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On January 26, 2020, a moderate-sized earthquake (ML * 4.6) located in the Palnadu sub-basin of
Cuddapah basin was felt both in the states of Telangana and Andhra Pradesh. The earthquakes prior and
after the ML 4.6 are located close to the thrust and along the periphery of the backwaters of the
Pulichintala Reservoir. About 965 earthquakes in the magnitude range of 0.1–4.6 ML have been located
by seismological network. The epicentral parameters obtained from double difference technique illuminated a steep seismogenic structure extending up to 8 km depth using a minimum 1-D velocity model.
The b-value estimate is 0.82 for a completeness magnitude of Mc 1.8 and could be associated with the
intraplate event having a longer recurrence time. The focal mechanism solution obtained from waveform
inversion reveals a pure double-couple mechanism of a strike-slip motion with a reverse component on a
N–S trending focal plane. The spatial distribution of the earthquake sequence and fault plane solution of
the main event are close to a thrust which is the most likely source region of the main-shock.
Keywords. Seismicity; focal mechanism; Cuddapah basin; HypoDD.

1. Introduction
On 26 January, 2020 at 02:37 AM (IST), a moderate earthquake (ML*4.6) occurred near the
Palnadu of the Cuddapah basin and is considered
to be the largest event since the inception of a
modern seismic observation system. Preliminary
locations of epicenters occurring at about 7 km
falling on the thrust fault in the Palnadu basin and
close to the Pulichintala dam occurring at a depth
of 7 km (Bgure 2). The source region of this
earthquake is in seismic zone III as per the Bureau
of Indian Standards IS:1893–2016. In particular,
the earthquake source region is in the NE part of
the Cuddapah basin and the major tectonic features are a thrust parallel to Krishna river,

NE–SW, NW–SE trending lineaments, and two
NE–SW linear shear zones (GSI 2000). This
earthquake was felt both in the Indian states of
Telangana and Andhra Pradesh with the felt
reports even from Hyderabad which is at a distance
of 170 km from the epicenter. The Indian peninsula
was considered as relatively seismically inactive;
however, with the earthquakes of 1967 Koyna (Mw
6.3), 1969 Bhadrachalam (Mw 5.7), 1970 Broach
(Mw 5.4), 1993 Killari (Mw 6.1), 1997 Jabalpur (Mw
5.8), and 2001 Bhuj (Mw 7.7), the perception
changed (e.g., Chandra 1977; Mandal et al. 2000)
and several earthquake monitoring studies were
undertaken. In particular, the southern peninsular
region, comprises of the Godavari graben and the
Cuddapah basin, is characterized by diffused
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seismicity with magnitudes ranging between 3.5
and 5.7 sporadically occurring along basement
faults or shear zones (Srinagesh et al. 2015). The M
5.7, Bhadrachalam earthquake of April 13, 1969, is
the only prominent instrumentally recorded
earthquake within the NW–SE oriented Godavari
rift suggested by Gangrade and Arora (2000) and
Singh et al. (2012), whereas the study by Rastogi
(1992) indicates a left-lateral strike-slip motion
along NE striking faults. Although these events are
uncommon, and represent far less moment energy
release than plate boundary earthquakes, they
have the immense potential of causing widespread
damage and casualties, since the built-in environment does not adhere to construction practices as
desired by the Indian Seismic code which attest the
need of better understanding of the characteristics
of these type of events. In this present study, we
report the basic source parameters for the main
event, hypocentral parameters of the seismic
events by using precise double-difference relative
location techniques, improved crustal velocity
model for the region, analysis of the seismicity
patterns, and moment tensor solution in relation to
the regional tectonics.

2. Geology and tectonics
The Pulichintala seismic activity is within
the Palnadu sub-basin, in the north eastern part of
the Cuddapah basin. The crescent-shaped basin is
one of the largest Proterozoic, intra-cratonic, sedimentary basins in India with an aerial extent of
44,500 km2 (Rao and Venkata 1997; Chatterjee
and Bhattacharji 1998; Singh et al. 2012; Matin
2015). The basin is marked by quartzite-carbonateshale cycles whose thickness varies between 6 and
12 km inferred from Deep Seismic Sounding studies
(e.g., Kaila and Tiwari 1985). Among the many
studies of the Cuddapah basin, magnetic and
gravity studies by Mishra et al. (1987) revealed the
subsurface structures and material character in
and around the Cuddapah basin and indicated
large basic intrusive bodies below the basin. The
deformation in the basin is a foreland-ward extension of the tectonic convergence between India and
Antarctica, suggested by Naqvi and Rogers (1987).
Tripathy and Saha (2013) suggested the stress
regimes of the basin linked to multiple stages of
basin opening and deformation, early (possibly
Palaeoproterozoic) extensional to transpressive/
pure strike-slip regime. This basin comprises of Bve
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sub-basins, viz., Chitravathi, Nallamalai, Srisailam, Kurnool, and Palnadu. The Palnadu subbasin exposes only the younger Kurnool sequence.
In the Palnadu sub-basin, Kurnool Group of sediments overlie the older Cuddapah sediments
unconformably in the eastern part, whereas older
granitoids form basement in the north and west.
Tectonic shortening within the Palnadu sub-basin
is partitioned into thrust, shear, Cexural folds, and
cleavages development due to E–W contraction
plausibly because of continental shortening within
the intra-cratonic set-up (Saha and Chakraborty
2003). The target horizon, Banganapalle Formation is well developed in the southwestern part of
the Palnadu sub-basin (Nagaraja Rao et al. 1987).

