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The present-day crustal structure of tectono-magmatic regions is the product of dynamic interactions of
crust and mantle materials. The Narmada–Tapti region is a mosaic of tectono-magmatic signatures and is
characterized by active seismicity, deep-seated faults, shear zones, and high heat Cow, suggesting it to be
a zone of crustal weakness. The availability of ample seismic and magnetotelluric datasets and inherent
complexity drew our attention to image the crustal structure in the third dimension using high-resolution
gravity data. The derived 3D crustal density model shows that the Deccan trap extends from 200–1700 m
partly below the 90–150 m thick Quaternary sediment exposed in some pockets. The sub-trappean
Mesozoic sediment is present at a depth of 250–2400 m followed by the basement. Our 3D model further
shows that the high gravity values in residual anomalies are due to high-density magmatic intrusions
between 1.5 and 9 km depth. The gravity high in regional anomaly is modelled with a broad dome-shaped
high-density (3.02 g/cm3) underplated layer between 14 and 38 km depth. The spatial correlation of
delineated high-density lower crustal body with the high-velocity and high conductivity zones mapped by
earlier workers in this region indicates the possible presence of mantle magma intrusion in the realm
of Deccan volcanism. Analysis of isostatic residual anomaly indicates that the region beneath
Narmada–Tapti is not in local isostatic equilibrium. Analysis of the isostatic residual anomaly, root
depth, and crustal thickness from the 3D model further ascertains the modiBcation of the crust due to the
interaction of mantle plume material. The gravity eAect of residual geoid up to 50 km corroborates the
high-density magmatic material distribution at two different places, i.e., one at Navsari near the west
coast and the other is Junapani near Khandwa. The region has signatures of upliftment and together with
the crustal-scale basic magmatic intrusion, satisBes both high gravity anomalies and positive residual
geoid undulation. The residual geoid undulations are bounded by major tectonic faults and together with
the magmatic underplate at the crustal base indicate that these faults were activated during the Deccan
magmatism.
Keywords. Narmada–Tapti region; 3D gravity modelling; isostatic compensation; geoid undulation;
multistage magmatic intrusion.
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1. Introduction
Anorogenic volcanism, in time and space, is often
characterized by extensional tectonics, intracontinental rifts, mantle plume activities, and hotspots.
The partially molten magma ascending from the
mantle plume often accumulates at the crust base
before scaling further to form the large volcanic
provinces (Ernst et al. 2019 and references therein).
The high-resolution imaging of crustal magmatic
plumbing structure and interworking of crustmantle processes that shaped the Earth’s presentday landscape is of seminal importance for understanding the vertical crustal growth and identify
the places to uncover the hidden resources (Yuan
and Romanowicz 2019). Detection of the possible
presence of organic-rich Mesozoic sediments and
ponding of basalt magma at the crust base is the
subject of increased economic and scientiBc interest
in the trap-covered Narmada–Tapti region
(Bgure 1). In contrast, the lack of data and studies
along this zone renders ambiguity in the existing
models of this region as a horst, graben, or otherwise (Sheth 2018; Kumar et al. 2019).
Four seismic refraction and wide-angle reCection
studies were carried out to decipher the deep
crustal architecture of the region and reanalysed
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during the last couple of years (Tewari et al. 2018).
Sixteen additional seismic proBles were shot
recently to delineate the sub-trappean Mesozoic
sediments in the western segment of the Narmada–Tapti region (Murty et al. 2011, 2014). Short
and long period magnetotelluric data along the
Thuadara–Sindad, Ujjain–Mahan, and Khajuriakalan–Pulgoan proBles are investigated to map
the electrical proxies of the crustal layers (Naganjaneyulu and Santosh 2010; Azeez et al. 2013;
Patro and Sarma 2016). These geophysical investigations provide the velocity and conductivity
distribution in the crust as a proxy to sub-trappean
Mesozoic sediments and magmatic underplate at
the crust base. Due to the restricted access to the
high mountains, these sparsely distributed proBles
provide limited information in two-dimensions.
The details of the crustal conBguration in the third
dimension have not been comprehended thoroughly, and the relationship between the topography and the Moho structure of the Narmada–Tapti
region remains elusive.
Gravity data with better spatial coverage can
abridge the gaps between multiple geophysical
proxies while understanding the complex relationships among surface exhumation and the Moho
conBguration in large igneous provinces (Blaikie

