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Magnetovariational studies were carried out along four diﬀerent EW proﬁles in Saurashtra region
in diﬀerent phases, during January 2007–March 2012. Transient geomagnetic ﬁeld variations (X, Y
horizontal ﬁeld and Z vertical ﬁeld components) recorded along these proﬁles are analyzed to infer the
electrical conductivity distribution of the region. The vertical ﬁeld transfer functions which depict the
characteristics of electrical conductivity distribution are presented in the form of induction arrows. From
the spatial distribution of these arrows, it is inferred that the sediments ﬁlling the oﬀshore basins have
more conductivity than those basins in Saurashtra region. Z /H pseudo sections along the four proﬁles in
conjunction with tectonics and other geophysical methods permit to infer that the conductivity anomaly
in the eastern part of the proﬁles is associated with the crustal/lithosphere thinning. The possible cause
for these anomalies may be explained in terms of partial melts associated with maﬁc intrusions, related
to Deccan and pre-Deccan volcanism. High resistive block related to underplating mantle material has
been reﬂected in 1D models of long period magnetotelluric data and its thickness reduces from west to
east. Lithosphere–asthenosphere boundary varies from 80 to 100 km.
Keywords. Magnetovariational studies; Saurashtra; rifting; magmatic underplating; transient thermal
eﬀects; Reunion hotspot.

1. Introduction
Western continental margin of India (WCMI) has
been aﬀected by (a) Marion hotspot activity that
led to the separation of Madagascar from India
(Storey et al. 1995) and (b) Reunion hotspot
activity that led to break up of the Seychelles
Plateau from India (Besse and Courtillot 1988;
White and McKenzie 1995). Huge amount of
Deccan volcanic eruption took place during
Reunion hotspot activity. During hotspot activity, interaction of plume with lithosphere leads to
partial melts that is subjected to hydrothermal

circulation which propagates through faults and
fracture zones. This enhances the electrical conductivity of the medium and can provide independent
constraints in tracing the plume–lithosphere interactions (Nolasco et al. 1998; Arora et al. 2003).
The electrical conductivity depth proﬁle is
obtained from electromagnetic methods. Electrical conductivity of crustal rocks varies over several
orders of magnitude (0.1–100,000 Ωm), depends
on petrological and physical parameters (conducting mineral phases (e.g., graphite, magnetite
etc.), ﬂuid contents (ﬁlled free water or released
by dehydration mechanisms) and high heat ﬂow
1

101

Page 2 of 14

(partial melting). Electrical conductivity proﬁle
is obtained either from magnetovariational (MV)
or magnetotelluric (MT) methods. In the ﬁrst
method, we operate an array of magnetometers
each of which records all the three components
of the time varying earth’s magnetic ﬁeld and in
the other method, we operate only one instrument
but also make simultaneous recording of the two
orthogonal components of the horizontal electric
ﬁeld (Telluric currents). The two methods are complimentary in the sense that MV has better lateral
resolution and MT has a better vertical resolution.
MV method is also known as geomagnetic deep
sounding (GDS).
The present paper describes the frequency and
polarization characteristics of the induction
response observed in Saurashtra and surrounding
region.

