressed as

Mo = uDA (5)

where p= 3.3%10"" dyne-cm, D is the displacement of
an active fault and A is the rupture area.

The average rate of moment release (#) during an
arbitrary duration time ¢ can be obtained as

r=YM,]/t (6)
Total moment released is given by
mo = r¥t (7)

where 7 is the moment release rate and ¢ is the time
period. Mo can be obtained from the equation given by
Hanks and Kanamori (1979).
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3.5 Stochastic simulation of ground motion

The ground motion has been simulated using stochastic
finite fault modelling technique by Motazedian and
Atkinson (2005), who introduced the concept of dynam-
ic corner frequency. In this approximation, corner fre-
quency is assumed to be a function of time, i.e. during
an earthquake, the rupture begins with a higher corner
frequency and progresses to lower corner frequency as
the area of rupture grows. The simulation technique
involves division of a large fault into numbers of sub-
faults, where each sub-fault is considered as a small
point source, and the ground motion contributed by each
sub-fault is computed and summed at the observation
point, with appropriate time delay to obtain the ground
motion from the entire fault.

4 Data analysis and results
4.1 Strain rates

GPS field velocities of 5 permanent stations (Fig. 3 and
Table 1) are collected from the study by Gahalaut et al.
(2018) for the computation of strain parameters using
the standard triangulation technique (Cardozo and
Allmendinger 2009). The velocity field with respect to
the Indian frame of reference is used for the estimation
of strain parameters. A total of °C; (10) combinations of
possible triangles are formed for the computation of
strain. Out of the 10 triangles, three triangles are rejected
as the interior angles between the stations that formed
the triangles were less than 5°. As suggested by Cardozo
and Allmendinger (2009), the station combinations that
are mostly colinear are rejected for stable estimation of
strain. The estimated strain parameters are assigned at
the centre of the triangle, as shown in Fig. 3 and listed in
Table 2. The centre of the triangles (# 1-5), listed in
Table 1, falls close to the KSZ (Fig. 1), whereas, the
centre of the remaining three triangles falls in the close
proximity of WSZ (Figs. 1 and 3).

4.2 Dislocation modelling

GPS field velocities are projected along parallel and
perpendicular directions to the Koyna and Warna fault
zones (Fig. 4a and b). It is evident from the figure that
small variation in velocity change was observed for the
fault parallel and perpendicular projection of GPS

velocities along the WSZ. However, a significant veloc-
ity change has been observed for KSZ (Fig. 4). Thus,
best-fitting elastic model for the study area was obtained
for KSZ only with a left lateral slip of 0.8mm/year and
dip angle of the fault zone is estimated to be 77° in NW
direction. The locking depth of fault zone can be
constrained by using dense GPS sites on either side of
the fault zone (Smith-Konter et al. 2011). However, we
have only 5 observation points in the study area, which
are insufficient to resolve the locking depth. The obtain-
ed fault dip is however consistent with the results ob-
tained by other geophysical methods (Gupta et al. 1999;
Rao and Shashidhar 2017).

4.3 Geodetic moment rates

The geodetic moment (Mgeodetic) Tate is estimated using
Kostrov’s formula (Eq. 4) (Kostrov 1974). In the present
case, the area of the source zone (A) is considered to be
~20x30 km?> (Gupta 2017) as the seismicity of the
Koyna-Warna region is bounded within this area and
Hj is the crustal thickness. H for the Koyna and Warna
regions are reported to vary between 38.6 and 42.3 km
with an average of ~40km, which was estimated using
the receiver function analysis (Rohilla et al. 2018). Kaila
et al. (1981) reported the depths to the Moho disconti-
nuity varying from 31.5km in the west coast to 39km
near the Koyna region based on the deep seismic sound-
ing method. Thus, an average crustal thickness Hg of
40 km is considered for the computations in the present
study. The average shear modulus of this region is taken
to be ~34 GPa, based on in situ measurements in the
crystalline basement down to 3-km depth in the Koyna
area (Goswami et al. 2017). The estimated Mcodetic for
seven stations are given in Table 3. Average values for
Koyna and Warna regions are considered as ~2.55E+
16Nm/year and ~2.29E+15Nm/year respectively. As-
suming the estimated geodetic moment rate to remain
constant after the 1967 M6.3 event due to absence of
similar large earthquakes in the region, the KSZ would
have accumulated enough strain (strain accumulation
rate x time) to generate an earthquake of M6.2
(Table 4).

