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A B S T R A C T

Broad-band and long-period magnetotelluric (MT) data were acquired across an east-west trending traverse of
nearly 200 km across the Kachchh, Cambay rift basins, and Aravalli–Delhi fold belt (ADFB), western India. The
regional strike analysis of MT data indicated an approximate N59�E geoelectric strike direction under the traverse
and it is in fair agreement with the predominant geological strike in the study area. The decomposed transverse
electric (TE)- and transverse magnetic (TM)- data modes were inverted using a nonlinear conjugate gradient
algorithm to image the electrical lithospheric structure across the Cambay rift basin and its surrounding regions.
These studies show a thick (~1–5 km) layer of conductive Tertiary–Mesozoic sediments beneath the Kachchh and
Cambay rift basins. The resistive blocks indicate presence of basic/ultrabasic volcanic intrusives, depleted mantle
lithosphere, and different Precambrian structural units. The crustal conductor delineated within the ADFB in-
dicates the presence of fluids within the fault zones, sulfide mineralization within polyphase metamorphic rocks,
and/or Aravalli-Delhi sediments/metasediments. The observed conductive anomalies beneath the Cambay rift
basin indicate the presence of basaltic underplating, volatile (CO2, H2O) enriched melts and channelization of
melt fractions/fluids into crustal depths that occurred due to plume–lithosphere interactions. The variations in
electrical resistivity observed across the profile indicate that the impact of Reunion plume on lithospheric
structures of the Cambay rift basin is more dominant at western continental margin of India (WCMI) and thus
support the hypothesis proposed by Campbell & Griffiths about the plume–lithosphere interactions.
1. Introduction

A mantle plume is an abnormal upwelling of hot rock at mantle
depths. The mantle plume heads can partially melt the overlying litho-
sphere as they reach to shallower depths, often leading to the basaltic
eruptions, which are one of the major surface manifestations of plumes
(Morgan, 1971). The plume–lithosphere interactions result in continental
stretching, lithospheric thinning, changes in thermal and physical prop-
erties, and the development of magma chambers at upper mantle depths.
The formation of magma chambers along the fractures, faults, and line-
aments are significant for rapid and wide-spread volcanism as observed
across the world, mainly: Deccan traps (65 � 1 Ma) at western India,
Ethiopia (30 � 1 Ma), Karoo (183 � 2 Ma), Etendeka (133 � 1 Ma) traps
of Africa, Madagascar traps (88� 1 Ma), Emeishan traps (259� 3 Ma) of
).
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southwestern China, Siberian Traps (250 � 1 Ma) of Russia, Columbia
river basalts (16 � 1 Ma), and Parana traps (133 � 1 Ma) of South
America (Mahoney and Coffin, 1997; Courtillot and Renne, 2003; Taylor,
2006).

The western continental margin of India (WCMI) is a structural ar-
chitecture that mainly evolved during different stages of the Mid-
Cretaceous and the Tertiary (Courtillot et al., 1988; White and McKen-
zie, 1989; Storey et al., 1995; Bhattacharya and Chaubey, 2001 and
references therein). It is controlled by two major geodynamic events,
namely Reunion hotspot activity, and Indo-Eurasian continental plate
collision. The interaction of the Reunion hotspot with the continental
lithosphere resulted in a huge basaltic eruption that was spread across
the WCMI. This eruption is popularly known as the Deccan volcanic
province (DVP), which is marked as K–T boundary ~ 65 Ma ago (Duncan
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and Pyle, 1988; Bhatacharji et al., 1996; Raval and Veeraswamy, 2000;
Veeraswamy and Raval, 2004). The basaltic eruption inferred to be late
syn-rift-to-breakup volcanism that is contemporaneous with separation
between Seychelles and India. The Deccan volcanic eruption brought
stratigraphic changes across the WCMI. It resulted in Precambrian
basement overlain by Mesozoic sediments capped by Deccan traps with
thin unit of Cenozoic sediments at the top. The large thickness of sedi-
ments within the rift basins and tectonic activity across the WCMI has
garnered much attention in the geophysical research community (Kaila
et al., 1990; Tewari et al., 1991, 1995; 1997; Mishra et al., 1998, 2005;
Chandrasekhar and Mishra, 2002; Sastry et al., 2008; Dixit et al., 2010).

The Kachchh, Cambay and Narmada basins are three marginal rift
basins in the WCMI (Fig. 1). It is believed that the plume–lithosphere
interactions led to significant geophysical changes in the deeper struc-
tures of these rift basins. The Kachchh and Narmada rift basins have been
studied by various geophysical investigations to address the impact of the
Reunion plume interactions and have delineated various magma cham-
bers and intrusive components triggered by the Indian continent north-
ward drift over the Reunion mantle plume (Rao et al., 2004;
Naganjaneyulu et al., 2010; Naganjaneyulu and Santosh, 2010; Abdul
Azeez et al., 2013; Patro and Sarma, 2016). However, the deeper struc-
ture of Cambay rift basin is not well studied even though the plume track
is located near the Saurashtra and Cambay rift junction (Campbell and
Fig. 1. Regional geological map of the western India (modified from Biswas, 1982,
triangles represent BBMT stations, and red star for Mehsana town.
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Griffiths, 1990). Various geophysical investigations were conducted over
the Cambay rift basin have focused only on hydrocarbon prospecting,
understanding the crustal structure, and tectonic activity (Kaila et al.,
1990; Tewari et al., 1991, 1995; 1997; Mishra et al., 1998; Dixit et al.,
2010). Though several magnetotelluric (MT) studies have been carried
out to study the deeper structure of Mesozoic rift basins and its relation to
tectonics of WCMI (Rao et al., 2004; Naganjaneyulu and Santosh, 2010;
Abdul Azeez et al., 2013; Patro and Sarma, 2016; Danda et al., 2017;
Kumar et al., 2018 and references therein), the impact of plume–litho-
sphere interactions in the Cambay rift basin is not yet clear. With the
plume impingement on the lithosphere, partial melting of large plume
head and/or hydrothermal circulation propagating through fissures and
fractures can significantly enhance the electrical conductivity of the
lithosphere. Therefore, knowledge of the electrical conductivity distri-
bution can provide independent constraints in tracking the degree of
plume–lithosphere interactions. Since electrical resistivity is one of the
unique parameter for understanding the fluid, thermal imprints, and
magmatic processes at various depths (Haak and Hutton, 1986; Jones,
1992, 1999; Wannamaker, 2005), we have carried out an MT study to
understand the impact of the Reunion plume on the crust and mantle
structures of the Cambay rift basin, western India (Fig. 1). This study may
provide some insights to fulfill the geophysical data gaps and it will
significantly contribute to a better understanding of the subsurface
1987; Mishra et al., 1998). Red triangles represent LMT þ BBMT stations, blue
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processes in relation to the lithospheric structure of the Cambay rift zone,
western India.