Figure 1. Geological and tectonic map of the study region (modiBed after GSI 1998) backgrounded by SRTM15+ data
(ftp://topex.ucsd.edu/pub/srtm15˙plus/). Solid black lines indicate major faults and dashed black lines indicate major shear
zones. QS: Quaternary Sediments; GS: Gondwana Sediments; AS: Aravalli Supergroup; B: Bhander groups of Vindhyan sediments; G: Granites; DT: Deccan Traps; CITZ: Central Indian Tectonic Zone (indicated by broken white lines); SNF:
Son–Narmada Fault; SNNF: Son–Narmada North Fault; SNSF: Son–Narmada South Fault; TNF: Tapti North Fault; BSF;
Barwani Sukta Fault; GF: Gawaligarh Fault; PF: Purna Fault; KF: Kaddam Fault; TS: Tan Shear; CIS: Central Indian Shear;
SESS: South East Sakoli Shear. Name of the important places are BHA: Bhatkuli; BHU: Bhundmariya; GON: Gontiya; HIN:
Hingoni; JUN: Junapani; NAS: Nasik; NAV: Navsari; PUN: Pune; SON: Sonabardi. The inset map shows the surface geological
boundary of the Deccan trap in central India. The dotted rectangle shows the limits of the region selected for the present study.
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et al. 2012). Having some knowledge of 2D crustal
structure from different geophysical proxies, modelling (forward and inversion) of the gravity
anomalies helps us image the 3D conBguration of
the individual strata present underneath. With the
limited data access, Singh (1998) delineated, for
the Brst time, the 3D shape of the maBc crustal
accretion at the base of the crust. Later, Bhattacharji et al. (2004) generated the 3D model of the
entire crustal structure with the same limited
gravity data-based maps available in the public
domain. Moreover, a precisely modelled crust
would increase the potential to target the natural
resources and understand the regional dynamics.
The gravity data collected in recent years and
maintained at the CSIR-National Geophysical
Research Institute has a well spatial coverage
compared to the earlier gravity datasets
(Bgure 2a). The 3D modelling of high-resolution
crustal density structure, with better constraints
and an extensive gravity dataset, helps us delineate
the subtle layers of sub-trappean Mesozoic sediments and possible magmatic underplate at the
crust base. The derived Moho depth is assessed to
the local isostatic state of the study region. The 3D
crustal model is further evaluated with the residual
Geoid undulation, in brief, to understand the eDcacy of high-density crustal magmatic material on
the surface gravity anomalies (Haxby et al. 1983;
Featherstone 1997). The derived 3D crustal model
links the missing threads of multistage magma
intrusion that led to the atypical geopotential signatures in the Narmada–Tapti region.
2. Geological settings
The Indian shield is a mosaic of ancient continental
domains assembled between the Meso-Archaean
and Neo-Proterozoic (Bgure 1) (Radhakrishna and
Naqvi 1986). All these amalgamated continental
domains are separated by fold (or mobile) belts,
some of which represent sutures (Chetty 2017). An
E–W to ENE–WSW trending Central Indian Fold
Belt is developed between the Bundelkhand Craton
towards the north and the Bastar, Dharwar, and
Singhbhum Cratons to the south (Sharma 2009).
About 180 km wide, Central Indian Fold Belt
comprises four-fold belts, namely, the Mahakoshal,
Satpura (also known as Sausar), Sakoli, and Dongargarh (Sharma 2009). The former two are located between the Bundelkhand and Bastar cratons,
whereas the latter two are located within the
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Bastar Craton. The region bounded by Son–
Narmada North Fault (SNNF) towards the north and
Central Indian Suture (CIS) towards the south is also
referred to as Central Indian Tectonic Zone (CITZ)
(Chetty 2017 and references therein). This crustalscale tectonic feature of the Archaean–Proterozoic
period is a distinguished zone of complex geological
settings in the Indian peninsular shield.
The massive eruption of Deccan Cood basalt
occurred in the Late Cretaceous period (67–65 Ma;
30N–29N) (Pande 2002; Chenet et al. 2007) and
started Cowing from west to east along the preexisting zones of weaknesses in the CITZ (Bhattacharji et al. 1996). This massive volcanism led to
the reactivation process forming an intrusive system all along the western part of the CITZ, referred
here as the Narmada–Tapti region (Chandrasekharam and Parthasarathy 1978; Bhattacharji et al. 1996; Sheth and Chandrasekhram
1997). The Brst phase of the eruption occurred
when the Reunion hotspot was under the
Nasik–Pune region, and the second phase when the
hotspot was underneath the west coast (Chenet
et al. 2007; Ju et al. 2013). The two phases of
extensive Deccan volcanism resulted in the formation of the primary magmatic chamber at the
crust-mantle boundary as an underplated layer (Ju
et al. 2013) and secondary magma chamber at
shallow crustal levels (Bhattacharji et al. 1996) in
the Narmada–Tapti region. Well expressed central
part of the CITZ and outlying Mesozoic sediments
are mostly covered with K–T boundary Deccan
Cood basalts in the Narmada–Tapti zone obliterating its subsurface structure and pre-volcanic
tectonics. Delineating deep crustal structure and
organic-rich Mesozoic sediments in the trap-covered Narmada–Tapti region is a confounding but
vital task. To unravel these hidden features of the
region, we used the high-resolution gravity data
with density as a proxy to the bulk lithological
composition (Blaikie et al. 2012).
3. Previous crustal studies of the
Narmada–Tapti region
The crustal-scale structure of the Narmada–Tapti
region has seismically been investigated in several
studies (e.g., Tewari et al. 2018; Kumar et al. 2019;
Tewari and Kumar 2020 and references therein).
The seismic reCection and wide-angle refraction
data were acquired and analysed during the 1980s
and were reinvestigated during the last two
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Figure 2. (a) Dense gravity data network overlaid on the topography having a maximum elevation of 1430 m; (b) Complete
Bouguer anomaly map with geotectonic features overlaid on it. The solid grey vertical lines are the proBles selected for modelling
of the region from the west (72.75) to the east (79) and horizontal lines from the south (20.5) to the north (23) with a proBle
interval of 0.10. The dark solid lines indicate the locations of four crustal-scale DSS proBles starting from left P1–P10
(Mehmadabad–Billimore), P2–P20 (Thuadara–Sindad), P3–P30 (Ujjain–Mahan), P4–P40 (Khajuriakalan–Pulgoan) in three
segments Seg-1, Seg-2, and Seg-3; and other 16 proBles limited to upper crust from P5–P50 (Mavli–Gulkumar), P6–P60
(Sinor–Valod), P7–P70 (Jhagadia–Rajpipla), P8–P80 (Panoli–Juna–Masda), P9–P90 (Kothar–Sakri), and P10–P100 (Narayanpur–Nandurbar). Models along the proBles P11–P110 to P20–P200 are taken from Prasad et al. (2018) for generating 3D upper
crustal density modelling of the region and showed in a dashed rectangular box.

decades. These proBles include Mehmadabad–
Billimora (P1) (Dixit et al. 2010), Thuadara–
Sindad (P2) (Sridhar et al. 2007), Ujjain–Mahan
(P3) (Tewari and Kumar 2003), and Khajuriakalan–Pulgoan (P4) in three segments (Kumar
et al. 2000), starting from the west to the east.
These proBles explain the crustal velocity-depth
conBguration, emphasizing a normal Moho (32–44
km) and anomalous high-velocity (7.2 km/s) layer

at the crust base. Sixteen additional seismic
reCection proBles are recently investigated for the
shallow crustal velocity structure in the western
segment of the Narmada–Tapti region. These
proBles are Mavli–Gulkumar (P5), Sinor–Valod
(P6), Jhagadia–Rajpipla (P7), Panoli–Juna Masda
(P8), Narayanpur–Nandurbar (P9), and Kothar–
Sakri (P10) (Murty et al. 2011, 2014). These
investigations brought out the well-deBned
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sub-trappean low-velocity layers (Mesozoic sediments) in certain pockets of the region.
Short and long period magnetotelluric data
along the Thuadara–Sindad, Ujjain–Mahan, and
Khajuriakalan–Pulgoan proBles were investigated
to map the electrical proxies of individual crustal
layers (Gokarn et al. 1995; Naganjaneyulu and
Santosh 2010; Azeez et al. 2013; Patro and Sarma
2016). Using power spectrum analysis and single
interface inversion of gravity data, Agarwal et al.
(1994) modelled the Moho structure of central
India. Verma and Banerjee (1992) estimated the
crustal structure of the Narmada–Tapti region
integrating gravity data along the seismic refraction sections and proposed a high-density magmatic intrusion at shallow to mid-crustal levels.
Modifying their model, Singh and Meissner (1995)
and Singh (1998) reported the magmatic underplate at the crustal base. Going ahead, Bhattacharji et al. (2004), Nageswara Rao et al. (2013),
and Prasad et al. (2018) delineated an additional
high-density shallow crustal intrusion at an
approximate depth of 4–10 km.