4.4 Moment released
The accumulated moment, which gets released in the

form of earthquakes in the Koyna-Warna region, is
estimated using the available earthquake catalogue of
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Fig. 3 Map showing the
individual triangles, each formed 17.4
by joining three GPS stations, for

implementing the triangulation

technique. GPS stations are

marked by blue triangles. The

centre of each triangle is marked

with a black dot. Extension and 17.3
compression are marked by the
diverging and converging arrows,
respectively. The KSZ and WSZ
(see Fig. 1) are also shown by
shaded regions in the map
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the study area. The recent earthquake catalogue given
by Shashidhar et al. (2019) is available for a short period
2005 to 2017, only. Thus, seismic energy release esti-
mates using this catalogue would be based on the events
during 2005-2017 only. Therefore, to estimate the total
moment released after the 1967 earthquake in Koyna
and Warna region separately, we make use of the cata-
logue published by ISC (www.isc.ac.uk) for the period
1967-2020. The ISC catalogue provides a compilation
of event locations and magnitudes for the complete
period 1967-2020 and allows us to compare the char-
acteristics of KSZ and WSZ even though the individual

event locations may not be as precise as those obtained
using local area networks. Based on the analysis, it is
found that the strain energy release rate for the KSZ is
~5.80E+15 Nm/year while that for the WSZ is ~3.30
E+15 Nm/year.

4.5 Radiated energy

The radiated energy for both the source zones, KSZ and
WSZ, is also estimated using the earthquake catalogue
of the region following the procedure given by
Kanamori (1983) using the formula E=Mo/(2x10%),

Table 1 Velocity of Indian plate with respect to ITRF 2008 and Indian Reference Frame recorded at five GPS stations in the Koyna-Warna

region (Gahalaut et al. 2018)

# Site Latitude (°N) Longitude (°E) ITRF 2008 Indian Reference Frame
Vn (mmfy) Vg (mm/y) Vn (mm/y) Vi (mm/y)
1 WRNA 17.123 73.885 34.4 £0.09 40.2 +0.07 0.1 0.3
2 CFAR 17.339 73.768 34.1 £0.05 39.8 +0.04 0.3 0.7
3 ATLI 17.288 73.768 33.9+£0.05 39.5+0.04 0.2 0.4
4 GOKL 17.397 73.727 33.8 £0.05 39.1 £0.04 0.1 0.0
5 KUND 17.109 73.694 33.7+0.07 39.7+0.0 0.0 0.5
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Table 2 Strain parameters for Koyna-Warna region estimated using standard triangulation technique

# Stations forming the Centre of triangle El E2 Azimuth  Rotation Dilation Region to

triangle —— (nanostrain) (nanostrain) of E2 (in  (nanoradian) (nanostrain) which the

Longitude Latitude degree) centre
(°E) (°N) belongs

1 ATLI CFAR WARNA 73.807 17.250  88.03 —-0.17 2433 -17.3 87.85 Koyna

2 GOKL ATLI CFAR  73.754 17.341  255.45 1.18 2554 10.2 256.63 Koyna

3 KUND GOKL CFAR  73.729 17.281  118.55 —2.34 266.6 36.4 116.21 Koyna

4 KUND GOKL ATLI 73.729 17.264  37.05 0.18 266.7 22.1 37.23 Koyna

5 KUND CFAR WRNA 73.782 17.190  13.00 -13.13 198.0 =35 —-0.13 Warna

6 KUND ATLI WRNA 73.782 17.173 851 -9.90 185.0 2.7 —-1.38 Warmna

7 KUND GOKL WRNA  73.768 17209  4.447 -10.67 159.4 9.7 —6.22 Warma

where E is the energy in Joules and Mo is the seismic
moment in Nm. We have used the catalogue published
by Shashidhar et al. (2019) to infer the present-day
energy release scenario in the region. Initially, different
regression relations of the stable continental region are
taken for the conversion of My to My, (Johnston 1996;
Schulte and Mooney 2005; Kolathayar and Sitharam
2012), and the average of the estimated M, is later used
to find the energy released using the formula given by
Kanamori (1983). The spatial variation of energy is
estimated by dividing the region into 0.05°%0.05° grid
and the events located within the grid are collected to
estimate the energy released in Joules (J). The average