2. Geological setting

The Kachchh, Cambay and Narmada rift basins in the WCMI have
witnessed complex tectonic histories including Late Cretaceous Deccan
volcanic eruption. These basins formed during the northward drift of
Indian continent after its breakup from Gondwanaland during the
Mesozoic era (Biswas, 1982, 1987) and synchronous with major tectonic
events of the Indian plate. These basins were formed by rifting along the
three major Precambrian tectonic trends of western India (Fig. 1),
Dharwar (NNW–SSE), Aravalli–Delhi (NE–SW) and Satpura (ENE–WSW),
which controlled the tectonic style of the basins. Northward extension of
the NNW–SSE Dharwar trend into the western part of the Indian shield
gave rise to the Cambay graben, which formed mainly in the Tertiary.
The NE–SW Aravalli–Delhi trend splits into three directional compo-
nents: main NE–SW Aravalli trend, E–W Delhi trend, and ENE–WSW
Satpura trend. The NE–SW Aravalli trend continues across the Cambay
basin into Saurashtra, E–W Delhi trend continues into Kachchh basin by
forming a series of step faults, and the ENE–WSW Satpura trend bends
counter clockwise direction (Fig. 1). All these basins originated in
different times of the Mesozoic with varying sedimentary thickness.
Among these basins, the Kachchh basin has the longest Mesozoic record,
which was deposited by transgressive and regressive cycles over the
Precambrian basement (Biswas, 1982, 1987). The syn-rift basaltic
eruption has subdued the early rifting effects and formed Deccan basaltic
basement upon which marine and lagoonal sediments were deposited
until the rifting ceased (Biswas, 1982, 1987). The DVP occupies western
and central parts of the Indian peninsula and covers more than a half
million sq. km area of it. The DVP is generated by plume–lithosphere
interactions in decompression melting and contamination process and
were produced by the melts occurring through olivine-fractionation near
the Moho and then further gabbroic fractionation within the crust (Sen,
2001). DVP is characterized by a number of acidic, basic dykes and
volcanic plugs. It is dominantly composed with tholeiitic basalts, signif-
icant volumes of alkali basalts. Within the peripheral regions of rift zones,
the DVP is composed of nephelinites, basanites, picrites, and carbonatites
(Sen et al., 2009).

3. Previous geophysical studies

Several geophysical studies were carried out to understand the
structural and tectonic processes of WCMI. Here, we discuss various
geophysical studies that are related to the structural and evolutionary
processes of the rift basins associated with plume–lithosphere
interactions.

Gravity and magnetic studies (Chandrasekhar and Mishra, 2002;
Mishra et al., 2005) have inferred a sediment thickness of 3–5 km across
the Kachchh basin, and the various gravity highs and lows represent
mafic intrusions and mass deficiencies within the crust or Moho. These
results indicate that various faults and uplifts control the basement, and
this is further supported by the receiver function and seismic studies
(Gupta et al., 2001; Kumar et al., 2001; Kayal et al., 2002) in the region.
Three-dimensional gravity modelling of the Kachchh basin by Seshu et al.
(2016) showed large variations in Bouguer gravity. Anomalies of the
order of -20 to 45 mGal in the region are attributed to either high density
bodies within the crust or variations in the crustal thickness. The struc-
tural complexity identified as subsiding and uplifting blocks, which are
reflected as enormous gravity gradients, indicate strong heterogeneities
in the underlying rheology of the region (Chandrasekhar et al., 2002;
Kayal et al., 2012). The MT studies (Sastry et al., 2008; Naganjaneyulu
et al., 2010; Mohan et al., 2015; Kumar et al., 2017) carried out in
different parts of the Kachchh rift basin concluded that fault zones,
characterized by the presence of fluids, indicate subsurface
heterogeneities.
3

Gravity studies over the Cambay rift basin have inferred 2–3 km thick
sediments over ridges, 5–6 km over depressions, and Moho depth around
30–32 km (Tewari et al., 1991, 1995; Mishra et al., 1998). These studies
inferred that the gravity highs within the Cambay basin were due to
intrusions from the upper mantle and high density lower crust was a
resultant of Moho upwarp. Deep seismic sounding studies (Kaila et al.,
1990; Tewari et al., 1991, 1997; Dixit et al., 2010) concluded that a high
velocity layer in the lower crust represents magmatic underplating of the
crust due to Moho upwarp during Deccan basaltic eruption and reported
a Moho depth at 31–33 km. These studies concluded that mantle upwarp,
continental rifting and crustal extension are due to Deccan basaltic
eruption. It is believed that crustal portions are affected by the Reunion
plume and its signatures have been recognized through Cambay rift basin
to the east side of Saurashtra block (Campbell and Griffiths, 1990).