4. The gravity data
A high-resolution complete Bouguer anomaly map
of the Narmada–Tapti region bounded between the
latitude 20300 –23N and longitude 72450 –78300 E
is generated using 17,839 gravity data measurements (Bgure 2a) collected at a distance of about
2–5 km along the roads over the years under different scientiBc investigations. The observed
gravity data corrected for earth tides and instrumental drift are linked to the IGSN71 gravity
datum. The anomaly values are obtained at each
measuring point by comparing the observed gravity value with a theoretical model based on the
Geodetic Reference System (GRS80) and reduced
to the surface after free-air and Bouguer corrections. The Bouguer slab density is set to 2.67
g/cm3, and terrain correction is achieved by
approximating topographic masses with polyhedrons within a 167 km radius for the regional elevation grid and 24 km for the local elevation grid.
The majority of the stations (*97%) would have
complete Bouguer gravity values accurate to less
than 0.5 mGal (GMSI 2006).
The complete Bouguer anomaly map of the
western part of the CITZ (Narmada–Tapti region)
shows a strong regional component superimposed
by some small wavelength gravity anomalies of
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geological interest (Bgure 2b). The most prominent
feature of the anomaly map is an E–W to
ENE–WSW trending long-wavelength gravity high
along the Narmada–Tapti region with a maximum
value reaching up to +49 mGal (H1) over the
Navsari and a broad negative gravity anomaly of
93 mGal (L4) present over the northern and
southern Canks. The relative gravity high between
the rivers Narmada and Tapti is associated with
the Satpura Mountains. It is an unusual feature
since the elevated region is expected to have a
gravity low due to the isostatic compensation of
the topography. Based on qualitative analysis of
the Bouguer anomaly, Qureshy (1971) concluded
that the anomaly is indicative of a horst type
structure, with the crustal upliftment caused by
the movement of material from the upper mantle
into the crust. Another possible cause of this
anomaly is the high-density intrusive body lying at
the mid-crustal level (Verma and Banerjee 1992;
Mishra and Kumar 2014) or magmatic underplating at the base of the crust (Singh and Meissner
1995; Singh 1998).
Short-wavelength gravity highs (H) and lows
(L) superimposed on the long-wavelength anomalies are expected to be due to the lithological features buried under the Deccan traps (Kailasam
et al. 1972). The maximum value of the Bouguer
anomaly of nearly +49 mGal over the Navsari (H1)
was ascribed to the emplacement of high-density
maBc material risen from the mantle or an accumulation of large volumes of basic material around
volcanic centres, as expected in the realm of Deccan volcanism (Valdiya 1984; Singh 1998). The
relative gravity high H2 (10 mGal), present at
the outer edge of the Cambay basin, is interpreted
as a Moho upwarp, region of shallow mantle depth,
and volcanic intrusive in the crust (Kailasam and
Qureshy 1964). The relative gravity high H3
(25 mGal) indicates the possible extension of the
Aravalli–Delhi Fold belt. The linear belt of broad
gravity high in the Narmada–Tapti region is
characterized by small wavelength relative gravity
highs H4–H6, which are intuitively ascribed to a
shallow basement (Peters and Singh 2001),
increase in the trap thickness, or a high-density
intrusive body within the basement (Venkat Rao
and Nayak 1995; Bhattacharji et al. 2004; Prasad
et al. 2018).
The significant gravity low (L1) present to the
north of the Son–Narmada South fault is due to
lower Palaeozoic to upper Precambrian Vindhyan
sediments. The gravity low (L2) of 90 mGal is
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due to Mesozoic Pachmarhi Gondwana sediments
on the southern end of the Son–Narmada South
fault. Agarwal et al. (1994) concluded that L2 is a
triple rift junction formed by Narmada, Son, and
Godavari rivers. Gravity lows L1 and L2 are separated by an average amplitude relative gravity
high of 54 mGal due to the Mahakoshal belt
(Mesoproterozoic suture) lying in between Vindhyan Basin in the north and Satpura Basin in the
south (Singh et al. 2015). Son–Narmada north and
south faults also separate these two lows. A circular gravity low (L3) is due to the sub-trappean
Gondwana sediments (Mishra et al. 1989) of
northward extending Godavari graben (Verma and
Banerjee 1992). The long-wavelength gravity low
(L4) present to the south of the Satpura Mobile
belt is an imprint of the deeper crust of the south
Indian shield.
5. Crustal density structure from gravity
data
Complete Bouguer anomaly is an ensemble of all
the gravitational attractions of randomly distributed sources lying at different depths. The
decomposition of regional and residual components
from the observed gravity anomaly enables us to
infer the response of subsurface targets at multiple
depths. Though their separation is non-unique,
the frequency Bltering operator is numerically
stable and physically comprehensible when applied
to real, non-random anomalies. Wavelength Bltering is thus one of the most commonly used methods
for regional-residual separation. According to the
technique, the long-wavelength anomalies correspond to deep-seated sources, whereas shortwavelength refers to shallow sources (Spector and
Grant 1970). It may not always be valid as a
sizeable causative body at shallow depths may
have a long-wavelength anomaly.
5.1 Regional-residual separation
In the power spectrum analysis, the straight-line
Btting of linear segments in the wavenumber
plot vs. log of radially averaged power spectra
(Bgure 3) gives the average depth of the sources
(Spector and Grant 1970). The crossover points
of two linear segments provide the cut-oA
wavelength to separate the deep-seated lowfrequency anomalies from the shallow seated
high-frequency anomalies. The long-wavelength

Figure 3. Plot of wavenumber (x-axis) vs. natural logarithmic
of the power spectrum (y-axis). The cut-oA wavelength of 100
km is obtained for separating the regional and residual
anomalies from the complete Bouguer anomaly. The error
and uncertainty in the depth estimation for all three layers are
tabulated in table 1.

anomalies resulting from the Moho discontinuity
have given an average depth of 35 km, followed
by the mid-crustal discontinuity at 13 km and
another density discontinuity at about 9 km.
The depths obtained from the spectral analysis
are akin to the thicknesses proposed for the
various crustal layers by earlier gravity and
seismic studies in central India (Kaila et al.
1992; Mall et al. 1999; Singh et al. 2004;
Nageswara Rao et al. 2013). The spectral depths
are taken with the best linear polynomial Bt of
the Brst order through root-mean-square error
minimization in slope. The inherent uncertainty
in the predicted depth is calculated as se ¼
pﬃﬃﬃ
sd= n ; where sd is the standard deviation and
n is the sample size, and listed in table 1. All
the spectral depths are within the conBdence
interval of B1 km with a maximum of 3 km for
layer-1 (crustal thickness).
From the spectral plot (Bgure 3), the cut-oA
wavelength of 100 km (equivalent to wavenumber
0.01 km1 on the x-axis) is considered to separate
the regional component from the complete Bouguer
anomaly. Butterworth low-pass Blter applied to
complete Bouguer anomaly with 100 km as cut-oA
wavelength separates the regional anomaly
(Bgure 4a) due to the Moho interface from the
observed gravity anomaly. Removing this regional
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Table 1. Statistics of the spectral depths obtained for the gravity and magnetic anomalies over the study region.
Gravity anomaly
Layer
Layer-1
Layer-2
Layer-3

Equation

Depth
(km)

R2

Uncertainty

SD

ConBdence
interval (±km)

Y = 442.51 9 X + 8.89
Y = 172.03 9 X + 5.78
Y = 118.11 9 X + 3.90

35
13
9

0.999
0.9958
0.9936

0.0589
0.0657
0.0656

0.003
0.004
0.005

3.4
1.3
0.6

Figure 4. (a) Regional Bouguer anomaly obtained with a Butterworth low pass Blter using the cut-oA wavelength of 100 km
obtained from spectral analysis. (b) Residual Bouguer anomaly is derived by taking the difference between the observed and the
regional Bouguer anomalies.

component from the complete Bouguer anomaly
provides the residual anomaly that consists of highfrequency anomalies (Bgure 4b). The residual
gravity anomalies are expected to be predominated
by the density distribution at the basement
conBguration.