(a) 30 '

244 2

Latitude

4mm/y

T T T -~ T
30" 36' 42 48 54 74°E

17°N
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energy is estimated for the collected events and the
mean value is assigned at the centre of the rectangular
grid. A contour map is then prepared to show the spatial
variation of the energy released for the Koyna-Warna
region (Fig. 5a). Similarly, the temporal variation in
cumulative energy is also estimated for the KSZ and
WSZ separately by collecting the events for the respec-
tive source zones (Fig. 5a) and the cumulative energy
release is plotted for the period (2005-2017) in Fig. 5b
The spatial variation of energy also shows that WSZ has
released a maximum amount of energy ~4.4x10'%J,
whereas for the KSZ, it is ~8x10''J.

24

4mm/y

30 36" 42 48 54' 74°E
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Fig.4 Velocity components resolved along strike parallel (red arrows) and strike normal (green arrows) directions of the KSZ (a) and WSZ

(b)
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Table 3 Geodetic moment rates for Koyna-Warna region

# Stations forming the Centre of the triangle =~ Region to which the Geodetic moment rate ~ Expected Average
triangle centre falls (Nm/y) My/y) My/y)

Longitude  Latitude
(°E) °N)

1 ATLI CFAR WARNA 73.807 17.250 KSZ 1.80E+16 4.8 4.8

2 GOKL ATLI CFAR  73.754 17.341 KSZ 5.21E+16 5.1

3 KUND GOKL CFAR 73.730 17.282 KSzZ 2.42E+16 49

4 KUND GOKL ATLI 73.730 17.265 KSz 7.56E+15 45

5 KUND CFAR WRNA 73782 17.190 WSz 2.68E+15 42 42

6 KUND ATLI WRNA 73.782 17.173 WSZ 2.02E+15 4.1

7 KUND GOKL WRNA  73.769 17.210 WSZ 2.18E+15 42

4.6 Gross strain and potential event

Based on the strain budget estimates computed in the
present study, KSZ appears to be accumulating more
strain energy while releasing the stored energy at a
lower rate. If we assume that the energy release rate is
constant in the Koyna region since the occurrence of
1967 earthquake (due to absence of any large mag-
nitude event), then Koyna region has released
~3.13E+17Nm of accumulated strain energy post-
1967 earthquake, which is only ~23% of the stored
strain energy that accumulated (1.38E+18Nm) post-
1967 earthquake and the remaining strain is now
capable of producing an earthquake equivalent to
magnitude M,,~5.8 (Table 4). It can be also noted
that the strain energy release rate of WSZ is much
higher (~1.4 times) compared to the energy accumu-
lation rate. It may therefore be inferred that the WSZ
is not storing enough energy that can produce a large
event in near future (Table 4).

Table 4 Strain budget estimates of Koyna-Warna region

4.7 Ground motion simulation

For ground motion simulation, it is assumed that the
event may occur at the centre of the KSZ, where seis-
micity rate is comparatively higher and shows higher
energy release (Figs. 1 and 5). Strike of the fault is taken
as 207° following the seismicity trend of the KSZ
(Fig. 1) and the dip of the fault is taken as 77° as
obtained from the dislocation analysis. Event is consid-
ered to be located at 10-km depth, following the depth
distribution of seismicity of KSZ (Fig. 2). The fault
dimension for the M,,5.8 event is obtained from the
empirical relations as given by Wells and Coppersmith
(1994). Stress drop for the event is assumed to be 90
bars, as source parameter study reveals most of the
events in the area falls within the range of 0.03 to
19 MPa with a mean of ~9 MPa (90 bars) (Mandal
etal. 1998). The ground motion simulation also requires
path and site characteristics at the site of simulation;
therefore, site characteristics of hard rock terrains are

El E2 Azimuth of  Region to which ~ Geodetic Accumulated ~ Moment Remaining  Average

