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The Deccan Volcanic Province in the western part of the peninsular India consists of a thick pile of Cood
basalts resting mainly on the Archaean and Proterozoic rocks forming the basement. This intraplate
region experiences moderate seismic activity, the most recent one being a swarm-type activity in the
Palghar region, about 120 km north of Mumbai, that started in November 2018 and has produced a few
thousand micro-earthquakes and a 4.3 magnitude earthquake since then. We have carried out a magnetotelluric (MT) study along a 35-km long proBle across the seismic zone to delineate the subsurface
structure to understand the possible cause for the seismic activity. Broadband MT data were acquired at
18 sites with average station spacing of 2 km. Impedance tensors were analyzed for distortion and
dimensionality, decomposed into TE- and TM-mode, and inverted by a 2D inversion algorithm. The
geoelectric structure yields an assemblage of highly resistive and moderately conductive blocks in the
uppermost crust resting on a major listric-type fault, that possibly reaches the surface at the West Coast
Fault from a depth of about 15 km beneath the Panvel Cexure zone. In conjunction with the regional
Bouguer gravity anomaly and the seismicity distribution, we infer that the upper crustal heterogeneities
coupled with the basement fault and low rheological strength of the fractured upper-to-middle crust
might be leading to triggering of the seismicity in the region.
Keywords. Deccan Volcanic Province; Palghar; magnetotellurics; Panvel Cexure; seismicity.

1. Introduction
The Deccan Volcanic Province (DVP), located in
the western part of the Indian peninsular shield
consists of a thick pile of Cood basalts that were
erupted at 65 Ma (Morgan 1981; Duncan and Pyle
1988) during the passage of the Indian continent
above a mantle plume. The thickness of these
basalts is more than 2 km in the western part of
the Indian shield and these overlie mainly the
Archaean and Proterozoic rocks of the Dharwar

craton. The DVP is interesting in terms of intraplate seismicity as it is categorized under Zone-3 of
the seismic zoning map of India (BIS 2002), and
has experienced a few earthquakes of magnitude
above 6 in the past six decades. The notable one is
the 1967 Koyna earthquake (Mw 6.3, 1967/12/10)
linked to a hydro-reservoir and considered to be a
triggered earthquake (Gupta et al. 1967, 2016;
Gupta 2002). Triggered seismicity is continuing in
this region since then with the occurrence of many
earthquakes of magnitude 4 and above. Other
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notable earthquakes are the 1993 Latur earthquake
(Mw 6.1, 1993/09/30) and the 1997 Jabalpur
earthquake (Mw 5.8, 1997/05/22). The Latur event
(Gupta et al. 1996) is considered as a pure intraplate event that occurred in low background seismicity with lack of surface expression of faulting,
long recurrence intervals and poorly developed
geomorphic expressions of causative structures
(Rajendran and Rajendran 2001). The Jabalpur
event with focal depth of about 35 km is suggested
to be associated with the Son–Narmada South fault
(Gupta et al. 1997).
Recently, the Palghar region in the western part
of the DVP, geographically located in the Maharashtra state about 120 km north of Mumbai, has
started experiencing earthquake swarm (sequence
of small earthquakes) activity (Bgure 1). The latest
earthquake activity started in November 2018 and
is continuing since then which has resulted in several thousand micro-earthquakes and 45 earthquakes of magnitude greater 2.5 till July 2019,
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including one event of magnitude 4.3 (India
Metrological Department (IMD) portal). Previously, this and nearby region had experienced
earthquakes of M 5.0 in 1935 and M 5.7 in 1856
(Mohan et al. 2007). A micro-earthquake study in
the Konkan plains, south of the present region has
inferred an active fault system beneath the Panvel
Cexure region and suggested that the Cexure could
be a potential seismogenic zone (Mohan et al.
2007). The present micro-earthquakes also fall in
the vicinity of the axis of the Panvel Cexure
(Bgure 1). Recently, a swarm activity was reported
just north of the Palghar district in Dadra and
Nagar Haveli and south Gujarat during September–December 2016 and August 2017–January
2018, immediately after the extended monsoon
season which was ascribed to hydro-seismicity
(Sateesh et al. 2019).
The occurrence of the recent swarm-type seismic
activity in the Palghar region (Bgure 1) and a few
earthquakes of magnitude 5 and above in the

Figure 1. Location map of the study region showing acquired MT sites (black coloured triangles) and major tectonic features
(GSI 2000). The present earthquake swarms (Mahesh et al. 2020) and historic and significant earthquakes (ISC (2019) and IMD
(2019) catalogue and Mohan et al. 2007) occurred in the region also shown. The solid black lines and dotted lines represent the
basement faults and lineaments, respectively.
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vicinity in the last one century necessitate a
detailed understanding of seismogenesis of the
region to assess the seismic hazard scenario, especially as the seismicity is of intraplate nature with
large recurrence time for a moderate-to-strong
magnitude earthquake. CSIR-National Geophysical Research Institute (CSIR-NGRI) and National
Centre for Seismology (NCS) are operating seismic
networks around the seismogenic area since the
initiation of the seismic activity. Initially, it was
believed that the seismic activity was due to hydroseismicity, i.e., occurrence of earthquakes due to
increase in Cuid pressure in fractures and pores of
rocks. However, later considering the magnitude of
the events, focal depths and their continuation
much after the monsoon season, there has been
another opinion that tectonic activity could be a
reason for the current seismic activity (https://
www.thehindu.com/news/national/other-states/
the-rumble-beneath-their-feet/article26680439.ece).
In order to resolve the ambiguity, it is required to
have knowledge of the deep subsurface architecture
and basement/crustal scale faults, if any, in the
study region that probably are responsible for the
seismic activity.
In the present study, we have carried out MT
investigations across the present seismogenic zone
(Bgure 1) to delineate the upper crustal structure
in terms of electrical conductivity distribution to
identify anomalous zones, if any, representing
faults or asperities leading to the seismicity. MT is
one of the widely used geophysical techniques to
image crustal structure that is eDcient in mapping
fractures/faults and Cuidized zones at depths. In
addition, MT method is proven to be eAective in
deciphering the deep subsurface structure in the
trap covered areas (Patro and Sarma 2007).