3. Data
Since the increase in earthquake activity from the
Brst week of January 2020 around Vellatur which is
located close to Pulichintala reservoir, CSIR-NGRI
had installed two broadband seismological stations
on either side of the seismic activity, one at Dondapadu in Telangana and the other at Kothapalli
in Andhra Pradesh together with an accelerometer
on the top of the Pulichintala dam. After the 26th
January 2020 earthquake, the network was augmented by one more broadband seismological station additionally at Vellatur village located at a
distance of 1 km from the epicentral region and an
accelerometer at the free surface near the
Pulichintala dam. Presently, the Pulichintala
earthquake sequence is being monitored by the
regional Andhra Pradesh Telangana network
(ATNET) together with the three locally located
seismological stations. Each of the seismic stations is
equipped with 24-bit Reftek recorder and both Reftek
and CMG-3C 120 s seismometers. Data is recorded at
100 samples per second in continuous mode and is
transmitted to CSIR-NGRI seismological observatory in near real-time. The data is analyzed by using
SEISAN software (Ottem€
oller et al. 2013).
The earthquake data generated by the local
seismic network up to March 31, 2020 is analyzed
for determining the earthquake parameters. CSIRNGRI carried out deep seismic studies that
revealed a detailed crustal section of the Cuddapah
basin (e.g., Kaila and Bhatia 1981; Kaila and
Tiwari 1985). We adopted the velocity model
derived from Alampur–Koniki proBle by Reddy
et al. (2004) as an initial model for locating the
earthquakes. About 965 earthquakes in the
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Table 1. Number of earthquakes by magnitude.

Table 2. Number of earthquakes by focal depths.

Magnitude (ML)
range

Focal depth (km)
range

No. of
earthquakes

0.0–0.9
1.0–1.9
2.0–2.9
3.0–3.9
[4

509
358
090
007
001

0.0–1.99
2.0–3.99
4.0–5.99
6.0–7.99

No. of
earthquakes
635
173
121
036

magnitude range of 0.1–4.6 ML have been located.
The distribution of earthquakes in magnitude and
depth-wise are given in tables 1 and 2. The availability of data provides a unique opportunity to
study the tectonic processes responsible for
stable continental region earthquakes like the
recent Pulichintala earthquake of ML 4.6.
4. Improved 1-D velocity model
The Pulichintala earthquake sequence was located
using a 10-layered 1-D velocity structure constrained by Deep Seismic Sounding (DSS) results
(Bgure 1, Reddy et al. 2004). Since our study region
falls in the Cuddapah basin, we consider our initial
velocity model for earthquake location as the
velocity model of Reddy et al. (2004) inside the
Cuddapah basin (see Bgure 4 of Reddy et al. 2004),
which is being modelled using seismic refraction
and wide-angle reCection data. The velocity
structure consists of a top sedimentary layer of
Vp*5.3 km/s above the basement with a Vp * 6
km/s. The upper crust consists of two layers. The
Brst upper crustal layer is 5 km thick with a Vp of
6.0 km/s, while the second upper crustal layer is
1.5 km thick with a Vp of 6.4 km/s. The mid crust
at 13–27 km depth has a Vp of 7.1 km/s overlain by
a 4-km thick high velocity magmatic lower crust
with a Vp of 7.8 km/s. Just above the Moho, a low
velocity layer at 31–45 km depth with a Vp of 6.4
km/s is modelled, which has been attributed to a
Cuid-Blled porous fractured layer (Reddy et al.
2004). The Moho occurs at a depth of 45 km with a
Pn velocity of 8.4 km/s. The available good-quality
seismic data allowed us to improve the reference
1-D velocity model by inverting P- and S-wave
arrival times using VELEST program (Kissling
et al. 1995) to derive minimum 1-D velocity
structure. The inversion is made based on a leastsquares technique by minimizing the weighted
misBt between predicted and observed arrival
times. The initial and Bnal 1-D Vp and Vs models
for the Pulichintala regions are shown in Bgure 1