(nanostrain) (nanostrain) E2 (in the centre belongs moment rate since 1967 release rate potential (Mw)
degree) (Nmvy) (Nm) (Nmvy) Mw)

88.03 -0.17 2433 KSzZ 1.80E+16 9.70E+17 5.8e+15 5.8 5.8

25545 1.18 2554 KSZ 521E+16 2.81E+18 3.3e+15 6.2

118.55 -2.34 266.6 KSzZ 2.42E+16 1.31E+18 5.9

37.05 0.18 266.7 KSZ 7.56E+15 4.08E+17 53

13.00 —-13.13 198.0 WSz 2.68E+15 1.45E+17 - -

8.51 -9.90 185.0 N4 2.02E+15 1.09E+17 - -

4.447 -10.67 159.4 WSz 2.18E+15 1.18E+17 - -
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used in the simulation (Atkinson and Boore 2006), as
Koyna-Warna region is covered with thick Deccan ba-
salt. The attenuation properties of the medium between
the source and the site of stimulation are characterised
by the quality factor (Q) and the near-surface attenuation
parameter, kappa (k). The seismic wave attenuation
parameter (Q) and kappa (k) for the Koyna-Warna re-
gion are taken from the published literatures (Sharma
et al. 2007; Sairam et al. 2018) and listed in Table 5.
Using the parameters mentioned in Table 5, the
ground motion is simulated for the entire Koyna-
Warna region at a grid interval of 0.05° using the sto-
chastic simulation technique. The fault is placed at the
location 73.764° E and 17.358° N and the top of the
fault plane is placed at a depth of 7km. The S-wave

2006 2008 2010 2012 2014 2016 2018
Time

velocity and density of the medium are taken to be 3.6
km/s and 2.8 g/cc respectively (Shashidhar et al. 2011).
The rupture initiation point is considered as random and
a random rupture model is used for simulation. The
contour plot of the simulated result is shown in Fig. 6
and the simulated ground motion at selected sites is
compared with the available ground motion attenuation
relations of the study region (Fig. 7). In general, the
simulated PGA follows closely the attenuation curve
developed by Iyengar and Raghu Kanth (2004) in the
distance range of 10—100 km and supports the simulated
ground motion results. The simulated PGA is almost
constant or decreasing at a slower rate for the distance
range of ~0 to 10 km, which may be due to the consid-
eration of finite fault in the simulation. The available
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Table 5 Parameters used in the simulation of M5.8 earthquake

Parameter Value Reference

Strike 207° This study

Dip 77° This study

Depth (km) 10 This study

Fault length (km) 11 This study

Fault width (km) 06 This study

Sub-fault along strike 10 This study

Sub-fault along dip 10 This study

Shear wave velocity (km/s) 3.6 Shashidhar et al. 2011
Crustal density (g/cm®) 2.8 Shashidhar et al. 2011
Stress drop (bars) 90 Mandal et al. 1998

0 72732 Sharma et al. 2007
Geometrical spreading 1/R (R <100 km) 1/R% (R >100 km) Nath and Thingbaijam 2009
Windowing function Sargoni-Hart Saragoni and Hart 1973
Kappa 0.02 Sairam et al. 2018

attenuation relations, however, did not consider fault
dimension in the formulation, which lead for the mis-
match in observed and synthetic PGA up to a distance of
10km from the source.

5 Discussion

The convergence between tectonic plates is largely ac-
companied by large earthquakes; however, such rela-
tions are not well established for intraplate regions but
extensive research in this field are underway (e.g. Gupta
2019; Vallage and Bollinger 2019). Earthquakes are
manifestations of the release of strain energy, which is
accumulated for several years until it exceeds the
strength of the medium (Reid 1910). Thus, strain budget
estimates of Koyna-Warna region will shed light on the
earthquake processes as well as seismic potential of the
region.