2. About the study area
The Palghar region, being a part of the DVP, is
geologically constituted of Cood basalts, called the
Traps. These basaltic Cows mask the underlying
Precambrian rocks and the associated tectonic
fabric. The trap is characterized by Cat topped hills
and step-like terraces. It has been believed that the
topography is a result of the variation in hardness
of the different Cows and of parts of the Cows. The
Western Ghat escarpment in the westernmost part
of the province (Kale 2010) is deBned by a sharp
change in topography, with the eastern side uplifted by 800–1200 m. This escarpment is considered
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to be a rift-bounding fault of the west coast passive
margin (Gunnell and Fleitout 1998).
The Deccan province of tholeiitic basalt lava
Cows are relatively thin about 50–100 m in the
northeastern part and gradually thicken towards
the west coast to 1700–1800 m (Kailasam et al.
1972; Mahadhevan 1994; Mahadhevan and Subbarao 1999; Radha Krishna and Mahadevan 2000).
The basalt Cows are generally horizontal with a
gentle westward dip, (Watts and Cox 1989)
attaining their maximum thickness with largest
number of Cows near Mumbai Coast (Kailasam
et al. 1972). In some regions of the DVP, the
structure of the stacked lava Cows form a broad
anticline-monoclines, resulted by the pattern of
volcanic eruption and by the subsequent uplift that
has aAected the western Indian continental margin
(Widdowson and Mitchell 1999). Devey and
Lightfoot (1986) recognized a regional ‘very open’
monoclinal Cexure around the Panvel region, along
which the lava layers steepen to constitute the
Panvel Cexure (Auden 1949). Devey and Lightfoot
(1986) and Watts and Cox (1989) have suggested
that rifting processes in the west coast and subsidence and uplifts of the Western Ghats could lead
to formation of the Cexure. To the west of the
Cexure axis, the basaltic Cows dip west to WSW
with a dip of 50–58° in the vicinity of Palghar
(Powar 1981) and the dip decreases from north to
south. Widdowson and Mitchell (1999) suggest
that the Western Ghats escarpment and the Panvel Cexure resulted from erosion of the load that
was uplifted as a result of isostatic rebound. The
gently dipping Cow layers in the Cexure region are
related to the NNW trending West Coast Fault
(WCF) (Chandrasekharam 1985; Biswas 1987). In
addition to the Panvel Cexure, another significant
tectonic feature is the occurrence of three major
dyke swarms (Bgure 1) within the DVP (Auden
1949; Deshmukh and Sehgal 1988). These are the
ENE trending Narmada–Tapi dyke swarm, northtrending Western coast dyke swarm and the NNEtrending Pune–Nasik dyke swarm (Bhattacharji
et al. 1996).
Several geophysical investigations have been
carried out along the western continental margin of
Indian peninsular shield to ascertain the thicknesses of the trap, crust and lithosphere, the
basement conBguration (Kailasam et al. 1972,
1976; Kaila et al. 1981, 1988; Gokarn et al.
1992, 2003; Harinarayana et al. 2007; Patro and
Sarma 2009). As the present study is aimed at
subsurface structure of the localized seismogenic
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zone, we omit the detailed description on regional
studies that are carried out in the study region and
only mention the previous MT studies carried out
in the DVP region. MT studies in the northwestern
DVP (Bgure 2) near Nasik by Gokarn et al. (2003)
have delineated a deep seated thrust zone suggested to be indicative of the compressional tectonics prior to the Deccan volcanism.
Harinarayana et al. (2007) carried out MT studies
in the western DVP along four proBles, one of these
proBles close to the present study region is shown
in Bgure 2. The study infers that the traps lie
directly above highly resistive basement with thin
intertrappean sediments, where large thickness of
sediments, of the order of 1.5–2.0 km, has been
delineated along a proBle across the Narmada–SonLineament zone. The basement is intersected by
faults/fractures, which are imaged as narrow steep
conducting features at some locations along the
MT traverses (Harinarayana et al. 2007).

the regional Bouguer Gravity anomaly (BGA)
contours (GSI-NGRI 2006; Mishra et al. 2008)
(Bgure 2). At each site, broadband MT data
(0.01–1000 s) of 3 days recording duration are
acquired using a MT data acquisition system
comprising a data logger (ADU-07), Pb–PbCl2
electrodes and magnetic induction coils (MFS-06e),
with average station spacing of about 2–3 km.
Nearly 1 km site spacing is kept in the central
portion of the proBle where the current microseismic activity is concentrated. The MT time-series of
18 sites are processed to estimate the earth
response functions, i.e., impedance tensor, phases
and tipper vectors in the wide frequency range. The
impedance tensors at six sites represented as
apparent resistivity and phase curves are shown in
Bgure 3. Some of the sites show splitting of both
the apparent resistivity and phase curves in the
intermediate to large periods suggesting a complex
subsurface structure in the study region.

3. MT data acquisition and analysis

3.2 Distortion analysis

3.1 MT Beld survey and data processing
Broadband MT data at 18 sites were acquired
along a 35 km long E–W proBle that traverses the
WCF and the axis of the Panvel Cexure in western
part of the DVP. The proBle starts at Khainad
village in the west and terminates in Kinhawali
village in the east located in the Palghar district
(Bgure 1). The MT sites are also superimposed on

Figure 2. Regional BGA map of the study region (GSI–NGRI
2006; Mishra et al. 2008) showing locations of the present MT
sites (blue colored symbols), MT sites of Gokarn et al. (2003)
(G1 and G2 proBles) and Harinarayana et al. (2007)
(H-ProBle).