Figure 1. One-dimensional velocity models used for preliminary locations (blue dashed lines, Reddy et al. 2004) and the
minimum error model found with VELEST (red solid lines).

and the inverted model shows an increasing trend
with a significant increase in shear wave velocities
(Vs) in comparison to primary wave velocities
(Vp) up to 27 km depth, while both Vp and Vs
show marked increase at 27–40 km depths in
comparison to the initial Vp and Vs models. The
minimum 1-D velocity model is used to relocate
the earthquakes whose mean epicentral errors are
150 m and for focal depth errors are 250 m. The
plot of relocated earthquakes reveals a clustered
seismic zone coinciding with the thrust zone
(Bgure 2b).
5. Relocation earthquakes epicenters
by using HYPODD
To better constrain the seismogenic volume, the
earthquake location accuracy is improved by
applying double-difference relocation algorithm of
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Figure 2. (a) Map of the study area with epicentral distribution of the earthquake (colour based on depth) relocated using
minimum 1-D velocity model. (b) Map view of the epicentral distribution of the earthquakes after relocation using HYPODD.
The ML 4.6 Pulichinthala earthquake is marked by black star. Major thrust, lineaments, and shear zone are also plotted.

Figure 3. Frequency–magnitude distributions for the Pulichintala sequence. Estimated Mc (magnitude of completeness), a-, and
b-values are 1.8, 3.1, and 0.82, respectively.

Waldhauser and Ellsworth (2000). The residuals
between observed and theoretical travel time differences are minimized for pairs of events at each
station and the spatial oAset between these earthquakes can be estimated with high accuracy. The
double-difference relocation method incorporates
absolute travel time and/or cross-correlation of
differential P and S travel time measurements

(Waldhauser and Ellsworth 2000). Earthquake
data recorded at Bve stations and more are used for
relocating earthquakes using HYPODD. A systematic shift in the location of epicenters is
observed with the average shift of around 500 m in
longitude and latitude. We observed tighter clustering of seismicity after the relocation and the
spatial plots of relocated HYPODD events are
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shown in Bgure 2(b). Few epicenters also can be
seen along the NW–SE lineament near KOTH
seismic station.

6. Frequency–magnitude relation
The earthquake distribution in size-wise, in most
cases, is described by the Gutenberg–Richter relationship (e.g., Gutenberg and Richter 1944) as
log10N= a–bM, where N is the cumulative number
of earthquakes with magnitudes of M or larger (Mc
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is the magnitude of completeness or threshold
magnitude), b indicates the size distribution of
events (a smaller b indicates a higher proportion of
larger events), and a is proportional to the seismicity rate. To properly investigate the relationship between the number and size of the
earthquakes in this sequence, we used the relocated
events (Bgure 3). The dataset gives an estimated bvalue of 0.82 at Mc of 1.8 based on the maximumlikelihood approach using ZMAP by Wiemer
(2001). This b-value is lower than 1.0 as the global
average b value. In fact, for intraplate seismicity,

Figure 4. (a) Map showing earthquakes (red star) and stations (brown triangles) used for the MT inversion analysis to determine
focal mechanism of 26 January 2020, ML 4.6 Pulichinthala earthquake. (b) Moment tensor solution from waveform inversion of
the event. (c) Comparison of observed (red) and predicted (blue) waveforms for the earthquake as a function of absolute travel
time. All 10 traces represent ground velocity (m/s) Bltered in the 0.02–0.1 Hz band. The peak amplitude is indicated to the left of
each trace. The time shift of the synthetic with respect to the observed trace for the best waveform Bt is given to the right of each
trace in the top and the percentage of Bt in the bottom. The station name is given to the right of the traces. (d) The goodness-ofBt as a function of source depth for the event around 5 km.
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the typical b-value is around 0.8 comparable with
our estimate (e.g., Rao and Rao 1984). The lower
b value of intraplate earthquakes might be an
indication of the faults that are critically stressed
by a reason of longer recurrence period (e.g., Meng
et al. 2018).