The study of near-surface shear velocities (NSV) from a network of 58
permanent broadband stations (Rao et al., 2015) sited over diverse tec-
tonic blocks of the northwestern DVP reveals underplated crust beneath
the Kachchh, Cambay, and Saurashtra regions. The large Vp/Vs ratios
(1.8–2.05) obtained by this study beneath the Kachchh basin was inter-
preted to represent mafic/ultramafic crust, which provides evidence for
magmatic underplating. Also, the above authors interpreted the small
NSV values (1.03–2.25) and average Vp/Vs (~1.67) of Cambay rift basin
as due to the presence of sediments and felsic crust within the basin, with
an average crustal thickness of 32.5 km, which is corroborated by deep
seismic and gravity studies across the basin (Kaila et al., 1981, 1990;
Singh et al., 2003).

Geothermal studies (Verma et al., 1968; Gupta, 1981; Panda and
Dutta, 1985; Sonam et al., 2013) have been carried out over the Cambay
rift zone to correlate heat flow with tectonics of the basin and have
characterized the Cambay rift basin as a high heat flow region. The
thermal studies from bottom hole measurements also reported high
(20–75 �C/km) thermal gradients. These studies concluded that igneous
intrusions beneath the crust was the main reason for high heat flow in the
region. Kumar et al. (2016) reported the presence of carbonate partial
melt beneath the Cambay rift basin, leading to a ~10% reduction in shear
wave velocity at ~60 km depth, suggests a shallow lithosphere. MT
studies carried out across the Cambay rift basin inferred that the high
conductivity anomalies in the lower crust are due to the presence of
magmatic underplating and partial melts associated with
mafic/ultra-mafic intrusions related to the plume–lithosphere in-
teractions (Danda et al., 2017; Kumar et al., 2018).

The geophysical studies carried out across these basins have reported
various mafic/ultramafic intrusions, subsurface heterogeneities and ev-
idence for magmatic underplating, partial melt and possible source
mechanisms for the intraplate earthquakes. As many of these studies
were focused up to Moho depths, the present MT study will provide a link
between the various subsurface processes and the geophysical changes
across these basins in relation to plume–lithosphere interactions.

4. MT data acquisition, processing and analysis

Magnetotelluric soundings were made at 29 stations along an E–W
profile with a length of approximately 200 km across Mehsana and its
surrounding region between 71�380E�73�330E and 23�280N–23�300N, as
shown in Fig. 1. The MT data were acquired along the profile with two
sets of instruments: (i) Broadband magnetotellurics (BBMT) (period
range 0.003–3000 s) of Phoenix Geophysics MTU-5 systems and (ii) long
period magnetotellurics (LMT) (period range 10–30,000 s) of LEMI sys-
tems of LIVIV, Ukraine. LMT data were acquired at 12 stations for 18–22
days with a station spacing of ~20 km, while BBMT data acquired at 29
stations (including 12 at LMT stations) for 30–40 h with a station spacing
of ~ 5–6 km. The BBMT data were obtained in remote reference mode,
using three induction coil magnetometers for measuring the three
orthogonal components of magnetic field variations viz., Hx, Hy, and Hz,
whereas ring core fluxgate magnetometer was used to measure magnetic
field variations of LMT data. The Pb/PbCl electrode pairs in north-south,
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east-west orthogonal directions having a dipole length of 60 m were used
for measuring electric field variations, Ex and Ey. The BBMT time series
data were processed using robust remote reference technique imple-
mented in SSMT 2000 software package provided by Phoenix Geophysics
system (Jones and J€odicke, 1984; Jones et al., 1989). The LMT data were
processed using LEMIMT software package provided by the LIVIV,
Ukraine (Egbert and Booker, 1986; Eisel and Egbert, 2001). Both the
BBMT and LMT datasets (at 12 available sites) were combined to obtain
the response estimates over a period ranging between 0.003 and 30,000
s.