After pre-processing the Beld data and data quality
check, the impedance tensors of 17 sites are selected for further distortion and strike analysis for
undistorted impedance tensors and hence, estimation of regional geoelectric strike. We analysed the
data using two methods, one formulated by Becken
and Burkhard (2004) (hereafter termed as BB
approach) and second one by Caldwell et al.
(2004), known as phase tensor (PT) analysis.
The BB technique is based on electric polarization
states and ellipticity criteria of telluric currents.
According to the technique, interaction of a linear
polarized homogeneous external magnetic Beld with
a regional 2D conductivity anomaly will project
secondary elliptically polarized magnetic Belds.
When small scale inhomogeneities galvanically distort the electric Belds, the ellipticity remains
unchanged, but changes in Beld rotations and
ampliBcations are observed. Thus, by vanishing the
ellipticities of the electric and magnetic Belds,
regional strike direction can be identiBed, even in the
presence of distortion. The advantage of the BB
analysis is, it uses a full eight-parameter description
of the impedance tensor and thereby avoids possible
bias in strike angle estimation and regional impedances. Caldwell et al. (2004) have deBned a phase
tensor U = XY1, where X and Y are real and
imaginary components of the impedance tensor
which are unaffected by galvanic distortions in the
observed MT data. Therefore, rotation of the tensor

Figure 3. Apparent resistivity and phase curves at some sites along the proBle.
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Figure 4. Ellipticity parameters of the impedance columns for some sites along the proBle. Ellipticities are shown in the upper
panel and distortion angles in the lower panel. The width of the grey patches corresponds to the weighted RMS deviation of mean
ellipse parameters. The data are rotated by N10°E to the geoelectric strike direction estimated for the entire period range.

to get the coordinate invariant principal components (Umin, Umax) gives the strike direction with the
90° ambiguity. The phase tensor (PT) approach
does not invoke any assumption about the dimensionality of the regional conductivity structure that
enables the robust estimates of distortion parameters and regional strike.
We Brst performed distortion analysis of the
observed data using the BB method. In case of pure
2D medium, the ellipticities of the impedance
tensor are rotationally invariant and will vanish
in the regional strike direction. The distortion
parameters from the BB analysis for four sites are
shown in Bgure 4. The estimated ellipticities and
distortion angles for the data indicate non-zero
values and varied over the period band for significant number of sites. Conditions for regional

two-dimensionality also require that the distortion
angles at each site should be constant over the
period (Becken et al. 2008). The non-vanishing
ellipticities and variable distortion angles broadly
suggest possible presence of 3D eAects in the
observed data and thereby question the use of
conventional 2D modelling approach of the data.
To further understand the distortions present in
data, we next performed the PT analysis of the
dataset. The obtained phase ellipses from the
analysis in four different periods (1, 10, 100, and
500 s) are shown in Bgure 5. The major axes of the
ellipses are broadly aligned in the N–S direction
(E–W, if we consider the 90° ambiguity) at all the
periods. However, the phase ellipses are significantly distorted and associated with high skew
angles ([ ± 5) in the western and central parts of
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Figure 5. Phase ellipses and skew angles for the sites at four periods (1, 10, 100, and 500 s). PT ellipses are also normalized so
that the major axes at all the sites are of the same length.

Figure 6. (a) Rose diagram showing dominant geoelectric strike after the distortion analysis of the data by the BB approach in
broad-frequency range (0.001–1000 s). (b) Rose diagram of induction arrows in the period band of 0.001–1000 s.

the proBle compared to the eastern part, broadly
indicating the presence of moderate 3D eAects in
the observed data.
Becken et al. (2008) have demonstrated through
a synthetic model study that down-weighing of TEmode apparent resistivity helps in minimizing 3D
eAects when the data are interpreted for 2D
structures, as the E-polarization impedance is more
susceptible to 3D eAects than the H-polarization
impedance. They have shown that 100% down-

weighing of TE mode apparent resistivity data
even takes care of the strong 3D eAects in the
observed data, while interpreting in terms of 2D.
Since there is no mathematically rigorous concept
for treating data with 3D eAects in the scope of a
2D inversion (Becken et al. 2008), we followed the
widely used approach that includes increasing the
error bars in the observed data proportional to the
deviation from a 2D response to down-weight the
inCuence of 3D data (Wannamaker 1999; Becken
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et al. 2008; Jones 2012). To perform 2D modelling
of the data which are aAected by moderate 3D
eAects, we estimated undistorted 2D corrected
impedance tensors rotated along the regional strike
direction from the BB approach, that leads to
decoupling of the impedance tensors into respective
transverse electric and magnetic modes. We estimated the geoelectric strike for the region in multisite and single-site modes. Rose diagrams showing
the dominant regional geoelectric strike direction
obtained after single-site multi-frequency mode in
1000 Hz–1000 s period band is shown in Bgure 6(a).
The rose diagram suggests dominant N–S regional
strike for the region with 90° ambiguity. Further,
the multi-site and multi-frequency analysis yields a
strike value of N10°E in broad frequency range
(1000 Hz–1000 s). To resolve the ambiguity in
geoelectric strike direction, we analyzed the geomagnetic transfer functions (Tipper vectors) estimated for the proBle. Direction of induction arrows
represented as rose diagram for the broad period
band of 0.1–1000 s are shown Bgure 6(b). For the
period band, the petals of rose diagram represent a
dominant N–S conductive feature in the region.
The trend coincides well with the strike of the west
coast fault (WCF) and the axis of the Panvel
Cexure (Bgure 1). After the analysis, the impedance tensors are decoupled into the respective
transverse electric (TE) and transverse magnetic
modes (TM).