5.2 The modelling procedure
The three-dimensional crustal structure of the
Narmada–Tapti region is achieved in two steps. At
the outset, the residual gravity anomaly is used to
decipher the upper crustal density structure up to a
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depth of 10 km by constructing a set of 2D
gravity models over the existing seismic proBles
(P5–P20). The velocities obtained along the seismic lines (tables 2 and 3) are converted into densities using Barton’s (1986) relation and are
assigned to respective layers (table 4). We
observed a considerable misBt between the residual
anomaly and calculated gravity response when the
seismic constraints are used as it is to generate the
density structure. Recently, the shallow models of
the eastern part of the study region are analysed
and interpreted the misBt between the residual
anomaly and calculated gravity response in terms
of upper-crustal intrusive (Prasad et al. 2018).
Lithological layers from these seismic constraint
density/gravity models (35 S–N and 10 W–E
trending proBles) are used to create a 2D mesh in
the entire study region. The conBguration of each
lithological layer is extracted from the 2D mesh.
Finally, the upper crustal 3D density model is
prepared iteratively until the best Bt is achieved.
Subsequently, the complete Bouguer anomaly is
used to generate the crustal-scale density/gravity
models along the wide-angle seismic proBles
(P1–P4) incorporating the upper crustal layers
generated above in the initial density model. The
three-dimensional crustal-scale geometry of the
Narmada–Tapti region is modelled following the
procedure mentioned above. Finally, the derived
crustal-scale structure of the study region is corroborated by analysing the isostatic and geoid
anomalies that provide additional arguments supporting long-wavelength anomalies at different
crustal depths.
5.2.1 Upper crustal density structure
Various density distribution combinations can
explain gravity anomalies over a datum, hence,
gravity interpretation is considered non-unique.
Since the gravity response from the basement is the

predominant response in the residual model, we
have modelled the residual gravity response of the
top 10 km of the upper crust consisting of the
Deccan trap, Mesozoic sediments, and the basement layers over 16 seismic proBles.
5.2.1.1 2D models along the selected proBles:
The upper crustal density structure up to a depth
of 10 km is generated by constructing a priori
gravity models over the existing seismic proBles
(P5–P20). Any misBt between the residual anomaly and computed gravity response in 2D modelling is minimized by introducing high-density
intrusive bodies (2.83 g/cm3) in the basement,
adopting the procedure followed by Prasad et al.
(2018). The depth, density, and dimensions of the
upper crustal intrusive were constrained using
ideal body solutions (Parker 1974, 1975; Huestis
and Ander 1983; Blakely 1996). Taking constraints
from the available seismic sections (Murty et al.
2011, 2014) and clue from the previous gravity
study (Prasad et al. 2018), the density models have
been well constructed for six seismic sections,
namely, Mavli–Gulkumar (P5–P50 and Bgure 5a),
Sinor–Valod (P6–P60 and Bgure 5b), Jhagadia–
Rajpipla (P7–P70 and Bgure 5c), Panoli–JunaMasda
(P8–P80 and Bgure 5d), Narayanpur–Nandurbar
(P9–P90 and Bgure 5e), and Kothar–Sakri
(P10–P100 and Bgure 5f). The misBt observed
between the residual gravity anomaly and the
calculated response of the Bnal density model is
shown in Bgure 5(a–f) for every proBle. For the
rest of the proBles (P11–P20), the depth sections
are taken from Prasad et al. (2018) as it is.
5.2.1.2 3D Upper crustal density model: Since
large distances spatially separate the considered
seismic sections, we have modelled another 32 S–N
and 13 W–E proBles (Bgure 2b) over the study
region at an interval of 0.10 by constraining with

Table 2. Velocities of different layers in the seismic proBles for the upper crust used by Murty et al.
(2011, 2014).
Layer

P5–P50
(km/s)

P6–P60
(km/s)

P7–P70
(km/s)

P8–P80
(km/s)

P9–P90
(km/s)

P10–P100
(km/s)

Recent
Quaternary
Eroded trap
Deccan traps
Mesozoic sediments
Basement

–
–
3.4–3.9
5.2–5.4
3.5
5.8–6.1

1.9
–
3.5–4.0
5.1–5.2
3.5
5.8

1.95–2.30
2.70–3.05
–
5.1
3.5
5.9–6.15

1.95
2.65–3.15
3.90–4.5
4.8–5.2
3.5
5.7–6.1

–
–
4.50
5.15–5.25
3.5
5.80–6.05

–
–
4.5–4.7
5.1–5.2
3.5
6.00–6.05
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Table 3. Velocities of different layers in the seismic proBles up to upper mantle (Kaila et al. 1989; Kumar et al. 2000; Tewari and
Kumar 2003; Tewari et al. 2018).
P1–PI
(km/s)

P2–P2
(km/s)

P3–P3
(km/s)

P4–P40
Segment-1
(km/s)

6.1
6.6
6.3
6.7
7.2
8.1

6.0
6.5
6.3
6.7
7.2
8.0

6.0
6.6
6.3
6.8
7.2
8.1

6.1
6.6
6.3
6.8
7.2
8.1

0

Layer
Upper crust
Intrusive
Middle crust
Lower crust
Underplated layer
Moho

0

Table 4. Densities of different layers derived from subsequent
velocities using Barton (1986) for the gravity modelling.
Layer description

Velocity (km/s)

Density (g/cm3)

Recent
Quaternary
Eroded trap
Deccan trap
Basement
Intrusives
Middle crust
Lower crust
Underplated layer
Upper mantle

1.90–2.30
2.65–3.15
3.4–4.7
4.50–5.70
5.70–6.30
6.60
6.30
6.70–6.80
7.20–7.40
8.00–8.12

1.95
2.15–2.20
2.39–2.45
2.45–2.68
2.68–2.78
2.83
2.75
2.86–2.90
3.02
3.30

the six depth sections along the seismic proBles and
ten depth sections of Prasad et al. (2018). Depth
data of various layers from all the forty-Bve 2D
density models are extracted separately to prepare
the surface grids using the kriging method at a 2
km grid interval. Iterative modelling is done to
achieve the minimum misBt between the residual
gravity anomaly and calculated gravity response in
the 3D modelling algorithm. We achieved the
convergence limit on the fourth iteration. The
upper crustal density structure of the study region
up to a depth of 10 km delineates the sub-trappean
Mesozoic sediments and ascertains the presence of
high-density maBc intrusion in the basement
(Bgure 6a). The calculated 3D model response and
misBt obtained for the modelled layers are shown in
Bgures 6(b, c). The 3D upper crustal density model
brings out the presence of 250–2400 m thick subtrappean Mesozoic sediments along the Bhundmariya to Sonabardi tract (Bgure 6a) thickest
being 2400 m near Sonabardi. Recently, Ajithabh
et al. (2020) delineated thick Mesozoic sediments
([2000 m) near Gontya where the present study
delineated 1200–1800 m thick sediments. A high-