The multisite and multifrequency (MSMF) decomposition approach
(McNeice and Jones, 2001) was applied to determine the most appro-
priate geoelectric strike direction below the profile by identifying and
analyzing galvanic distortions, which occur due to charge distributions
along the boundaries of shallow inhomogeneities. The average geo-
electric strike direction determined with the full data set (all stations and
for the period range 0.001–10,000 s) and for the period range 1–10,000 s
was ~ N59�E, as shown in Fig. 2. There is a scatter in the strike angles
between short and longer periods observed in MSMF decomposition
approach. At longer periods (>1 s), N59�E appears to be a consistent
strike and a few stations were within the range of N55�E to N65�E, while
most of the stations are one dimensional (1-D) nature (where Bahr skew
<0.3) at shallow periods (<1 s) (Fig. S1). Since the lithospheric structure
is the main focus of this study, N59�E was chosen as a preferred geo-
electric strike direction for the profile. The data responses were then
rotated to N59�E, by assigning the xy component to the transverse
electric (TE) mode (parallel to strike) and yx component into the trans-
verse magnetic (TM) mode (perpendicular to strike). The RMS misfit
obtained in the MSMF distortion model in the process of rotating the MT
data into geoelectric strike co-ordinates provides a clue about the
dimensionality of the MT data. The RMS fit obtained in the MSMF
distortion models is shown in Fig. 3. The periods with normalized RMS
Fig. 2. Rose diagrams showing regional geoelectric strike directions obtained from
different periods. (a) 1–10 s; (b) 10–100 s; (c) 100–1000 s; (d) 1000–10,000 s; (e) 0
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misfit within the range of 2–3 s at most of the sites and a few stations are
above this range in the MSMF distortion model. The periods with RMS
misfit less than the range of 2–3 s indicate a satisfactory fit, suggesting
that the regional structure can be modelled in 2-D (Dong et al., 2015;
Dehkordi et al., 2019). The data points showing RMS misfit greater than
3 in MSMF decomposition model may be an indication for 3-D/aniso-
tropic nature. To avoid these effects, such data points from various sta-
tions are removed in the final inversion scheme. At some of the sites
(401–406, 408, 410, and 411–421) data at different frequencies were
discarded in final inversion scheme due to the RMS misfit greater than 3.
Current channeling at the edge of the geological bodies may causes
distortion in the data (Rao et al., 2014). The data below 0.1 s at site 422
and above 100 s at site 423 is affected as these sites are located at the
edges of geological bodies. The TM mode phases are showing an erro-
neous behavior for the periods above 100 s at the stations 425, 427 and
429, and above 1 s at station 426. These stations which exhibit a different
rotational angle to the regional strike direction of N59�E at those periods
are removed from the inversion scheme. The station 426 did not show an
acceptable fit and is removed from the inversion scheme. The data points
consistent with the 2-D regional structure assumption are considered for
the final inversion scheme. Consequently, on the whole, the profile after
discarding few data points indicates 2-D dimensionality and 2-D inver-
sion/modelling is an appropriate approach for this study. The apparent
resistivity and phase curves (after rotated into geoelectric strike direc-
tion) of representative stations used in the final inversion scheme are
shown in Fig. 4a and b.

To estimate the penetration depth at each site, we have applied the
Niblett–Bostick depth approximation (Jones, 1983a) by considering each
mode of data as a 1-D approximation. The penetration depths are
dependent on both electrical resistivity of subsurface and maximum time
period recorded at each individual site. In general, MT signals at any
station gives the subsurface information within a hemispheric radius,
multisite multifrequency decomposition code of McNeice and Jones (2001) for
.001–1000 s; (f) 0.001–10,000 s.



Fig. 3. The RMS misfit obtained from McNeice and Jones distortion model for the entire period range. The station 426 highlighted with red box is removed from the
final inversion scheme.
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which is normally equal to penetration depth. To attain 80 km depth of
investigation, the MT stations need to be sampled approximately at 40
km intervals (Muller et al., 2009; Abdul Azeez et al., 2017). Fig. 5 il-
lustrates the penetration depths obtained at each site along the profile.
The penetration depth at the majority of the stations across the profile is
~80 km or greater in either of the modes except beneath Kachchh basin.
It is evident from Fig. 5 that the MT stations are adequately sampled
along the profile. This suggests that the lithospheric structure along the
profile can be effectively modelled except beneath Kachchh basin.

5. 2-D inversion and results

The decomposed responses of TE- and TM-mode data were inverted
using the nonlinear conjugate gradients (NLCG) algorithm of Rodi and
Mackie (2001) as implemented in the WinGLink software package. The
final resistivity model is obtained by jointly inverting TE-, TM-modes
apparent resistivity and phase and tipper data using this algorithm.
Initially, we have used 100 Ωm uniform resistivity half space as an initial
model mesh containing 52 rows and 175 columns. After few iterations,
rows and columns in a mesh are increased to 61 rows and 195 columns in
a vertical direction to obtain a robust geoelectric model. The error floors
for apparent resistivities of TE and TM data were given as 15% and 10%,
and for phases of TE and TM mode were given as 10% (equivalent to
2.9�) and 5% (equivalent to 1.45�), respectively. Since TE mode data is
more sensitive to localized heterogeneities than TM mode data, more
emphasis is given to TM mode to avoid these inherent effects which
causes poor data fit in TE mode (e.g. Jones, 1983b; Wannamaker et al.,
1984; Ledo et al., 2002; Ledo, 2005; Rao et al., 2014). The relatively high
error floor for apparent resistivity data in comparison to phase data helps
to overcome possible static shift effects in the data if any (Ogawa, 2002).
The tipper data with an error floor 0.025 were included in the inversion
process after 70 iterations. In general, tipper data are responsive to
conductive anomalies (i.e., contrasts/gradients) and insensitive to over-
all conductive background (i.e., the absolute scale) of half space used in
the inversion scheme. The inclusion of tipper data in the starting of the
inversion scheme may give rise to underfitting of MT data (Rao et al.,
2014). To avoid such underfitting, we have introduced tipper data after
70 iterations in the inversion scheme. The alpha (α) and beta (β)
smoothing parameters, which specifies the horizontal smoothness and
weighting function, respectively, were set to be 1. The horizontal and
vertical gradients of 500 m and 1000 m, respectively were chosen in the
inversion scheme. Topography is not included in the inversion scheme
5