4. 2D modelling of the data
The distortion-corrected impedance tensors rotated to 10°N were used to perform 2D joint inversion
(TE + TM) to delineate the crustal geoelectric
structure along the Kainad–Kinhawali corridor.
We have not included the tipper vectors in the
inversion as good quality of Hz data are not
obtained for a few sites. We used the data of the 17
sites in the period range of 0.001–1000 s and
employed the 2D nonlinear conjugate gradient
(NLCC) inversion algorithm of Rodi and Mackie
(2001). The NLCG algorithm gives regularized
solutions for non-quadratic optimization problems
by minimizing an objective function that is the
weighted sum of normalized data misBts and
smoothness of the model (Rodi and Mackie 2001).
We considered the initial guess model as a homogeneous half-space with a resistivity of 100 Xm and
used as the starting model for the inversion
scheme. As the west coast is about *20 km from
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site 1, we Bxed the resistivity of 0.3 Xm for the
westernmost grids (20 km away from site 1) with
1–1.5 km bathymetry to account for the sea coast
eAect. Booker et al. (2005) suggested that error
Coors in the impedance tensors can be increased
until a distortion model Btted the data with an
acceptable misBt. We therefore tried the inversion
with different combinations of error Coor values
ranging from 5 to 20. Initially, we deBned an error
Coor of 10% for TE apparent resistivity and 5% for
TM apparent resistivity and apparent phases (both
TE and TM). Increased error Coor in TE mode
apparent resistivity will be used to down-weight
the static shifts in the observed data, if present. An
appropriate value of the regularization parameter
(s) needed to achieve a trade-oA between the RMS
error of misBt and the smoothness of the model. We
executed a number of model runs for different
values of s ranging between 1 and 100 and iterated
the solution until the solution was converged and
stabilized with no further significant reduction in
the RMS error of misBt. A trade-oA between the
RMS error of misBt and model roughness yields an
optimum value of s equal to 7 is selected for the
detailed inversion process. In the Bnite difference
model grid, the smallest cells used in the initial
model are 250 m 9 25 m, for a skin-depth 160 m at
the shortest period T = 0.001 s (assuming an
average resistivity of q = 100 Xm). The cell sizes
are increased progressively with increasing depth
and distance from the proBle, because deep and/or
remote structure is only sensed by long-period
Belds with correspondingly large skin-depths. The
inversion routine is executed by Bxing all the input
parameters after 120 iterations, the RMS error
remains stable (2.72) with no further decrement for
20% error Coor case. The Bt between observed and
calculated model responses (Bgure 7) (pseudo sections) shows a significant mismatch between
observed and calculated data, particularly in TE
mode data. This might be due to the inCuence of
3D eAects (indicated as varying high distortion
angles and non-vanishing ellipticities) revealed
from the distortion analyses of the data using PT
and BB methods.
We next followed the down-weighting scheme in
TE mode apparent resistivities to the present
dataset, in order to reduce bias in the 2D inversion
(Becken et al. 2008) to treat the 3D eAects at the
best in the observed MT data. During the setting
of input parameters, we assigned an error Coor
of 100% to TE mode apparent resistivities and
the H-polarization apparent resistivities are
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Figure 7. MT pseudo-sections of the observed data and data predicted from the Bnal 2D model.

down-weighted using an error Coor of 10%. An
error Coor of 10% is assigned for TE and TM mode
phases. We have Bxed the same inversion parameters as used in the previous 2D inversion. After
120 iterations, the Bnal RMS error significantly
reduced to 1.92 compared to the previous model.
To check robustness of the individual features, we
have performed constrained inversion procedure
followed by Li et al. (2003) and Pavan Kumar et al.
(2014, 2017). During the constrained inversion, we
placed the resistivity of the feature, that need to be
checked for the robustness with the half space
resistivity value and re-executed the inversion
process with similar inversion parameters as used
earlier. Like this, we have checked the robustness
of various significant features (marked as B1, B2,
B3, B4 and B5 in Bgure 8) in the obtained model

and observed that all the features are reproduced
with slight change in their geometry. Finally, we
selected a model (Bgure 8a) which has better Bt
with the observed data and low RMS error.
Resultant sensitivity map for the model is shown in
Bgure 8(b). Site-wise RMS errors (Bgure 8c) for the
models with and without down-weighting TE mode
apparent resistivities suggest that down-weighting
the TE apparent resistivities has significantly
improved the RMS error, at all sites along the
proBle. The pseudosections (Bgure 7) show good Bt
between observed and calculated TE-mode phases
and TM-mode data (both apparent resistivities
and phase), while the TE data does not show a
good agreement due to down-weighting of the TE
apparent resistivities, assigned to avoid the inCuence of 3D eAects.
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Figure 8. (a) Final 2D geoelectric model of the Kainad–Kinhwali proBle showing individual blocks (B1, B2, B3, B4, B5)
considered for constrained inversion, (b) sensitivity map of the model, and (c) Site wise RMS errors.

5. Results and discussions
The Bnal 2D resistivity model after constrained
inversion is shown in Bgure 9. The average elevation along a perpendicular distance of 2 km and
regional Bouguer gravity anomaly (BGA) curve
(GSI-NGRI 2006; Mishra et al. 2008) along the
proBle are also shown in the Bgure. The model
shows an assemblage of high-to-moderate resistivity zones down to a depth of 15–16 km suggesting highly complex crustal structure in the
study region. We marked the surface location of
the West Coast fault (Biswas 1987) and the axis
of the Panvel Cexure in the model. In order to
understand the relation between the conductive/
resistive features and seismicity, we superimpose

the hypocenters of the swarm activity published
by Sharma et al. (2020) (Bgure 9). These events
were recorded during January 26–May 30, 2019
by a network of six broadband seismological stations distributed around the seismogenic zone.
One of these broadband stations (Dhundhalwadi,
DDWD) is located within the zone of the swarm
activity.
5.1 Shallow to upper crustal structure
For better visualization of the shallow level features such as thickness of the basaltic layer, presence of sediments, a contoured gridded section of
the geoelectric structure down to 6 km depth is
shown in Bgure 10. Previous MT studies in the
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Figure 9. Two dimensional geolectric structure of the Kainad–Kinhwali proBle. The red triangle represents the omitted site
during the inversion. The topographic variations and the Bouguer gravity variations (GSI–NGRI 2006; Mishra et al. 2008) along
the proBle are shown. Hypocenters of the swarm activity published by Sharma et al. (2020) are superimposed. BF: Basement
fault; WCF: West Coast fault.

Figure 10. Contoured gridded section of the geoelectric structure down to 6 km depth. The dotted line represents the bottom of
the basaltic layer inferred from the present study.