Strain rate estimates of the study region show that the
most extensional strain component is oriented along
ENE-WSW direction for the sites close to the KSZ,
whereas, the most extensional strain component for the
sites in the proximity of WSZ is directed along NNE-
SSW direction (Fig. 3). The present-day tectonic activ-
ity depends on the relative magnitude and directions of
principal extension and principal compression compo-
nents (Cronin and Resor 2019). From Table 2, the
average of the maximum and minimum principal strain

@ Springer

components for the KSZ is 125 nanostrain (ns) and
—0.3ns respectively. The strain rates of KSZ are found
to be similar to other tectonically active plate boundary
regimes around the world (e.g. Hackl et al. 2009; Aktug
et al. 2016) and high dilatational rates are associated
with faults that recently experienced earthquakes (Hackl
et al. 2009). The large extension and negligible com-
pression suggest strike-slip/normal fault tectonic envi-
ronment, where faults are oriented < 45° to the minor
axis of the strain ellipse (Cronin and Resor 2019).
Evidently in Fig. 1, a seismicity trend oriented in
NNE-SSW direction and striking close to 207° from
the north can be observed in the KSZ. In contrast, the
WSZ shows the average maximum and minimum strain
components to be 8.6 ns and —11.2 ns respectively
(Table 2). As both extension and compression compo-
nents are close to each other, the region is relatively
stable compared to the KSZ. The best fitted dislocation
model for KSZ shows that the fault dips at 77° and
slipping at a rate of 0.8mm/year. It is pertinent to men-
tion here that in the dislocation model, the fault length is
assumed to have infinite length and buried in a semi-
infinite elastic medium. The infinite length is assumed
due to simplicity of antiplane symmetry, which facili-
tates only non-zero displacement parallel to fault and
varies only in the direction perpendicular to fault (Segall
2010). However, actual faults are finite in length, but the
technique has been successfully applied to many a fault
with different lengths (e.g. Barman et al. 2014; Le Beon
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Fig. 6 Simulated peak ground acceleration map (in gals) for a M,
5.8 earthquake in the Koyna-Warna region at a grid interval of
0.1°. The red star indicates the location of the event. The

et al. 2008; Li et al. 2020; Smith-Konter et al. 2011 and
many more). In the present study, we used dislocation
modelling for a short length fault ( < 30 km) within
intra-plate setting to get first-hand information about
slip rate and locking depth, as slip rate is directly related
to seismic potential of a fault (Anderson et al. 1996).
The fault dislocation model (Savage and Burford 1973)
is utilised only to the KSZ, as a significant change in
fault parallel velocities has been perceived for the fault
zone and earthquakes in KSZ are strike slip in nature.
Both fault parallel and perpendicular velocity compo-
nents across WSZ are small for the studied time period
and earthquakes in WSZ occur mostly with normal fault
mechanism (Rao and Shashidhar 2017); therefore, the
above-mentioned model is not applied. A 3D model
(e.g. Segall 2010), combining both the fault zones,

hypothetical rupture plane of this event is depicted by a black
rectangle. Key localities (solid diamonds) in the study region are
shown

would be more suitable to obtain more reliable indica-
tion of fault slip behaviour for both fault zones, which is
a subject of future work.

Furthermore, geodetic strain estimates for the Koyna
and Warna region suggest that KSZ is accumulating
strain energy at a higher rate (~11 times) in comparison
to the WSZ. However, the strain release rate for the
WSZ is computed to be higher in comparison to the
Koyna region (Table 4). The radiated energy release in
the WSZ is also found to be higher, which supports the
higher strain release rate for Warna area (Fig. 6a and b).
The amount of strain that can accumulate in a region
depends on the material properties of that region (Reid
1910). Thus, the estimated higher energy release rate in
the WSZ may be attributed to lower strength of the
medium properties (e.g. density, elastic constants and
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Fig. 7 Variation of PGA (solid circles) with increasing distance
from the epicentre of the simulated M5.8 event. Attenuation
curves of the Koyna-Warna region, reported by Iyengar and
Raghu Kanth (2004) and Gupta and Gupta (2004), are shown

fracture density). Goswami et al. (2017) published Tri-
axial test results of core samples collected from four
boreholes drilled in the periphery of Koyna-Warna re-
gion. Out of the four boreholes, two boreholes located in
Phansavle and Kundi are located close to WSZ, whereas
the rest boreholes in Nayari and Panchgani are closer to
KSZ. Cohesive strength of core samples of Nayari and
Panchgahni shows relatively higher value as compared
to the rest. Similarly, the co-efficient of internal friction
for the samples collected from Phansavle and Kundi
shows relatively higher value compared to the sites
located closer to the KSZ. Thus, relative variation in
material strength can be observed for both the sites.
Furthermore, a refined density structure of the region
was collected by high-resolution airborne gravity