since the profile is having a variations in the range of 20–150 m only.
However, the effects arise due to this topographic range in the inversion
model will be negligible (Kumar and Manglik, 2011). Different combi-
nations of models were generated by using different smoothing param-
eters (τ) starting from 100 to 1. Based on the trade-off analysis with these
smoothing parameters as shown in Fig. 6, τ values of 7 and 10 can be
considered as an appropriate smoothing operators. In this study, we
chose a τ value of 7 for the 2-D inversion. The robustness of model fea-
tures on the 100 Ωm half space was tested through additional inversions
carried out from 500, 1000Ωm resistivity half space, different smoothing
parameters and error floor, which showed almost similar structural fea-
tures. The observed and modelled apparent resistivity and phase data are
shown in Fig. 7 in the form of pseudo-sections. The dots over
pseudo-sections represent the periods corresponding to the observed data
points. The data fit in both TE- and TM-modes are generally good, while
the TE data don’t show a good agreement beneath the stations 409 and
424, which may be due to current channeling at the edges of the
geological formations such as Kachchh, Cambay rift basins and
Aravalli-Delhi fold belt (ADFB) (Rao et al., 2014). The overall data fitting
of the inversion model responses to measured MT data responses are in
good agreement. The final inversion model is obtained after more than
200 iterations with a RMS misfit of 2.15 is presented in Fig. 8.

The 2-D geoelectric model (Fig. 8) obtained along the profile indicate
highly complex crustal structure with a group of conductive (C1, C2, C3,
C4, and C5) and resistive (R1, R2, R3, R4) structures down to the upper
mantle. We will discuss these conductive and resistive features in detail
by integrating with the results of previous geophysical studies and
regional geology of the study area.

The 2-D MT model (Fig. 8) show a highly conductive feature C1 (<20
Ωm) across the profile beneath Kachchh and Cambay rift basins. The
conductive feature C1 (vertically integrated conductance of 100–500 S)
is much shallower (~1 km) beneath the stations 401–406 of Kachchh rift
basin and it extends up to ~ 5 km beneath the stations 407–416 of
Cambay rift basin. The middle and lower crust of the Kachchh and
Cambay rift basins are distinctly characterized by different resistive and
conductive features. The high resistivity feature R1 (~5000–10000 Ωm)
are delineated beneath stations 401–404 at a depth of 2–10 km. The
resistive feature R2 (~5000–10000 Ωm) is delineated between conduc-
tive features C2 (~25–60Ωm) and C3 (~100–200Ωm) ranging from 5 to
35 km depth. The resistive feature R3 (~10000 Ωm) is delineated
beneath the Cambay rift basin and it becomes shallower from 410 to 414.
A moderate conductive feature C4 (~100–200 Ωm) is delineated within



Fig. 4. (a, b) Apparent resistivity and phase curves for representative stations of data used in 2–D inversion. The blue color circles represent TM mode and the red
color squares represent TE mode.
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resistive feature R4 (10000 Ωm) of a Precambrian ADFB. The moderate
conductive feature C5 (100–250 Ωm) is observed beneath the Cambay
rift basin at upper mantle depths (~40 km) and extended up to 80 km.

The validity of major conductive and resistive features was examined
using nonlinear forward sensitivity tests by replacing these features with
resistivities of the surrounding formations. The data fitting of the original
model and of the altered model were compared for the each conductive/
resistive feature robustness. The resistive features R1, R2, R3, and R4 are
replaced with surrounding formation resistivities (e.g., 100, 500 and
1000 Ωm), and the conductive features C2, C3, C4, and C5 are replaced
with surrounding formation resistivities (e.g., 100, 500 and 10000 Ωm).
The forward model responses of the altered models were computed
separately for each feature. These results are compared with the repre-
sentative stations (which are believed to be most affected) responses of
the original model. The sensitivity test indicates that larger misfits were
obtained, especially in TM mode data and significant changes in RMS
misfit. These results indicate that all the resistive and conductive features
are robust structures for the final model (Fig. 8). Along with that the
6

depth extent of C2 is also tested by replacing approximately 25% of lower
portion of it with a surrounding formations resistivity (~100Ωm), which
proves that the depth extent of C2 is valid. The results of sensitivity test
and matching of data for the model is shown in Figs. S2–S10 of supple-
mentary information. The sensitivity matrix values are also calculated for
the geoelectric model (Fig. 8) on the basis of Mackie et al. (1997) and are
shown in Fig. 9. The sensitivity matrix establishes a first order approxi-
mation that how a perturbation of model parameters can affects the
computed model measurements and also provide an information about
both uncertainty and resolution of the computed models (Ren and Kal-
scheuer, 2019). The structures associated with sensitivity matrix values
> 0.0001 can be considered as the well resolved features in the computed
inversionmodel (e.g., Brasse et al., 2002; Schwalenberg et al., 2002; Ledo
et al., 2004; Naganjaneyulu and Santosh, 2010; Schmoldt et al., 2014). At
resistive zones, low sensitivity values are generally expected, because the
actual resistivity of resistive features cannot be determined, but its lower
limit can be possible (Ledo et al., 2004; Naganjaneyulu, 2010; Nagan-
janeyulu and Santosh, 2010; Schmoldt et al., 2014). Further, it is also



Fig. 5. Niblett-Bostick penetration depths for all sites on the profile. The penetration depths are plotted separately for the TE mode (left column with grey background
bar) and the TM mode (right column) of dots beneath each site. The station numbers are shown at the top.