DVP region suggested the considerable variation in
resistivity of basalts, with higher resistivities
(*200 Xm) in the western half of the DVP
(Harinarayana et al. 2007; Patro and Sharma
2007). Considering the –250 Xm contour represents
the basaltic layer (shown as dotted line in
Bgure 10), the Bgure reveals that the thickness of

the basalts is highly variable (varies from about
few meters to 1.5 km). At site 18, eastern end of the
proBle the thickness of the basalts is estimated to
about 1.7 km. The generalized contour map of the
entire Deccan trap thickness by Kaila (1988) and
Harinarayana et al. (2007) have also showed that
the thickness vary between 1.4 and 1.7 km in the
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study region. Between sites 16 and 17, the structure yields very highly resistive body reaching up
to the surface (Bgure 9).
Guha and Padale (1981) suggested a low velocity
layer of granitic composition between the basaltic
layer and the sub-granitic layer with a thickness of
7 km in the DVP region. Kailasam (1993) suggested that the strong gravity anomalies in the
Bouguer gravity contour map (Kailasam et al.
1972) might not be due to varying thickness of high
density basalts (2.95 g/cc), but could be associated
with deep crustal–sub-crustal eAects. The contribution of the traps in the total anomaly is only
small being of the order of 2–3 mGal. We therefore
infer that the resistivity zone (order of 500–1000
Xm) could probably indicate the fractured basement with granitic composition, which also supports the negative Bouguer gravity values
(Bgure 9) obtained in the region. The model yields
a few moderate conductive zones in the upper
crustal depths below the Deccan basalts. Below
this layer, the sub-trappean upper crustal section
from the deep 2D model (Bgure 9) suggests a highly
resistive (*103–104 Xm) medium representing
Archaean granite/granite–gneiss rocks.
The 2D geoelectric model along the proBle (between sites 10–12 and 16–17) yields highly resistive
zones in the upper crustal depths. We infer that
these zones could suggest the presence of crustal
level intrusives cutting across the basalts. These
intrusive zones possibly linked to north–southtrending west coast dyke swarm among the three
large dyke systems that are exposed in the DVP
(Bgure 1). Peshwa and Kale (1997) have opined
that Blling of igneous material in the opened fractured zones led to formation of dykes. From the
model it is apparently seen that most the dykes
have west dip in nature. Dessai et al. (1990) have
presented the geological evidence of intrusion of a
coast-parallel maBc in the Panvel Cexure region.
We therefore infer that the highly resistive zone
within the Panvel Cexure region (between sites 13
and 15) could be the electrical image of the dykes/
intrusions in the study region. It is to be noted that
the BGA values (from 5mGal map) are regional
and the gravity points are sparsely located.
Therefore, the BGA map might either smooth out
the signatures of small-scale features or may not
resolve the features that are of a few km width. We
therefore suggest that dense gravity data with
detailed modelling is very much required for
interpretation of the localized region considered in
this study.
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The geoelectric model yields moderate conductive zones (*100–60 Xm), bounded by a high
resistivity zone of greater than 1000 Xm, down to a
depth of 5–6 and 10–12 km, respectively, marked as
C1 and C2 in the model (Bgure 9). It is interesting
to note that the swarm activity reported by
Sharma et al. (2020) largely coincides with the
conductive zone C1. While the micro-earthquakes
of magnitude (mL Þ B 2 Bll the entire volume of the
conductor below 2 km depth, the small (mL 3–3.5)
and moderate (mL [ 3.5) magnitude earthquakes
coincide with the interface separating the conductor C1 from the highly resistive rocks constituting
the base of the conductor at about 6 km depth and
forming an inclined intrusive body east of the
conductor.
The presence of mid-to-upper crustal moderate
conductors (C1 and C2) apparently seen as a
U-shaped (Wannamaker et al. 2002) geometry. The
moderate conductivity zone C2 Canked by high
resistive zone is interpreted as the crustal level
maBc intrusions. The zones C1 and C2 shallows to
the east and west, respectively. These zones
approach the surface, 1–2 km east of the Kurze
reservoir (Bgures 1 and 9) and eastern edge of
Panvel Cexure. The top of the concave upward of
the C1 and C2 zones lies at 4–5 and 10–12 km
depth, respectively. In diffusive EM methods it is
hard to separately resolve conductivity and thickness in thin layer, nevertheless, the lowering of
resistivites within the zones could be attributed to
presence of Cuids. Frost and Bucher (1994) have
suggested that, Cuids originated due to meteoric
and/or igneous processes will occur at shallow
depths, whereas carbonic Cuids of mantle origin are
driven at lower crust. Fluid-Cow models (Person
et al. 2007) have outlined a set of narrow permeability and topography conditions by which
downward Cow of meteoric-water can occur. Menzies et al. (2014) have also shown the possibility of
the incursion/penetration of surface-derived Cuids/
meteoric Cuids into the upper crustal depths. In
intraplate setting, potential sources of Cuids
include metamorphic Cuid generated by dehydration of minerals, Cuid trapped in pore space as
sedimentary formation brines and downward
meteoric water circulation (Kerrich et al. 1984).
Further, it may be noted that each of the trap
layers generally consists of massive as well as
vesicular portions. The vesicular portions are, in
general, porous and permeable which have the
ability to accommodate Cuids. It is to be noted that
a small-scale reservoir, the Kurze reservoir, is
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located in the close vicinity of these conducive
zones. Therefore, incursion of the meteoritic water
that includes surface and topographically driven
water into the fractured region of the crust that
reCected in the enhanced linear conductive zone C1
and C2, and its role in current swarm seismicity of
the study region may not be ruled out.