2. Geology and tectonics
Western India shield is dominated by three major
Precambrian trends: (i) NNW–SSE Dharwar trend,
(ii) NE–SW Aravalli trend and (iii) ENE–WSW
Satpura trend. These three major tectonic trends
were the zones of deformed and weakened crust
along which later Phanerozoic rifting was facilitated (Biswas 1987; Bhattacharya and Yatheesh
2015). Kutch, Cambay and Narmada were formed
along these trends during the Jurassic and were
aborted in Late Cretaceous (Biswas 1987; Gombos
et al. 1995). The NE–SW Aravalli trend continues across the Cambay basin into Saurashtra as
a southwesterly plunging basement arch. Saurashtra horst within these intersecting rift zones has
undergone upliftment and has experienced diﬀerent phases of rifting, reactivation of ancient fault
zones due to Deccan volcanism and is shown in
ﬁgure 1(b).
Saurashtra arch trending in ENE–WSW basement features the plunges from shelf to deep
waters and divides the Kutch–Saurashtra oﬀshore
into two sub-basins. It plays an important role
in controlling the Indus fan sedimentation during the basin evolution (Bastia and Radhakrishna
2012). According to Sriram et al. (2006), the arch
has evolved in three stages, viz., Late Cretaceous
volcanic stage, Early Paleocene collapse and rifting stage, and lower to middle Miocene tilting
stage.
Saurashtra rise separates the Surat depression
from the Saurashtra basin. This depression is
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the extension of Narmada–Tapti rift zone towards
west. The Surat depression consists of 8 km thick
Tertiary, ﬁne-grained, clastic sediments and is the
source rock for the Bombay High (Biswas and
Singh 1988; Banerjee et al. 1991).
Saurashtra peninsula is covered by Deccan traps
(ﬁgure 1a), except along the coastal fringes where
it is occupied by Tertiary and Quaternary sediments (limestone and alluvium). In the northern
part, Mesozoic sedimentary rocks are exposed.
Dixit et al. (2000) have improved the stratigraphy section of Saurashtra region by correlating
the seismic velocities with the geological horizons obtained from well (Lodika and Dhandukha)
data. The general stratigraphy of the peninsula,
bounded between Precambrian basement at bottom and a spare cover of Tertiary and Quaternary
sediments occur at the top, followed by Deccan traps and Mesozoic sediments (Merh 1995;
Bhattacharya et al. 2004; Sheth et al. 2012). Deccan volcanic province in Saurashtra region consists of several intrusions of acidic, alkaline and
maﬁc/ultramaﬁc plugs (Merh 1995; Sheth et al.
2012). The signiﬁcant volcanic plugs are Girnar,
Osham, Barda, Alech in the western part and Vallabhipur, Palitana and Rajula in the south-eastern
part of Saurashtra (Merh 1995). The western
parts of volcanic plugs are predominantly acidic
in composition with maﬁc/ultramaﬁc intrusions
(Chandra 1999), while plugs in eastern part are
mainly composed of alkaline (Karanth and Sant
1995).
Basement map of Saurashtra and surrounding
oﬀshore region, shown in ﬁgure 1(c), is based on
deep resistivity sounding (Singh et al. 2004) and
seismic methods (Zutshi et al. 1989). The basement conﬁguration by Zutshi et al. (1989) suggests
westward slope with thick sediments in shelf break
and deeper shelf regions. Saurashtra platform (SP)
and arch region along with Kutch oﬀshore basin
(KOB) consist of moderate thick sediments (6–8
km). Onshore region consists of NW–SE trending
basin between Jamnagar and Mewasa with 3 km
thick sediments is termed as Jamnagar basin (JB).
Basin located between Una (UNA) and Bhagadana
(BAG) consists of 8 km thick sediments and named
as Ulva basin (UB). The thickness of the sediments
in south and SW are less due to extensive volcanic
activity in this region. It is interesting to note that
the central part of the Saurashtra region forms a
high land (Jasdan plateau, JP) consisting of thin
sediments. Diﬀerent station codes used are shown
in ﬁgure 1(d).
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Figure 1. (a) Geological map of Saurashtra and the surrounding regions (after Merh 1995). Various ﬂuxgate magnetometer
and long period magnetotelluric stations installed in diﬀerent phases are shown. (b) Site locations and various tectonic
features of the western margin of India (after Biswas 2005). Oﬀshore Saurashtra arch is shown as S-arch (after Bhattacharya
and Subramanyam 1986). 1: Aravalli trend, 2: Satpura trend and 3: Dharwar trend. (c) Basement map of Saurashtra and
the surrounding oﬀshore region (after Zutshi et al. 1989; Singh et al. 2004) showing thick sediments in the shelf region. Thick
sedimentary basins over Saurashtra region are also shown. KOB: Kutch oﬀshore basin, SA: Saurashtra arch, JB: Jamnagar
basin, JP: Jasdan plateau, CB: Cambay basin, SP: Saurashtra platform, UB: Ulva basin, SR: Saurashtra rise, SD: Surat
depression and (d) various station codes used in the present work is shown.