Fig. 6. Roughness against model fit tradeoff curve (L-curve) obtained for
different smoothness regularization parameters (τ) versus RMS values for 2–D
inversion models.
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difficult to constrain the resistive structures beneath the conductive
structures in the electromagnetic induction studies (Kalscheuer and
Pedersen, 2007). High resistive structures (R1, R3) beneath the
conductive feature (C1) on the west side are indicating low sensitivity
values whereas the resistive feature (R4) on the east side is well resolved.
It may be due to the actual and computed resistivities of R4may belong to
similar range and it may not be in the case of R3. Further, the extension of
R4 to shallow depths above C4 or high resistivities (~100–200Ωm) of C4
in comparison to C1 (<20 Ωm) might have produced high sensitivity
values for R4. However, the major conductive features (C1–C5) and
resistive features (R2, R4) are indicating high sensitivity values in the
sensitivity matrix, inferring that these are well resolved features in the
final geoelectric model (Fig. 8). In summary, all the conductive/resistive
features (C1–C5 and R1–R4) represented in final geoelectric model can
be considered as a robust features on the basis of the sensitivity matrix
(Fig. 9) and individual sensitivity tests (Figs. S2–S10).
7

6. Discussion

The derived 2-D geoelectric model (Fig. 8) and the surface geological
features across the profile are presented together as a cartoon sketch
(Fig. 10) to understand the relationship between lithospheric resistivity/
conductive structures and exposed geology. Most of the geological for-
mations and tectonic features have recognizable signatures in the geo-
electric model (Fig. 8). The model is characterized by conductive (C1,
C2), moderately conductive (C3, C4, and C5) and resistive (R1, R2, R3,
R4) structures across the Kachchh, Cambay rift basins and ADFB.

The top conductive layer C1, with varying vertically integrated
conductance values (100–500 S) was delineated across the profile
beneath the Kachchh and Cambay rift basins. The drilled wells and
geophysical studies across these basins reported that the sediment
thickness is widely varying from 1 to 5 km over ridges and within the
depressions of the rift basins (Kaila et al., 1990; Mishra et al., 1998; Dixit
et al., 2010; Seshu et al., 2016; Danda et al., 2017; Kumar et al., 2017). A
recent MT study has observed the thick conductive sediments (~1–5 km)
across the Kachchh and northern Cambay rift basins (Danda and Rao,
2019; Danda, 2019). The manifested conductive feature C1 represents
the total thickness of Tertiary–Mesozoic sediments and it supports the
above mentioned geophysical studies of the Cambay and Kachchh rift
basins.

Guha et al. (2005) reported that the Deccan volcanic eruptions are
mainly represented by tholeiitic and alkali basalts. Paul et al. (2008)
inferred that magmatic rocks are fairly common in uplift areas. The re-
sults from previous gravity, magnetic and MT studies indicate the exis-
tence of igneous intrusives beneath latest sediment cover within the
structural lows (Biswas, 1980; Chandrasekhar and Mishra, 2002; Sastry
et al., 2008; Seshu et al., 2016; Kumar et al., 2017) and are concentrated
in the deformation zones. We therefore interpret that resistivity feature
R1 in the derived model as an alkali basaltic plug type intrusives, sug-
gesting remnant signatures of earlier magmatic events.

The gravity andmagnetic studies (Mishra et al., 1998) over Cambay rift
basin inferred that the several lows and highs correspond to ridges and
depressions within the basin. The gravity gradients indicate deep-seated
faults whereas magnetic anomalies indicate lateral inhomogeneity in
magnetization. The high gravity values in this region have been interpreted
as thick volcanic extrusives (Kailasam and Qureshy, 1964; Rao, 1968),
shallow mantle depths (Sen Gupta, 1967), upper crustal intrusives (Verma
et al., 1968), crustal thinning (Tewari et al., 1991), or Moho upwarp (Negi
et al., 1992), despite of large sediment thickness. The averageVp/Vs values



Fig. 7. Observed (Groom-Bailey decomposed) and modelled apparent resistivity and phase pseudo-sections in the transverse electric (TE) and transverse magnetic
(TM) modes. The dots over the pseudo-sections at each site position and period correspond to the observed data points. Triangles indicate the location of the sites from
west to east.

Fig. 8. 2-D smooth inversion model of the profile (vertical exaggeration 1.0). The triangles indicate the location of the sites used from west to east, and top bars show
geological domains across the profile. Major resistive and conductive features are labeled as R1, R2, R3, R4 and C1, C2, C3, C4, and C5, respectively.
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(1.67) indicate a bulk felsic crust in the Cambay rift basin. The outlined
resistive block R2 beneath Cambay rift basin may correspond to the basi-
c/ultrabasic volcanic intrusives. The heatflowandgravity data suggest that
existence of the shallow basic intrusive body, which narrows from south to
north of theCambay rift basin (Gupta, 1981). The delineated resistive block
R3 consists of both crustal andmantle components. The crustal component
of R3 may also corresponds to the basic/ultrabasic volcanic intrusives,
whereas themantle component ofR3 represents themantle lithosphere that
was depleted during the lithospheric melting from the Reunion plume ac-
tivity and the recrystallizationgiven rise tohigh resistivityvalues.However,
it is not possible to demarcate the crustal and mantle components inde-
pendently due to lack of resistivity contrast between these structural units.

In general, the high conductivity anomalies can be explained at crust
and upper mantle depths with various subsurface mechanisms, such as
the presence of fluids within interconnected pore spaces (Hyndman and
8

Shearer, 1989); fluids in high permeability zones associated with faults;
conductive mineral phases of interconnected graphite, sulfides, or oxides
(Glover and Vine, 1992; Pommier, 2014); magmatic underplating
lingering with melt fractions (Wannamaker et al., 2008); and partial melt
(Unsworth et al., 2005). The gravity and seismic studies inferred the
presence of high density layer of 3.1 gm/cm3 with seismic velocity of
7.3–7.4 km/s beneath the Cambay rift basin (Mishra et al., 1998; Kaila
et al., 1981, 1990). During plume–lithosphere interactions, the released
magma may not reach the Earth’s surface. When the ascent rates are not
adequate to migrate upwards, the magmamay still at the base of the crust
or within the crust and most of it gets cooled and crystallized into layered
intrusions. The crystallized melts may get trapped near Moho or within
the crust and these melts may erupt by various tectonic processes. The
pressure, temperature conditions may alter these melts into metamorphic
assemblages and in some cases could also be transformed to eclogites or



Fig. 9. The sensitivity matrix values for the final geoelectric model (Fig. 8). This figure indicates the weight on data to changes of the logarithm of resistivity in each
model cell.