5.2 Conceptual tectonic model
from the geoelectrical model
The western Indian margin witnessed a major
faulting event forming the West Coast fault
(WCF) along Precambrian basement trends
(NNW–SSE system of fractures) proceeding the
separation of India from Seychelles. In general,
zone of dyke swarms is considered to be the zone of
tectonic disturbance (Deshmukh and Sehgal 1988)
and has strong correspondence between their orientation and fracture pattern (Powar 1981). The
study region is in close vicinity to the Nashik dyke
swarm which is one of the three major dyke swarms
in the DVP (Bgure 1). Therefore, the region of
dyke intrusion in the study location that appears to
bisect the upper crust can be a possible locale for
localized accumulating of tectonic stresses within
the crust. Based on the available regional Bouguer
gravity data (Kailasam et al. 1972), location of the
basement faults mapped in the region (Bgure 1)
and strong resistivity contrast delineated in the
present geoelectric model, we marked different
fault traces on the resistivity model (Bgure 9). It is
to be considered that the maximum contribution of
the thickness of the basaltic layer is estimated to be
order of 2–3 mGal (Kailasam 1972). Therefore, the
low gravity values estimated are predominantly
associated with crustal scale disturbances, rather
than thickness of the Deccan basalts. Even though
the entire upper to lower crust is highly resistive in
nature, a close look into the model suggests that in
the central part of the section, the upper crust
appears as less resistive (*5000 Xm) relative to
the lower crust which has resistivity of 104 Xm.
Between sites 2 and 3, the shallow level moderate
resistivity (1000 Xm) forms a fracture zone within
the high resistive crust, possibly indication of a
fault. This fractured zone appears to be a fault zone
with upthrown block in western end and downthrown in the eastern block, evidenced by the
topographic variations in the region. The available
BGA values along the proBle (Bgure 2) show a
significant gravity gradient (*50 mGal along the
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35 km length of the proBle) and suggest possibility of
low density medium in the crust. However, as discussed earlier acquisition and modelling of dense
gravity data is warranted in this complex architecture.
In deeper depths of the section, this fracture zone
seems to propagate towards east forming listric
type fault scenario. Similar type of eastward
propagating fractured zone is also shown by
Gokarn et al. (2003) through MT studies in the
northern part of the present study region
(Bgure 10). The listric fault involves a number of
en-echelon faults (marked as dashed solid lines,
both synthetic and anthetetic), some of them sole
into a low-angle master detachment at variable
depths. It is interesting to observe that a majority
of the hypocenters falls above the fault zone
(Bgure 9) and conBne to the moderate conductive
zone C1 that is Canked by the highly resistive
zones. From the model it is evident that the Cexure
region is fault controlled with the presence of dykes
that cuts the basalts.

5.3 Possible explanation for the seismicity
A number of processes are responsible for the
occurrence of intraplate earthquakes. These
include the eAect of continental margin, differential
crustal movements, hotspots, and regional/local
stress due to continental collision (Chandra 1977).
The previous and historic seismicity in the DVP
region is attributed to the isostatic imbalance
caused by huge amount of Cood basalts as well as
subsequent weathering and erosional processes and
possible vertical movements of the crustal blocks
due to removal of large quantities of the supracrustal mass by the erosion of Deccan basalts
(Widdowson and Mitchell 1999). From gravity
studies, it has been suggested that the subsidence
of the local sedimentary basins are accompanied by
complementary uplifts of crustal blocks in response
to isostatic forces which are manifested by the
vertical movements in the region resulting earthquakes in the Deccan shield (Kailasam 1993).
Microseismic studies by Mohan et al. (2007) in the
southern part of the study region, in the Konkan
plains provide evidence of an active fault system
beneath the Panvel Cexure and suggested the
Cexure as potential seismogenic zone. They inferred that failure of the Deccan traps bordered by the
Panvel Cexure and reactivation of basement faults
might be the possible reason for shallow and crustal
earthquakes, respectively. Radhakrishna and
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Mahadevan (2000) suggested that ampliBcation of
stresses is the more dominant factor that renders
parts of the DVP region seismogenic. Considering
the seismicity distribution along with other available geophysical observations, we infer that
majority of the strong resistivity contrast delineated in the study region, attributed as the presence of weak zones/faults, act as a locale for
development of stresses. These stresses are
increased either due to internal tectonic process
within the fractured crustal blocks generated by
intrusion of dykes resulting in brittle fracture of the
surrounding non-deforming media (Skarmeta 2011)
or stimulation of the weak zones by external aid,
possibly due to Cuid (meteoric water) intrusion and
circulation within the crust thus aAecting the
seismic activity of the region.

6. Conclusions
Magnetotelluric investigations carried out along
the Kainad–Kinhawali corridor in the Palghar
district, western Deccan volcanic province infer
complex shallow–upper crustal heterogeneous
structure. The 2D geoelectric structure along the
traverse suggests highly variable composed layer of
basalts and fractured granitic shallow crust bisected by the crustal level maBc intrusives. From
combined interpretation of the geoeletric structure
with the seismicity distribution and the regional
Bouguer gravity anomalies, we infer a crustal-scale
listric type fault system with presence of secondary
small scale faults possibly sole with the master
fault. The present seismic activity could be
attributed to activation of these faults by various
internal and external processes. Sharma et al.
(2020) attributed the Palghar swarm activity to
the aseismic slip driven by Cuid migration at
shallow depth by correlating the seismicity with
the rainfall data and the surface deformation estimated from the InSAR analysis. Our results
showing the distribution of small micro-earthquakes over the entire area of the conductor C1
and moderate earthquakes coinciding with the
interface between the conductor and the highly
resistive basement and intrusive imply that both
Cuids and localization of tectonic stresses should
have an important role in controlling the seismicity
of the Palghar region. Multidisciplinary studies
including 3D MT modelling of the data would
provide better understanding on the tectonic processes that are undergoing in the study region.

J. Earth Syst. Sci. (2020)129:133
Acknowledgements
We thank the Director, CSIR-NGRI for his
encouragement and permission to publish the
work. Michael Becken is acknowledged for providing his distortion analysis code. We thank Dr V
K Gahalaut for sharing the earthquake catalog of
the Palghar swarm activity published by Sharma
et al. (2020). The authors are thankful to Associate
Editor and anonymous reviewers for the critical
and constructive remarks which have helped to
improve the manuscript.