0

P4–P40
Segment-2
(km/s)

P4–P40
Segment-3
(km/s)

6.0
5.8
6.3
6.6
7.0
8.0

6.0
5.5
6.5
6.8
7.2
8.0

density maBc intrusive body over major residual
gravity highs is modelled at 1.5–9 km depth.
Thickest being, 9 km below Navsari in the western
part of the study region. Kumar et al. (2000)
delineated anomalous high-velocity layer (6.5–6.7
km/s) in the same depth range which conBrms well
with our high-density bodies.
5.2.2 Crustal-scale density structure
Once the 3D model for the upper crust is generated, we
set for the crustal-scale density model following the
above procedure. Initially, we modelled the complete
Bouguer anomaly along the four seismic proBles up to
the Moho level, namely, Mehmadabad–Billimore
(P1–P10 and Bgure 7a), Thuadara–Sindad (P2–P20
and Bgure 7b), Ujjain–Mahan (P3–P30 and Bgure 7c),
and Khajuriakalan–Pulgoan (P4–P40 , Bgure 7d–f).
Though the scheme of crustal density modelling
adopted for 2D modelling along all the proBles is
the same, we are describing the density model along
the Mehmadabad–Billimore proBle (Bgure 7a) in the
following text.
5.2.2.1 2D density model along the Mehmadabad–
Billimora proBle: The deep seismic sounding study
along a 230-km-long proBle (P1–P10 ) between
Mehmadabad and Billimora (Bgure 2b) was carried
out as early as 1976–1977 (Kaila et al. 1981). The
available analogue refraction and wide-angle
reCection data were later digitized, reprocessed,
and interpreted by Dixit et al. (2010) using better
forward-modelling and inversion techniques. Taking a clue from their reBned 2D seismic section, we
generated our initial crustal density model along
the proBle. Despite large sedimentary Blls, a relative positive gravity anomaly of –3 mGal is
observed over the Mehmadabad along the seismic
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Figure 5. 2D upper crustal gravity modelling along (a) Mavli–Gulkumar (P5–P50 ), (b) Sinor–Valod (P6–P60 ), (c) Jhagadia–
Rajpipla (P7–P70 ), (d) Panoli–JunaMasda (P8–P80 ), (e) Narayanpur–Nandurbar (P9–P90 ), and (f) Kothar–Sakri (P10–P100 ).
Densities are in g/cm3.

proBle (Bgure 7a). A broad gravity low of –25 mGal
falls directly over the Jambusar–Broach regional
syncline. Together with the gravity highs over the
Narmada river and Navsari, the complex tectonic
framework of the west coast is revealed. The calculated response of the initial density model, constrained from the seismic section (Dixit et al. 2010),
broadly follows the low-frequency regional component, whereas a mismatch is still observed in the
high-frequency component of the complete Bouguer gravity anomaly. It is not necessary that the
average velocities can unambiguously be translated
into the density values nor the depths from the
seismic horizon correlates well with the density
discontinuities (Holliger and Kissling 1992).
Trusting the optimized density of the crustal layers
obtained from seismic depth sections, the geometry

of the crustal layer was iteratively modiBed until
convergence is reached with a minimum misBt.
Though the sub-trappean Mesozoic sediment was
not delineated in the seismic section, its possibility
is not ruled out. Whereas, Raju (1968) and Biswas
(1982) strongly believed in the possible presence of
nearly 1200 m thick Mesozoic sediment underneath
the Deccan trap. As suggested, we modelled nearly
1.2 km thick Mesozoic sediment (2.4 g/cm3) below
the Deccan trap. The remaining mismatch in the
high-frequency component of observed and computed relative gravity high anomaly may be due to
the greater thickness of the trap and/or the
absence of a high-density upper crustal intrusive
body delineated in earlier shallow sections. A 10%
modiBcation in the trap thickness and introduction
of a high-density intrusive body in the upper crust
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Figure 5. (Continued.)

yielded a better Bt with the complete Bouguer
anomaly observed along the proBle (Bgure 7a). The
derived density model reveals a 4-km thick Tertiary sediment (2.00–2.35 g/cm3) near Mehmadabad, which reduces to 3.5 km near SP20 and
continues to be thinner towards south to 0.6 km
near SP140 and only 80 m beneath the Navsari.
The thickness of the Deccan trap (2.75 g/cm3)
varies between 0.5 and 1.5 km below the Tertiary
sediments. About 5 km thick high-density (2.83
g/cm3) upper crustal intrusive body lies at an
average depth of 7 km below the two locations at
SP-20 and SP-120, respectively. The considered
density of 3.02 g/cm3 for the high-velocity (7.2 km/
s) layer at the crustal base (Kaila et al. 1989; Dixit
et al. 2010) is well in match with the density
inverted from the velocity Barton’s (1986) and is
reasonably possible near the continental rifts and
passive volcanic margins (Ernst 2014). The 4–20

km thick underplated layer (3.02 g/cm3) varies
from 28 km beneath SP0 to 15 km depth
beneath the Navsari, and the Moho depth varies
from 32 km near Mehmadabad to 39 km near
Billimora.
5.2.2.2 3D crustal density model with GMSYS:
The sparse distribution of these four seismic proBles can hardly image the geometry of the various
crustal layers. To overcome this situation, we
modelled another 32 gravity proBles in the S–N
direction and 13 in the W–E direction covering the
whole study region. Constraints are taken from the
above four models and already generated 3D upper
crustal density structure with a proBle interval of
0.10. We generated a complete 3D crustal density
model with a vertical extent of 45 km encompassing eight layers: Deccan traps, Mesozoic sediments,
basement, upper crustal intrusive, middle crust,
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Figure 5. (Continued.)

lower crust, magmatic intrusion at the crustal
base, and the Moho. A density of 3.30 g/cm3 is
considered for the upper mantle layer of the model.
Trusting the crustal layers obtained from the fortyBve 2D depth sections, the geometry of two
intrusive crustal layers was inverted until convergence is reached with a minimum misBt (Bgure 8a).
The computed and misBt anomalies for the derived
model are shown in Bgure 8(b and c), respectively.
The derived 3D crustal density model of the Narmada–Tapti region consists of four primary upper
crustal layers, namely, Quaternary sediments (2.0
g/cm3), Deccan trap (2.75 g/cm3), Mesozoic sediments (2.4 g/cm3), and basement (2.70 g/cm3)
almost reaching a maximum depth of 10 km followed by the middle and lower crusts with densities
of 2.75 and 2.90 g/cm3, respectively. The density of
the lower crust (2.90 g/cm3) is comparable to
the global crustal density in the range of 2.90–3.0
g/cm3 (Christensen and Mooney 1995). The

anomalous gravity highs in the residual and
regional anomalies are interpreted in terms of highdensity maBc intrusive (2.83 g/cm3) lying at 1.5–9
km depth in the upper crust, which intrudes the
basement and underplated layer (3.02 g/cm3) at
the base of the crust (14–38 km), respectively. The
majority of the Narmada–Tapti region is covered
with a thick pile of Deccan traps and patches of
alluvium sediments extending maximum to 150 m
beneath the Tapti River and the northwestern
margin (near Mehmadabad). The model that has
been transformed into a new crustal density
structure through a priori velocity–density relationship enabled us to infer the lithology and tectonics of the study region. The thickness of various
layers obtained from the 3D model is represented in
Bgure 9 (refer to the Bgure caption for details). The
most notable feature of the derived 3D crustal
density structure is the massive magmatic layer at
the crustal base. The large underplated layer is
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Figure 6. Shallow crustal model (after inversion) beneath Narmada–Tapti region extended up to 10 km depth. The threedimensional view is exaggerated in x (= 1), y (= 1), and z (= 10) directions. (a) The gravity-based upper crustal model
contains Bve layers, namely, Alluvium, Deccan trap, Mesozoic sediment, basement, and intrusives. (b) Calculated gravity
response from the model. (c) MisBt obtained from the residual gravity anomaly and the calculated gravity response.