Fig. 10. A cartoon sketch showing possible geological interpretation across the profile. The geological domains crossed by the profile is shown at the top.
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garnet bearing rocks at deep crustal depths (>30 km) (Naganjaneyulu
and Santosh, 2010). A similar range of resistivities (~40–150 Ωm) is
observed for the fluids associated with the basaltic underplating in the
northern part of the Cambay rift basin (Danda et al., 2017). Fluids that
exsolved during the crystallization of the underplated material may
9

produce the high conductive anomalies (Hyndman and Shearer, 1989).
The high electrical conductive blocks C2 (~25–60 Ωm) and C3
(~80–200 Ωm) (Fig. 8) together with high density (3.1 gm/cm3) and
seismic velocity of 7.3–7.4 km/s beneath Cambay rift basin is due to the
residual fluids in the crustal depths that were exsolved during the
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crystallization of underplated basaltic material. A similar characteristic
signatures have also observed across other rift systems in the world
namely, Baikal rift zone, Kenya rift, Walvis Ridge rift basin and Rio
Grande rift system (Hermance and Pedersen, 1980; Morley, 1994; Smith,
1994; Birt et al., 1997; Zhao et al., 2006; Thybo and Artemieva, 2013;
Jegen et al., 2016). The shallow extents of conductive anomalies C2 and
C3 may indicate migration of residual fluids upon the crystallization of
basaltic underplated magma to the basement depths.

The occurrence of conductive zone C5 beneath the Cambay rift basin
is explained below in detail. The possible sources for the generation of
conductive anomaly C5 may be due to the presence of small amount of
partial melt or lingering hydration of the upper mantle associated with
the plume–lithosphere interactions. The presence of partial melt usually
requires a minimum temperature of 700 �C (Thompson, 1992). However,
the temperature ranges beneath the Cambay rift basin are considerably
higher than 700 �C and the surface heat flow values are in the range of
82.5–84 mW/m2 (Verma et al., 1968; Gupta, 1981; Thiagarajan et al.,
2001). Receiver function and tomographic studies (Kumar et al., 2016)
reported 10% drop in shear velocity beneath the Cambay rift basin and
concluded that presence of partial melt (>1%) and temperature contrasts
provide a characteristic explanation for these observations. The
comparative study between surface heat flow measurements and mantle
solidus with volatiles (CO2, H2O) within the Cambay rift basin inferred
that either the melting of hydrated upper mantle at ~40–50 km depth or
the presence of small amounts of carbonate partial melt at ~65–75 km
depth could produce 10% drop in shear velocity (Kumar et al., 2016). The
geoelectromagnetic and laboratory measurements of central Andes
concluded that >3% melt fraction is appropriate to yield low resistivities
and seismic velocities in combination with high heat flow values (>100
mW/m2) (Schilling et al., 1997). A bulk resistivity of 3 Ωm requires a
melt fraction of ~5%–14% (Unsworth et al., 2005), and 0.2%–1% melt
fraction with a geotherm > 800 �C is enough to obtain moderate con-
ductivities through hydrous melting at upper mantle depths (Dong et al.,
2015). Given the typical ranges of temperature, pressure and composi-
tions may contain fluid resistivities in the range of 10 to 0.01 Ωm. It is
well known that normal salinities of 25 wt.% at 500 �C temperature re-
sults the brine resistivity of 0.01 Ωm (Nesbitt, 1993). We assumed that at
800 �C temperature may result around 1 Ωm brine resistivity. Calcula-
tions based on Hashin and Shtrikman (1963) approximation for these
ranges yield 0.75%–3% melts may produce the electrical resistivity
values of 50–200 Ωm. However, the presence of little more than 1% melt
and geotherm >800 �C may produce the moderate conductive zone C5
(~100–250 Ωm) at upper mantle depths, as observed over Baikal rift
zone (Berdichevsky et al., 1980). In summary, we conclude that the
presence of small amount of volatile (CO2, H2O) enrichedmelts produced
the moderate conductive zone C5 at upper mantle depths. These results
have also corroborated with the previous geophysical studies carried out
within the Cambay rift basin (Kumar et al., 2016). The ascending plume
activity at a relatively shallow levels in the upper mantle might have
produced the high thermal anomaly within the Cambay rift basin (Gupta,
1981; Campbell and Griffiths, 1990). The high thermal anomaly might
have caused to sustain the small amount of volatile (CO2, H2O) enriched
melts for the ~65 Ma. The conductivity anomalies C2, C3, and C5
observed beneath the Cambay rift basin are related to exsolved fluids
upon crystallization of basaltic underplated magma and volatile (CO2,
H2O) enriched melts generated during plume–lithosphere interactions
(Danda et al., 2017; Kumar et al., 2018; Danda, 2019). The results of MT
studies across Narmada rift basin, central India (Patro and Sarma, 2016)
have supported this inference. During this interaction, the heat transfer
within the lower crust induces partial melting and release a huge amount
of volatile (H2O, CO2) enriched fluids upon crystallization. The litho-
spheric thinningmay cause volatile (CO2, H2O) enrichedmelts to migrate
to shallower levels, which are generated by decompression melting of
asthenosphere beneath the Cambay rift zone (Sen et al., 2009; Kumar
et al., 2016). The channelization of melt fractions or enriched fluids from
mantle to crustal depths lower the electrical resistivities of the medium.
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Depth extension of conductive zone C2 into deeper depths indicates the
channelization melt fractions or fluids into shallow depths fromwest side
of R2. Though the conductive anomalies (C2, C3) represent exsolved
fluids from crystallization of underplated basaltic magma, their chan-
nelization leads to low resistivities in C2 in comparison to C3. A cartoon
sketch (Fig. 10) is presented to represent of the schematic channelization
of melt fractions or fluids and other possible geological interpretations of
the geoelectric model. The variations in electrical resistivity across the
profile imply that the impact of the Reunion plume is more dominant on
lithospheric structures of Cambay rift basin at WCMI and it corroborates
the hypothesis proposed by Campbell & Griffiths about plume locations
(Campbell and Griffiths, 1990; Sen and Cohen, 1994).