References
Auden J B 1949 Dykes in western India; Trans. Natl. Inst. Sci.
India 3 123–157.
Becken M and Burkhardt H 2004 An ellipticity criterion in
magnetotelluric tensor analysis; Geophys. J. Int. 159
69–82.
Becken M, Ritter O, Park S K, Bedrosian P A, Weckmann U
and Weber M 2008 A deep crustal Cuid channel into the San
Andreas Fault system near ParkBeld, California; Geophys.
J. Int. 173(2) 718–732, https://doi.org/10.1111/j.1365246X.2008.03754.x.
Bhattacharji S, Chatterjee N, Wampler J M, Nayak P N and
Deshmukh S S 1996 Indian intraplate and continental
margin rifting, lithopsheric extension and mantle upwelling
in Deccan Flood Basalt Volcanisam near the K/T
Boundary: Evidence from maBc dike swarms; J. Geol.
104 379–398.
BIS 2002 Bureau of Indian standards, 15 1893 (Part I): 2002,
39p.
Biswas S K 1987 Regional tectonic framework, structure and
evolution of the western continental marginal basins of
India; Tectonophys. 135 307–327.
Booker J R, Favetto A and Pomposiello M C 2005 Low
electrical resistivity associated with plunging of the Nazca
Cat slab beneath Argentina; Nature 429 399–403.
Caldwell T G, Bibby H M and Brown C 2004 The magnetotelluric phase tensor; Geophys. J. Int. 158 457–469.
Chandra U 1977 Earthquakes of peninsular India – a seismotectonic study; Bull. Seismol. Soc. Am. 67(5) 1387–1413.
Chandrasekharam D 1985 Structure and evolution of the
western continental margin of India deduced from gravity,
seismic, geomagnetic and geochronological studies; Phys.
Earth Planet. Int. 41 186–198.
Deshmukh S S and Sehgal M N 1988 MaBc dyke–swarm in
Deccan Volcanic Province of Madhya Pradesh and Maharashtra; In: Deccan Cood basalts (ed.) Subbarao, Geol. Soc.
India Memoir 10 323–340.
Dessai A G, Rock N M S, GriDn B J and Gupta D 1990
Mineralogy and petrology of xenoliths-bearing alkaline
dykes associated with Deccan magmatism, south of
Bombay, India; Eur. J. Mineral. 2 667–685.
Devey and Lightfoot P C 1986 Volcanological and tectonic
control of stratigraphy and structure in the western Deccan
Traps; Bull. Volcanol. 48 195–207.

J. Earth Syst. Sci. (2020)129:133
Duncan R A and Pyle D G 1988 Raid eruption of the Deccan
traps at the cretaceous/tertiary boundary; Nature 333
841–843.
Frost B R and Bucher K 1994 Is water responsible for
geophysical anomalies in the deep continental crust? A
petrological perspective; Tectonophys. 231 293–309.
Gokarn S G, Rao C K, Singh B P and Nayak P N 1992
Magnetotelluric studies across the Kurduwadi gravity
feature; Phys. Earth Planet. Int. 72 58–67.
Gokarn S G, Gupta G, Rao C K and Selvaraj C 2003 Some
interesting observations in the tectonics in the Deccan
Volcanic Province observed from magnetotelluric studies;
J. Virtual Explorer 12 55–65.
GSI 2000 Seismoteconic Atlas of India and its environs; Geol.
Surv. India Spec. Publ., 39p.
GSI-NGRI 2006 Gravity Anomaly Map of India on 1:2 Million
Scale; Geological Survey of India, Hyderabad and National
Geophysical Research Institute, Hyderabad, India.
Guha S K and Padale J G 1981 Seismicity and structure of the
Deccan Trap region; In: Deccan volcanism and related
basalt provinces in other parts of the world (eds) Subbarao
K V and Sukeshwala R N, Geol. Soc. Ind. Memoir, No 3,
Bangalore, pp. 153–164.
Gunnell Y and Fleitout L 1998 Shoulder uplift of the Western
Ghats passive margin, India: A denudational model; Earth
Surf. Process. Landf. 23(5) 391–404.
Gupta H K 2002 A review of recent studies of triggered
earthquakes by artiBcial water reservoirs with special
emphasis on earthquakes in Koyna, India; Earth Sci. Rev.
58 279–310.
Gupta H K and Arora K et al. 2016 Investigations of continued
reservoir triggered seismicity at Koyna, India; In: Tectonics
of the Deccan Large Igneous Province (eds) Mukherjee S,
Misra A A, Calve‘s G and Nemcok M, Geological Society
London, Spec. Publ. 445, https://doi.org/10.1144/
SP445.11.
Gupta H K, Chada R K, Rao M N, Narayana B K, Mandal P,
Ravi Kumar M and Kumar N 1997 The Jabalpur earthquake of 22 May 1997 in the stable continental region of
peninsular India; J. Geol. Soc. India 50 85–91.
Gupta H K, Hari Narain, Rastogi B K and Indra Mohan 1967
A study of the Koyna earthquake of December 10,
1967; Bull. Seismol. Soc. Am. 59(3) 1149–1162.
Gupta H K, Sarma S V S, Harinarayana T and Virupakshi G
1996 Fluids below hypocentral region of the Latur earthquake, India; Geophys. Res. Lett. 23 1569–1572.
Harinarayana T, Patro B P K, Veeraswamy K, Manoj C,
Naganjaneyulu K, Murthy D N and Virupakshi G 2007
Regional geoelectric structure beneath Deccan Volconic
Province of the Indian subcontinent using magnetotellurics;
Tectonophys. 224 66–80.
IMD (India Meteorological Department) 2019, http://www.
imd.gov.in/pages/earthquake˙prelim.php.
ISC (International Seismological Centre) 2019, Online Bulletin, https://doi.org/10.31905/D808B830.
Jones A G 2012 Distortion of magnetotelluric data: Its
identiBcation and removal; In: The Magnetotelluric Method:
Theory and Practice (eds) Chave A D and Jones A G,
Cambridge Univ. Press, New York.
Kaila K L, Reddy P R, Dixit M M and Lazrenko M A 1981
Deep crustal structure at Koyna, Maharashtra indicated by
deep seismic soundings; J. Geol. Soc. India 22 1–16.