found between 14 and 38 km depth with a thickness
of 14–20 km beneath the major gravity highs.
Maximum thickness being 20 km at Navsari (H1),
14 km at Hingoni (H4), 18 km at Sonabardi (H5),
17 km at Junapani (H6) and tapers down towards
the Canks. The modelled layer beneath the Narmada–Tapti region is in spatial correlation with
high-velocity (7.2 km/s) (Kaila et al. 1981; Dixit
et al. 2010) and high-conductivity (0–10 X-m)
(Patro and Sarma 2016) layer in the lower crust
and ascribed as the underplated layer (e.g., Singh
and Meissner 1995; Singh 1998, 2002; Thybo and
Artemieva 2013). The voxel model of the modelled

upper crustal intrusive component and underplated layer are shown in Bgure 10. They are
the two secondary magma chambers through which
the basalt melt ascended before the eruption on the
Earth’s surface.
5.3 Extra arguments for crustal densiBcation
5.3.1 Isostatic anomaly
The Airy–Heiskanen hypothesis of isostatic compensation requires/presumes that the gravitational
eAect of topographic masses distributed solely
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Figure 7. 2D gravity modelling along the crustal-scale DSS proBles. (a) Mehmadabad–Billimore (P1–P10 ), (b) Thuadara–
Sindad (P2–P20 ), (c) Ujjain–Mahan (P3–P30 ). The fourth proBle Khajuria–Kalan–Pulgoan (P4–P40 ) is modelled in three
segments: (d) Segment-1, (e) Segment-2, and (f) Segment-3. Densities are in g/cm3.

within the crust and equilibrium state is achieved with
varying thickness in the crustal column. The deCection
observed in the Moho depth is proportionate to the
variation in the topographic load. The expression for
computing the root depth using the topographic

undulation (Chapin 1996) is given in equation (1):
h:qc
T¼
þ D;
ð1Þ
Dq
where T is the isostatic root depth (crust–mantle
boundary); h is the elevation; D is the average
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Figure 7. (Continued.)

crustal thickness at mean sea level, and Dq is the
density difference between mantle and crust
(qm qc ). Generally, an average crustal density of
2.7–2.85 g/cm3 was taken for the root calculation.
Based on the velocity–density relationships, it
appears that the increasing elevation and crustal
thickness are well supported by a decreasing con-

trast in density between the crust and the mantle
(Woollard 1959). Assuming a homogeneous crust,
Woollard (1959) arrived at a density difference of
0.40 g/cm3 as a starting point for root calculation,
which denotes the density contrast (Dq) between
the lower crust (2.9 g/cm3) and the upper mantle
(3.3 g/cm3) (Christensen and Mooney 1995). The
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Figure 7. (Continued.)

topographic elevation h, taken from the SRTM
data
(ftp://topex.ucsd.edu/pub/srtm15˙plus/),
varies from low-lying (100–200 m) alluvial plain
along the west coast to 1450 m over the Satpura
mountain range (Bgure 1). The average mean sea
level crustal thickness D is accepted as 35 km
(Kumar et al. 2011). Since the regional and not the

local topography takes place in isostatic compensation (Subba Rao 2002), a surface load due to the
regional topography of 100 km in wavelength is
considered for the isostatic compensation (Braitenberg et al. 1997). The resultant regional topography is used to determine the isostatic crustal root
T (Bgure 11a). Removal of the root response from
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Figure 8. (a) 3D crustal-scale density structure beneath Narmada–Tapti region, Central India with eight-layered crustal
conBguration. The layers are Alluvial sediments at the top followed by Deccan Traps, Mesozoic sediments, basement, intrusive,
middle crust, lower crust, underplated layer, and Bnally Moho at the bottom. The 3D view is exaggerated in x (1), y (1), and z
(7) directions, (b) calculated response, and (c) misBt obtained for the model.

the complete Bouguer anomaly provides the
residual isostatic gravity Beld (Bgure 11b). The
positive values of the isostatic residual anomalies
(+40 mGal at Navsari, +12 mGal at SE of
Bhundmariya, +15 mGal at South of Hingoni, +15
mGal at Sonabardi, +5 mGal at Bhatkuli, and +28
mGal at Junapani) show that the Narmada–Tapti
region is undercompensated. Intuitively, an
undercompensated isostatic condition indicates a
thinner and/or denser crust than generally

assumed. That the derived Moho (Bgure 9d) is
comparable to the Airy–Heiskanen’s root
(Bgure 11a), the predominantly high isostatic
residual anomaly provides an extra argument for
the delineated high-density intra-crustal magmatic
material beneath the region (Bgure 11b). Due to
the existence of positive topography (Bgure 2a),
high Bouguer gravity (Bgure 2b), normal crustal
column (Bgure 11a) isostatic residual anomaly
(Bgure 11b), we infer that the Narmada–Tapti
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Figure 9. Depth to top of the layers obtained in the 3D modelling. (a) Deccan Trap, (b) Mesozoic sediments, (c) middle crust,
and (d) Moho obtained from seismic data.

region consists of excess masses, at different crustal
levels. Besides, our derived crustal structure rules
out the assumption of horst structure (Qureshy
1964) but reinforces the incorporation of highdensity magmatic material from the upper mantle
into the crust (Qureshy 1971). The negative isostatic residual anomalies (30 to 55 mGal)
observed to the north of the Son–Narmada–South
fault and south of the Tapti fault are due to the
absence of the crustal magmatic intrusion and/or
greater thickness of the crust (40–44 km) in these
regions (Bgure 10).
5.3.2 Geoid anomalies
We further correlated the impact of delineated
crustal high-density distribution on the Geoid

undulations using satellite-derived Geoid model
EGM2008 taken from GFZ Potsdam (http://
icgem.gfz-potsdam.de/home). The datasets used
in EGM2008 include terrestrial acquired data on
land, marine gravity data from satellite altimetry
(with very high resolution and long-wavelength
integrity), and data obtained from GRACE data
models complete up to degree and order 2159
(Pavlis et al. 2012). Assuming that each spherical
harmonic degree corresponds to the wavelength
of the Geoid, and the long-wavelength has a
contribution from the deep-seated sources and
short-wavelength from the shallow sources, the
Geoid residual (Rn) is obtained by subtracting
the truncated expansion of the Geoid (Nn)
to the full Geoid expansion (Ntotal), that is,
Rn =Ntotal  Nn to emphasize the shallower
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Figure 9. (Continued.)