The crustal conductor C4 is outlined within the Precambrian ADFB.
The conductive anomalies observed within the Precambrian group of
formations can be explained by interconnected graphite, conductive
mineral phases, and presence of fluids in shear zones. In general, high
conductivity in mineral phases mainly depends upon their interconnec-
tion and its composition levels (Jones, 1992). However, there are no
reports about graphite presence in these formations, and it can be ruled
out. The ADFB comprises of polyphase metamorphic rocks and accom-
panying various shear zones and oblique transverse faults (Rao et al.,
2000). The presence of fluids within permeable fault zones may produce
the conductive zones. A thrust fault is delineated from gravity modelling
across the profile from Nagaur to Jhalawar, which is located further
northeastward from the delineated conductor C4 (Mishra and Ravi
Kumar, 2014). The southwest extension of these thrust fault could be a
possible source for the occurrence of conductive zone C4. Furthermore,
the presence of Aravalli-Delhi sediments/metasediments deposited on
the Archean crust and the interconnected sulfides along the boundaries
during various metamorphic phases also may contribute to the occur-
rence of the conductive zone C4 within the Precambrian group forma-
tions. Thus, we interpret the conductive zone C4 might have formed due
to the sulfide mineralization during various metamorphic phases and the
presence of fluids within the fault zones, and Aravalli-Delhi metasedi-
ments. A similar conductive features representing presence of fluids
within permeable fault zones and sulfide mineralization during different
metamorphic phases are observed in the northern part of the Cambay rift
basin (Danda et al., 2017).

Resistive block R4 represents the different structural units of Pre-
cambrian era, which consists of Proterozoic ADFB on top, an Archean
crust, and the depleted lithospheric mantle in the bottom. However, it is
not possible to demarcate these structural units, ADFB, Archean crust and
depleted lithospheric mantle independently due to lack of resistivity
contrast between these units. The Aravalli Supergroup contains early
Proterozoic metasediments whereas Delhi Supergroup consists of Middle
and Late Proterozoic metasediments and metavolcanics, and also con-
tains intrusive bodies of Erinpura granites andMalani rhyolites (850–750
Ma). These are the major Precambrian tectonic trends in the WCMI and
consists of intensely folded, deformed and metamorphosed Proterozoic
rocks deposited over the Archean basement. This represents the oldest
orogenic cycle among the metamorphic belts of the western margin of
India and has witnessed four major tectono-magmatic, metamorphic
events from ~3000 Ma to ~700 Ma (Rao et al., 2000). The major fault
systems of WCMI were controlled by the reactivation of these Precam-
brian tectonic trends.

7. Conclusions

Magnetotelluric studies across the Kachchh, Cambay rift basins and
Precambrian formations have identified thick (~5 km) conductive sedi-
ments beneath Cambay basin and thin (~1 km) sediments beneath the
Kachchh basin. The conductive zones beneath Cambay rift basin repre-
sent plume-lithospheric interactions that resulted in basaltic under-
plating, exsolved fluids upon crystallization of underplated material and
volatile (CO2, H2O) enriched melts. The resistive blocks across the profile
represent various volcanic intrusions from mantle due to Reunion plume
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activity and recrystallization of blocks that might have given rise to high
resistivity values. High resistive (10,000 Ωm) blocks of Precambrian
structural units, Aravalli-Delhi formations, Archean crust, and the
depleted lithospheric mantle were identified on the eastern side of the rift
basin. Various mineral phases of these Precambrian rocks and fluids
within permeable fault zones were reflected as a conductive block.
Further, it has inferred that the impact of plume–lithosphere interactions
is more prominent on the lithospheric structures of the Cambay rift basin.
This study has provided additional geophysical constraints, specifically
the electrical resistivity/conductivity distribution across the Cambay rift
basin and its adjoining regions, to understand the structural changes that
occurred due to plume–lithospheric interactions. Although the present
study highlighted the electrical resistivity variations across the Kachchh
and Cambay rift basins, western India, it would be interesting to study
the geoelectric structures of Cambay and Kachchh rift basins with more
sites of BBMT/LMT data acquisition. The detailed MT studies across the
Kachchh and Cambay rift basins may provide important insights to un-
derstand plume–lithosphere interactions and various evolutionary pro-
cesses at WCMI. The Cambay rift basin will be an ideal location for
studying the impact of Reunion plume on lithospheric structures, as the
envisaging hypothesis of Campbell and Griffiths reported that the vol-
canic eruption has taken place along the Reunion plume track located at
the east of the Saurashtra peninsula and N–S trending Cambay rift basin
junction (Campbell and Griffiths, 1990).
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