Page 15 of 16 133
Kaila K L 1988 Mapping the thickness of Deccan Trap Cows in
India from DSS studies and inferences about a hidden
Mesozoic basin in the Narmada–Tapti region; In: Deccan
Flood Basalts (ed.) Subbarao K V, Geol. Soc. India Memoir
10 91–116.
Kailasam L N 1993 Geophysical and geodynamical aspects of
the Maharashtra earthquake of September 30, 1993; Curr.
Sci. 65(10) 736–739.
Kailasam L N, Murthy B G and Chayanulu A Y S R 1972
Regional gravity studies of the Deccan trap areas of
peninsular India; Curr. Sci. 42 403–407.
Kailasam L N, Reddy A G B, Rao J, Sathyamurthy K and
Murthy B S R 1976 Deep electrical resistivity soundings in
Deccan Trap region; Curr. Sci. 45 4–16.
Kale V S 2010 The Western Ghat: The great escarpment of
India; In: Geomorphological Landscapes of the World (ed.)
Mignon P, Springer, Dordrecht, pp. 257–264.
Li S, Unsworth M J, Booker J R, Wei W, Tan H and Jones A
G 2003 Partial melt of aqueous Cuid in the mid–crust of
Southern Tibet? Constraints from INDEPTH magnetotelluric data; Geophys. J. Int. 153 289–304.
Mahadevan T M and Subbarao K V 1999 Seismicity of the
Deccan Volcanic Province – an evaluation of some endogenous factors; Geol. Soc. India Memoir 43 453–484.
Mahadevan T M 1994 Deep continental Structure of India: A
Review; Geological Society of India, Bangalore, 569p.
Mahesh P, Sateesh A, Charu K, Santosh K, Chopra S and Ravi
Kumar M 2020 Earthquake swarms in Palghar district, Maharashtra, Deccan Volcanic province; Curr. Sci. 118(5) 1–4.
Menzies D C, Teagle D A H, Craw D, Cox S C, Boyce A J,
Barrie C D and Roberts S 2014 Incursion of meteoric waters
into the ductile regime in an active orogen; Earth Planet.
Sci. Lett. 399 1013.
Mishra D C, Tiwari V M and Singh B 2008 Gravity studies in
India and their Geological Significance (eds) Harsh Gupta
and Fareedudduin, Golden Jubilee Memoir Geol. Soc.
India, Recent Adv. Earth Syst. Sci. 66 329–372.
Mohan G, Surve G and Tiwari P 2007 Seismic evidences of
faulting beneath the Panvel Cexure; Curr. Sci. 93(7)
991–996.
Morgan W J 1981 Hot-spot tracks and the opening of Atlantic
and Indian Oceans; In: The Sea (ed.) Emiliani C, WileyInter science, New York 7 443–487.
Patro B P K and Sarma S V S 2007 Trap thickness and the
subtrappean structures related to mode of eruption in the
Deccan Plateau of India: Results from magnetotellurics;
Earth Planets Space 59 75–81.
Patro P K and Sarma S V S 2009 Lithospheric electrical
imaging of the Deccan trap covered region of western India;
J. Geophys. Res. 114(B10), https://doi.org/10.1029/
2007JB005572.
Pavan Kumar G, Manglik A and Thigarajan S 2014 Crustal
geoelectric structure of Sikkim Himalaya and adjoin
Gangetic foreland basin; Tectonophys. 63 238–250.
Pavan Kumar G, Mahesh P, Mehul Nagar, Mahender E,
Virendhar Kumar, Kapil Mohan and Ravi Kumar M
2017 Role of deep crustal Cuids in the genesis of intraplate earthquakes in the Kachchh region, northwestern India;
Geophys. Res. Lett., https://doi.org/10.1002/2017GL072936.
Person M, Mulch A, Teyssler C and Gao Y 2007 Isotope
transport and exchange within metamorphic core complexes; Am. J. Sci. 307 555–589.

133

Page 16 of 16

Peshwa V V and Kale V S 1997 Neotectonics of the Deccan
Traps Province: focus on the Kurduwadi lineament;
J. Geophys. 18 77–86.
Powar K B 1981 Lineament fabric and dyke pattern in the
western part of the Deccan Volcanic Province; In: Deccan
volcanism and related provinces in other parts of the world
(eds) Subbarao K V and Sukheswaka N, Geol. Soc. India
Memoir 3 45–57.
Radhakrishna M and Mahadevan T M 2000 Seismogenesis and
deformation in the Deccan Volcanic Province, peninsular
India; Curr. Sci. 78(6) 734–742.
Rajendaran C P and Rajendran K 2001 The Kilari (Latur)
earthquake: A palaeoseismological perspective; In: Research Highlights in Earth System Science (ed.) Verma O
P, DST, Spec. Vol. 2 Seismicity, India Geological Congress,
pp. 185–200.
Rodi W and Mackie R L 2001 Nonlinear conjugate gradients
algorithm for 2-D magnetotelluric inversion; Geophysics 66
174–187.
Sateesh A, Mahesh P, Singh A P, Kumar S, Chopra S and
Ravi Kumar M 2019 Are earthquake swarms in South
Gujarat, northwestern Deccan Volcanic Province of India
monsoon induced? Environ. Earth Sci. 78 381.
Sharma V, Wadhawan M, Rana N, Sreejith K M, Agrawal R,
Kamra C, Hosalikar K S, Narkhede K V, Suresh G and

Corresponding editor: ARKOPROVO BISWAS

J. Earth Syst. Sci. (2020)129:133
Gahalaut V K 2020 A long duration non-volcanic earthquake sequence in the stable continental region of India:
The Palghar swarm; Tectonophys. 779 228376.
Skarmeta J 2011 Interaction between magmatic and tectonic
stresses during dyke intrusion; Andean Geology 38(2)
393–413.
Wannamaker P E 1999 Affordable magnetotellurics: Interpretation in natural environments; In: Three-Dimensional
Electromagnetics (eds) Oristaglio M and Spies B, SEG,
Tulsa, pp. 349–374.
Wannamaker P E, Jiracek G R, Stodt J A, Caldwell T G,
Gonzlaez V M, McKnight J D and Porter A D 2002 Fluid
generation and pathways beneath an active compressional
orogen, the New Zealand Southern Alps, inferred from
magnetotelluric data; J. Geophys. Res. 107 1–20.
Watts A B and Cox K G 1989 The Deccan Traps: An
interpretation interms of progressive lithospheric Cexure in
response to a migrating load; Earth Planet. Sci. Lett. 93
85–97.
Widdowson M and Mitchell C 1999 Large scale statigraphical,
structural and geomorphological constraints for earthquakes in the southern Deccan traps, India: The case for
denudationally driven seismicity, Deccan Volcanic Province (ed.) Subbarao K V, Geol. Soc. India Memoir 43(1)
425–452.