7. Moment tensor solution
Accurate determination of earthquake source
parameters such as source mechanism, focal depth,
and moment magnitude is not only important in
earthquake hazard assessment, but also crucial in
understanding the earthquake rupture characteristics and seismotectonics. Globally, for larger
earthquakes (Mw [ 5.5), source parameters are
routinely done by the Harvard Centroid Moment
Tensor (CMT) project (e.g., Dziewonski 1981;
Ekstr€
om et al. 2012) and by the United States
Geological Service (USGS) (e.g., Sipkin and
Needham 1993) using teleseismic waveforms for
larger events that release a lot of energy and are
recorded by seismic instruments located at several
thousands of kilometers from the source. The
moment tensor solutions for earthquakes of Mw \
5.5 require the use of local or regional data and
helps in understanding the seismogenic process and
discriminating between various sources such as
induced, triggered, volcanic, and other exotic seismic sources (e.g., Ford et al. 2009; Heimann et al.
2013; Vavrycuk and Kim 2014). The availability of
data with good azimuthal coverage and higher
signal-to-noise ratio allowed us to estimate
moment tensor for the recent Pulichinthala earthquake of ML 4.6, recorded by the CSIR-NGRI
seismic network operated in Telangana, Andhra
Pradesh, and Maharashtra states. Regional waveforms recorded by the following stations shown in
Bgure 4(a), KOTH, JNVN, NJS, RCLA, ADKI,
KLRI, AINE, BANA, RPR, SRSP, SRLM and
SKHT were used to obtain the moment tensor
solution.
In the present study, a time-domain regional
waveform inversion technique developed by Herrmann (2013) (a package of programs called Programs in Seismology (CPS), version 3.30) used to
conduct the moment tensor inversion and calculate
the Green’s functions which adopts a grid search
algorithm over all possible focal mechanisms and
source depths. In the initial step of inversion, threecomponent raw digital waveforms were deconvolved to ground velocity, in m/s, and rotated to
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vertical, radial, and transverse components (e.g.,
Herrmann et al. 2011a). These traces were truncated at 10 and 180 sec before and after the P wave
arrival, respectively, and then Bltered from 0.02 to
0.1 Hz using three poles butter-worth Blter (e.g.,
Herrmann et al. 2011a, b). We used 1-D local
crustal velocity models obtained from this study
(Bgure 1) as a near-source structure for Green’s
function calculations assuming a constant attenuation parameter of Sivaram et al. (2017). Synthetic
seismograms are then generated for each station
based on the Greens functions for different epicentral distances, and Bltered for the same frequency range which is applied for the observed
data (Herrmann et al. 2011a). The grid search for
the best-Bt solution is done for a 5° increment of
strike (0°, 360°), dip (0°, 90°), and rake (–180°,
180°) of source parameters and a 1 km increment of
source depth in the range from 0 to 30 km (e.g.,
Craig and Heyburn 2015). A weighting factor with
a reference distance of 300 km was also applied to
the inversion to down-weight the data along with a
time shift of 15 s for the inversion to adjust the
arrival times (e.g., Herrmann et al. 2011a). These
two conditions are required to avoid the improper
response, the crustal heterogeneity along the ray
path from the source to the receiver locations for
the case of large source-receiver distance, the
uncertainty of the epicenters for the case of short
source-receiver distance, and the small discrepancy
between the source-receiver distance and the
computed Green’s function grids (e.g., Herrmann
et al. 2011a, b; Herman et al. 2014). In general, the
best Bt is based on the largest reduction in weighted variance with each trace weighted as a function
of epicentral distance (e.g., Herrmann et al.
2011a, b).
The best waveform match was obtained for a
depth of 5 km consistent with our preliminary
estimates (Bgure 4d). We report focal mechanism,
with minimum non-shear-faulting component,
scalar seismic moment of 1.591022 dyne-cm (Mw =
4.1, lower than the ML value of 4.6) and oriented
EW (NP1: strike (u) = 267°, dip (d) = 60°, rake (k)
= 174°) and NE–SW (NP2: u=360°, d=85°,
k=30°) (Bgure 4b). The focal mechanism shows
a strike-slip with a minor thrust mechanism. In
Bgure 4(c), we compare the observed trace with the
predicted trace corresponding to the best Bt model.
The P-axis is oriented N130°E representing a
NW–SE direction. Earlier work by Gowd et al.
(1992) reported that though most of the Indian
subcontinent is exhibiting a compressional stress
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regime (thrust and strike-slip faulting) driven by
plate boundary forces and horizontal maximum
principal stress (SHmax) orientations do not coincide with the Indian Plate motion which is pointing
towards the possibility of the P-axis orientation. It
is important to note that a major problem in utilizing single focal mechanism solutions as stress
indicators is that the P-, B-, and T-axis of the
moment tensor do not necessarily coincide with the
principal stress directions (McKenzie 1969; Heidbach et al. 2008). Further, the role of pore-pressure
builds up at this depth is important to consider in
the estimation of stress Beld (e.g., Townend and
Zoback 2000; Zoback et al. 2003; Zoback and
Townend 2001). The 1969 Bhadrachalam earthquake with a magnitude of about 5.4 which
occurred in the Godavari graben is located about
120 km NW from the Pulichintala earthquake
source region is conspicuous with a left-lateral
strike-slip mechanism and is associated with the
NE–SW oriented Godavari rift (e.g., Rastogi 1992;
Gangrade and Arora 2000; Singh et al. 2012).

concentrated in a region that has been fashioned
plausibly because of continental shortening within
the intra-cratonic set-up during Proterozoic times.
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