anomalous sources. According to Featherstone
(1997), the geoid undulation of the harmonic
degree of over and above 129 gives the geoid
undulation up to a depth of 50 km (Bgure 12a).
The visual inspection of the residual geoid
undulation shows linearly aligned three elliptical
Geoid highs. These positive undulations indicate
the possible presence of three centres of highdensity magmatic material in the Narmada–Tapti
region.
The gravity eAect of the residual geoid undulation up to the depth z is computed using the
relation given by Haxby et al. (1983) as:
Dg ¼

2pcN
;
k

ð2Þ

where c is the average acceleration due to gravity
of the Earth (980,000 mGal) and k = (3609z)/

(R+z) is the wavelength (in arc degree) of the geoid
undulation at Earth radius (R) (Featherstone
1997). The computed gravity anomaly shows three
distinct highs in the central region. The anomaly
near Bhundmariya is trending in the ENE–WSW
direction Canked by the Tapti fault (TF) and
Son–Narmada Fault (SNF) (Bgure 12b). The
anomaly near Gontya is almost trending in W–E to
WNW–ESE direction Canked by Barwani–Sukta
fault (BSF) towards north and Tapti fault (TF) to
its south. The NE–SW trending gravity anomaly
over Junapani in the eastern part, bounded by
Tapti fault (TF) and Gawaligarh fault (GF) in its
north and south ends, respectively, is relatively
large as compared to the other two highs. The
comparable amplitude of gravity anomaly derived
from residual geoid undulation (Bgure 12b) and the
gravity anomaly obtained by calculating the
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Figure 10. Voxel model of the intruded material with intrusives at the top and underplated layer at the bottom into the crustal
column beneath the Narmada–Tapti region. Purple colour indicates intrusive in the upper crust and red colour indicates the
underplated layer at the crustal base.

forward response of the high-density underplated
layer (Bgure 12c) reafBrm the presence of underplate at the crust base.
6. Results and discussion
Evaluation of Bouguer gravity anomaly together
with the topography and geoid data provides new
insights to understand the density distribution at
various depths within the crust. The most
notable features of the gravity-based crustal
density structure of the Narmada–Tapti region
are the sub-trappean Mesozoic sediments
(Bgure 9b), and two intrusive layers at shallow
and deeper levels (Bgure 10). Isostatic residual
anomaly and residual geoid undulation provide
extra arguments for the possible presence of highdensity mantle material in the continental crust.
A positive correlation in elevation, free-air
anomaly, complete Bouguer anomaly, and isostatic anomaly suggests a lack of isostatic compensation due to the horst structure beneath the
region (Qureshy 1964). Airy–Heiskanen’s isostatic
anomaly and residual geoid undulations provide
additional evidence related to the crustal densiBcation through the impounding of magmatic
material. Based on the comparable Moho derived
by our 3D modelling (Bgure 9d) and isostatic
root (Bgure 11b), we suggest that the expected
root response was compensated by the magmatic
intrusion into the lower crust, producing the
observed high-gravity anomaly over the uplifted

topographic regions. A similar situation is also
observed in southern Brazil, the Afro-Arabian
region, southern Africa, and North Atlantic
Igneous Province (Cox 1989; Saunders et al.
1997).

6.1 Multistage magmatic intrusion
The most significant feature of our 3D density
model is the presence of high-density maBc intrusive layers at two crustal levels, Brst as vertically
elongated conical-shaped maBc intrusive bodies
beneath the residual gravity highs lying at 1.5–9
km depth (Bgure 10). The thickness of the upper
crustal intrusive body reached nearly 7–8 km at a
maximum depth of almost 9 km and continued up
to the western border of the Narmada–Tapti
region. The long-wavelength regional gravity
anomaly delineated a high-density (3.02 g/cm3)
maBc intrusive layer at the base of the crust. About
15–20 km thick intrusive layer beneath one of the
main feeders at Navsari along the west coast tapers
down to 4 km and less towards the easternmost
side (Bgure 8a). The northern and southern extent
of the ponded basaltic melt restricted between the
two faulted Canks indicates that these two zones of
weakness must have played a critical role as
magma conduits (Bhattacharji et al. 1996).
The high-density material at two crustal levels is
mainly composed of maBc material emplaced in the
intraplate settings originating primarily due to the
mantle plumes emanating from the core-mantle
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Figure 11. (a) Isostatic crustal thickness computed using Airy compensation model. (b) The corresponding isostatic residual
gravity anomaly map. The blue (cold) colour indicates the regions of over-compensation where the Moho is expected to be deeper
than the normal and the red/pink (hot) colour indicates the regions of under-compensation where Moho is expected to be
shallower than the normal.

boundary and is interpreted to be an extensive
intrusive component of the Deccan volcanism
(Campbell and GrifBths 1990; Bryan et al. 2007;
Thybo and Artemieva 2013). The delineated crustal magmatic underplate beneath the Narmada–Tapti region is a part of the complete
volcanic packages of Deccan Cood basalts, which is
expected to include an appropriate plumbing system of maBc dyke swarms, maBc sill complexes,
and layered maBc-ultramaBc intrusions (Ernst
et al. 2019; Srivastava et al. 2019). Understanding
the emplacement of these high-density multistage
magmatic intrusions and associated components of
the plumbing system in the realm of K–T boundary, Deccan volcanism gives the right perspective
of crust-mantle interactions in the Narmada–Tapti
region.

6.2 Role of Deccan mantle plume
The deep mantle plume plays a crucial role in
transporting the hot, molten mantle material from
the deeper parts of the Earth to the crustal depths
through narrow channels (Ernst 2014). The
upwelling of mantle material along the western
continental margin of India triggered the melting
of the enriched subcontinental lithospheric mantle, resulting in massive magmatic material
(White and McKenzie 1989). The molten mantle
material of rising parental magma diverges laterally in an area with a strong viscosity gradient,
such as the continental lower crust, which acts as
the decoupling zones, attracting lateral movements of upward migrating plume material
(Meissner 1986). In this process, the lower crustal
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Figure 12. (a) Residual geoid undulations computed using EGM2008 global geoid model at spherical harmonic degree and order
129 that represents the anomaly up to 50 km depth (Featherstone 1997); (b) the corresponding gravity anomaly of the residual
geoid; and (c) the difference between the computed gravity eAect from residual geoid and the underplated layer at the crust base.

material is profoundly modiBed by the interaction
of upper mantle material, resulting in magnesiumrich material with seismic velocities having more

than 7.2 km/s that will give a comparable density
of 3.02 g/cm3 (White and McKenzie 1989).
Underplated layers of a few km to more than
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Figure 13. Schematic model of the formation of the topography, a manifestation of different types of dykes genetically linked to
the Deccan Igneous Province (Srivastava et al. 2019).