Fig. 8 Variation of density A

distribution along the profile AB (NwW),

(in Fig. 1) obtained from airborne
gravity gradiometry (AGG).
Depth distribution of earthquakes
in the Koyna-Warna region is also
projected over the same profile

o
=3
=3
o

Depth (m)
=
8

gradiometry and magnetic data at 1.25-km line spacing
over the Koyna-Warna region as part of a multi-
parametric geophysical study in the region. An integrat-
ed model is developed by combining constraints from
seismological, magnetotelluric and borehole data. The
recorded gravity gradients are simultaneously inverted
to derive density variations down to ~15-km depth. The
3D integrated model has augmented the knowledge of
sub-basalt composition, geometry of basement struc-
tures and thickness of basalt cover for the region. Con-
centration of seismicity was also noted at the interfaces
of the density anomalies. A cross-section from the 3D
sub-surface model along the profile AB is plotted in Fig.
8, which shows relatively high-density values over the
Koyna seismic zone compared to the Warna seismic
zone, which is also inferred by other researchers
(Tiwari and Mishra 1999; Tiwari et al. 2001).

Gupta (2019) suggested that RTS in the Koyna re-
gion shall continue for another 2—-3 decades due to
absence of M~5 magnitude earthquakes in the area.
The results obtained in the present study also suggest
that the seismicity in the KSZ may continue for a longer
time due to higher strain accumulation and slower ener-
gy release rates but it may diminish in the WSZ in the
near future due to slower strain accumulation and higher
release rates.

Strain in the crust is produced due to applied force.
The dominant tectonic force closer to the Koyna-Warna
region is the ridge push force by the Carlsberg ridge to
the west of Koyna-Warna region (Yadav and Tiwari
2018). As Koyna-Warna seismic zone has a dimension
of 20x30 km? the ridge push force must be applied
uniformly to both the KSZ and WSZ at the rate of
~1.9x10"* N/m (Jayalakshmi and Raghukanth 2016).
Thus, significant non-uniformity in the observed strain
rates may be associated with variations in the material
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properties or the presence of existing faults and linea-
ments of the study region.

Based on the above strain budget estimates, we find
that the KSZ has accumulated enough potential to date
that is capable of generating an earthquake equivalent to
M,,5.8. The hazard scenario due to occurrence of such
event is assessed using the stochastic simulation tech-
nique. The simulated ground motion for the Koyna
region using selected parameters (Table 5) shows that
the source zone may witness strong ground shaking of
~0.26g (Fig. 6) near to the source zone. Places, located
at a distance < ~40 km from the source zone such as
Ugdi, Bhatgaon, Phanasavale, Ukhalu, Patan, Kadoli,
Koynanagar and Sawarde, might witness significant
PGA ranging between ~0.09 and ~0.21g. By comparing
with the standards of BIS (2002), the places located
within a 40-km radius from the source may be associat-
ed with intensity between V and VII. Alternatively, the
stored energy in the KSZ could be released in multiple
low-magnitude events.

6 Conclusions

The estimated rates of strain accumulation as well as
strain release for the Koyna-Warna intraplate region
suggest a strong spatial variation in the medium proper-
ties such as density, elastic constants and fracture den-
sity which may exist in the region. Strain measurements
further suggest that the KSZ poses a higher seismic
hazard in comparison to WSZ. Elastic dislocation
modelling for KSZ reveals left lateral slip of 0.8mm/
year and the fault zone dips at ~77° in NW direction.
Based on gross strain estimates, it is inferred that KSZ
can generate an earthquake equivalent to M,,5.8, pro-
vided the stored energy is released in a single event. Our
studies indicate that seismic activity in the WSZ may
diminish with time in the near future, whereas, the KSZ
may continue to release strain energy in the form of low-
magnitude earthquakes for a much longer time. Occur-
rence of a similar event as that of the M,,5.8 earthquake
in the Koyna region may produce a strong ground
acceleration between 0.09 and 0.26g within ~40-km
radius from the source zone.
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