20 km thickness with intermediate velocities
ranging in between the lower crust and the upper
mantle are common around the globe (CoDn and
Eldholm 1994; Thybo and Artemieva 2013; Ernst
2014; Deng et al. 2016; Wang et al. 2016; Ernst
et al. 2019). In India, similar underplating is also
observed beneath the Rajmahal traps (Singh et al.
2004) and the Malani Igneous Suite (Prakash
et al. 2020). Before cooling, the migrated mantle
magma supplied additional heat for the lower
crustal partial melting, ensuing significant magma
melt (White and McKenzie 1989). Due to the
density difference between the magma melts and
lower crust and thermal Cux, a part of the parental magma continues to ascent upward through
the lower crust. The melts may get trapped and
crystallized into several intermediate layers as silllike intrusions (Bryan et al. 2010) delineated here
between 1.5 and 9 km depths (Bgure 10) (Bhattacharji et al. 1996). The intrusive magmatic
material in the upper part of the crust having
sufBcient thermal Cux may ascend further to the
surface in the form of linear, radiating, and circumferential dykes, volcanoes, and caldera complexes (Buchan and Ernst 2018, 2019). The
intrusive dykes in the Narmada–Tapti region are
trending in the NE–SW direction (Bhattacharji
et al. 1996). Besides, uplifted topographic
expression is another important imprint of Late

Cretaceous multistage magmatic intrusion associated
with Deccan volcanism.

6.3 Surface expressions
When a plume rises beneath a continent, the
dynamic and thermal Cux, responsible for the multistage magmatic intrusion, may also produce an
upliftment of about 2 km at the centre of the
plume head. Notably, the viscous drag exerted by
the typical plume Cow at the bottom of the
lithosphere results in a dome-shaped crest, giving
rise to a regional topographic uplift over the
area. The associated radial drainage network is
another imprint in the mantle plume head
regions (Cox 1989; Sembroni et al. 2021). The
Late Cretaceous domal up-warping and subsidence in morphology with rifted crest and radiating drainage patterns are observed in the
Deccan volcanic province (Bgure 13). The uplifted
region boosts the Cow direction away from the
plume head except those following the rifted crest
(Cox 1989). A combination of stratigraphic relationships, incision patterns, and the great distances over which Deccan lavas Cowed, imply that
eastward-directed drainage patterns were established by Palaeocene (Cox 1989; Sheth 2007;
Richards et al. 2016).
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The presence of radiating dykes over Navsari,
linear dykes all along the Narmada–Tapti region
(Bhattacharji et al. 1996), and circular dykes
(Srivastava et al. 2019) postulates the presence of
multistage magmatic intrusions in central India
with main feeder dykes between Navsari and
Bombay on the west coast (Valdiya 1984; Negi
et al. 1992) as found globally in Large Igneous
Provinces (Buchan and Ernst 2021). The 2D
and 3D gravity modelling (Bgures 7–10) with
multistage magmatic intrusion is thus associated
with the surface expressions like domal up-warp
with rifted crest (Cox 1989), typical drainage
patterns (e.g., Sembroni et al. 2021), giant radial,
circumferential, and radiating dyke swarms
(Bhattacharji et al. 1996; Srivastava et al. 2019).
The present study thus genetically links the
various elements of the geological, geophysical,
and topographic signatures through multistage
magmatic intrusion, using gravity and geoid
data.

6.4 Thermal maturation of Mesozoic sediments
The 3D modelling shows that the northwestern
quadrant of the study area (Bgure 9b) has 250–2400
m thick Mesozoic sediments at a depth of about
500–3000 m. The most considerable thickness of
the Mesozoic sediments is observed beneath
Bhatkuli, which has also been reported while
reanalyzing the seismic (Sridhar and Tewari 2001)
and magnetotelluric (Patro and Sarma 2007) data,
respectively. The thick Mesozoic column illustrates
the potential for appropriate environments (such
as rift-Blled sediments) to develop hydrocarbon
source rocks, sufBcient heat for thermal maturity
(Shanker 1988) structures for reservoirs and seals,
suggesting bright prospects in the study region.
The presence of C1–C5 hydrocarbons in the
adsorbed soil gases in samples collected from parts
of the Deccan Syneclise indicates that hydrocarbon
generation has taken place in the region, and gases
are derived from a thermogenic source (Kumar
et al. 2014; Talukdar and Behera 2018 and the
references therein). These were thought to be
formed due to the thermal Cux caused by the
Deccan volcanism. The hot mantle material interacts with the crustal rocks, thereby decreases the
solidus temperatures and transfers the heat due to
the plume buoyant Cux resulting in the rise of
regional geotherm (Beccaluva et al. 2009). The
thermal Cux acted as a catalyst in the formation of
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sub-trappean sediments and is covered by Deccan
traps at their top. The heat generated from the
trap also played an essential role in the maturation
level of the Mesozoic sediments. The thickness of
the trap is directly proportional to the thermal
maturation level of the sediments. The numerical
simulation of the thermal maturation level, age,
and thickness of the trap over the Thuadara–Sindad seismic proBle conBrms that the sub-trappean
complexes like the Lower Jurassic, Triassic, Permian, and Carboniferous rocks, in general, do occur
in the oil window even when the formation of the
trap is quicker/instantaneous (Galushkin 2016).

7. Conclusions
The Narmada–Tapti region is a mosaic of diverse
tectono-magmatic signatures since Archaean.
Despite numerous geophysical investigations, the
Narmada–Tapti region still lacks the three-dimensional crustal conBguration of high-resolution.
A complete 3D crustal density model, covering an
area of 8409334 km2 with a vertical extent of 50
km providing a more realistic approximation is
delineated. Our 3D gravity modelling, well-constrained with wide-angle seismic reCection sections
gives us detailed evidence for the origin and evolution of the deep crustal structure. Despite limitations, the results presented in the present study
are, by far, more consistent and shed some light on
the crustal architecture and tectonics of west-central India. Notable conclusions drawn from the
present study are:
• About 250–2400 m thick Mesozoic sediments
delineated at a depth of about 500–3000 m
illustrate the potential for hydrocarbon exploration in the Narmada–Tapti region.
• The abnormal high gravity anomalies in residual
and regional components indicate high-density
bodies at the upper- and lower-crustal levels.
The delineated high-density maBc intrusions at
1.5–9 km and broad domal shaped underplated
layer between 14 and 38 km present themselves
as a multistage magmatic intrusion of maBc
mantle material.
• The positive isostatic anomaly over Narmada–
Tapti region indicate lack of isostatic compensation. The positive isostatic anomaly together with
geoid undulation further indicates the densiBcation
of the crust due to the interaction of mantle plume
material.
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• The faults bordering major gravity highs might
have provided the necessary pathways for largescale crustal emplacement beneath the Narmada–Tapti region. The giant linear, radial
and circumferential dyke swarms, upper crustal
intrusives, underplated layer, uplifted topography, high heat Cow anomalies conBrm the
intense crust-mantle interactions through multistage magmatic intrusions.
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