3. Diﬀerent geophysical studies in
Saurashtra region
Geological and geophysical studies in Saurashtra
region denote magmatic underplating (related to
crustal melt intrusions), crustal thinning and lowvelocity zones (Kennett and Widiyantoro 1999;
Mohan et al. 2012; Madhusudhan Rao et al. 2013,
2015). Diﬀerent geophysical studies carried out
in this region are gravity and magnetic (Mishra
et al. 2001, 2004; Tewari et al. 2009), Deep Seismic
Sounding (DSS) (Kaila et al. 1980; Rao and Tewari
2005), ISR seismic network (Chopra et al. 2014;
Madhusudhan Rao et al. 2015), seismic tomography (Kennett and Widiyantoro 1999; Mohan
et al. 2012; Praveen Kumar and Mohan 2014),

magnetotelluric (Sarma et al. 2004) and
magnetovariational (Subba Rao et al. 2012) studies. Gravity, seismic and magnetotelluric studies
have brought out the presence of Mesozoic sediments below the Deccan traps (Satpal et al.
2006; Patro et al. 2015). Bouguer anomaly map of
Saurashtra region suggested several highs and lows
of varying amplitude (Mishra et al. 2004). Gravity lows are attributed to the sediments below the
trap whereas the large wavelength gravity highs
are associated with volcanic plugs of Deccan volcanism. Regional gravity studies carried out by
Radhakrishana et al. (2002) and Tewari et al.
(2009) bring out underplating mantle material
related to the thermal inﬂux by the Reunion plume
activity (Madhusudhan Rao et al. 2015) beneath
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the Saurashtra region. Based on gravity and DSS
studies, Rao and Tewari (2005), Tewari et al.
(2009) and Praveen Kumar and Mohan (2014) suggest crustal thinning beneath the eastern part of
Saurashtra region as the thickness of the crust
varies from 38–32 km from west to east. Based on
receiver function analysis, Chopra et al. (2014) suggest that northern part (42–44 km) of the crust
is thicker than the southern part (36–38 km).
Recent seismic tomography studies indicate low
velocity upper mantle beneath Saurashtra and are
interpreted to be imprints of volcanism (Kennett
and Widiyantoro 1999; Mohan et al. 2012) that
inﬂuences the crustal properties through magmatic
underplating.
Regional conductance map of Saurashtra and
surrounding area brings out high conducting
anomaly over Surat depression containing carbonate-rich sediments (Subba Rao et al. 2012). This
conductance map was derived from GDS stations
occupied in south and south-central parts of the
Saurashtra region. In the present study, we have
obtained data from another 35 stations in the
northern part of the Saurashtra region.
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The anomalous ﬁeld arises due to induction in
lateral electrical inhomogeneities. The transformation of the time varying magnetic ﬁelds into
frequency dependent response functions will be
helpful for deduction of the conductivity distribution through the transfer function formulation
suggested by Schmucker (1970). Let, at any given
frequency (or period), Xn, Yn and Zn represent
the normal ﬁelds. Then the observed magnetic
ﬁeld components at ﬁeld sites (Xs, Ys and Zs)
can be divided into normal and anomalous parts
(Xs = Xn+Xa). In such a case, frequencydependent interstation transfer functions that relate
the anomalous ﬁeld components at a given site
with the normal ﬁeld components can be expressed
as:
⎤
⎡
⎤ ⎡
⎤ ⎡
Xn
Xa
T xx T xy T xz
⎣ Y a ⎦ = ⎣ T yx T yy T yz ⎦ × ⎣ Y n ⎦
Zn
Za
T zx T zy T zz
Under the assumption of uniform source ﬁeld for
short period ﬂuctuations, when Zn → 0 and Zs ∼
Za, the vertical ﬁeld transfer functions (Tzx and
Tzy) can be expressed by a linear combination of
two horizontal components:

4. Data source and processing
Magson ﬂuxgate magnetometers were used for data
acquisition (with a sampling interval of 10 s) in
Saurashtra region in four diﬀerent phases in southern and central parts of the region, while in central
and northern parts of the region data was collected from 20 LMT sites as shown in ﬁgure 1(b).
GDS data consists of time varying magnetic ﬁeld
components along three orthogonal directions, viz.,
geographic north (X), east (Y) and vertical downward (Z) components. These magnetometers have
been operated simultaneously at 35 sites in four
diﬀerent phases with interstation spacing of about
10–20 km. In addition, the magnetic ﬁeld variations were also incorporated from 20 long period
magnetotelluric (LMT) sites. These datasets were
resampled for 1 min interval as few stations data is
recorded for 30 sec sampling interval.
Details about the GDS data processing are
described by Subba Rao and Singh (2010). At a
given site, observed time varying magnetic ﬁelds
consist of normal and anomalous parts (Schmucker
1970). The normal magnetic ﬁeld is deﬁned as the
vector sum of the contributions from the external source currents and part of the internal ﬁeld
that arises from induction in a layered structure.

Zs = Za = T zx ∗ Xn + T zy ∗ Y n.
Similarly, the anomalous horizontal ﬁeld transfer
functions (Txx, Txy and Tyx, Tyy) are deﬁned as:


 
Xa
T xx
=
Ya
T yx

 

T xy
Xn
×
.
T yy
Yn

In the present study, vertical ﬁeld transfer
functions have been estimated by selecting 10–12
events (only night time variations). The vertical ﬁeld transfer functions were estimated for the
period range of 8–128 min using robust regression
technique (Egbert and Booker 1993). The magnitude (S) and azimuth (φ) of these induction
(real/quadrature) arrows are given by
S=



2 + T2
Tzx
zy

and
φ = tan−1

TZY
TZX

.

The most convenient way to display and isolate
the information contained in transfer functions
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Figure 2. (a) Induction arrows (real and quadrature) corresponding to the periods 8, 16 and 19 are shown. Induction arrows
at these periodicities are pointing towards thick sedimentary basins. (b) Induction arrows are shown for higher periodicities
(43, 57 and 85 min). It is interesting to note that as periodicity increases, for the southern part of the array the arrows
are rotating in clockwise direction whereas for the northern part of the array the arrows rotate in anti-clockwise and point
towards regional anomaly located in oﬀshore region.

on the conductivity distribution (in the vicinity
of the measuring sites) is through maps of real
and imaginary induction arrows. The direction of

the arrows is reversed so that they point towards
regions of high electrical conductivity. When the
induction arrows are plotted for all sites, they
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Figure 3. (a) Calculated real induction arrows at a period of 26 min by using 3D thin sheet approximation. They portray
lateral variation in conductance due to land and sea water of variable depth. The arrows are shown for alternate grid points.
(b) Comparison between observed and calculated real induction arrows. The observed coast eﬀect is minimum due to the
broader width of the continental shelf (after Subba Rao et al. 2012).

deﬁne the trend of the involved conductivity
structures.
4.1 Induction arrows
Induction arrows (real and quadrature) corresponding to the periods 8, 16, 19, 43, 57 and 85
min are shown in ﬁgure 2(a and b). In general,
the observed induction pattern is partly controlled
by bathymetry of sea water and local conductivity anomalies. For estimating the coast eﬀect (i.e.,
due to resistivity contrast between land and sea
water of variable depths), numerical computations
have been carried out by Subba Rao et al. (2012)
by using 3D thinsheet modeling (Vasseur and Weidelt 1977). Calculated coast eﬀect is shown in
ﬁgure 3(a) where calculated arrows are pointing
towards deep sea and ﬁgure 3(b) shows the estimated coast eﬀect along with observed induction
arrows for 26 min periodicity.
As observed from ﬁgure 2(a and b), induction
pattern in Saurashtra region can be divided into
three parts: (a) At short periods real induction
arrows in eastern part of Saurashtra region are
pointing towards Cambay basin (shown as CB in
ﬁgure) and as periodicity increases these arrows
are rotating from ESE–SW direction and pointing
towards Saurashtra rise (SR) and Surat depression. (b) Central part over Jasdan plateau where
induction arrows are suppressed over Mesozoic
sedimentary basin (MS) that are exposed in northern part of Saurashtra at shorter periods and as
periodicity increases, arrows in northern part are

rotating in NW direction and are pointing towards
Jamnagar basin (JB) and Kutch oﬀshore basin
(KOB) whereas arrows in south and south central parts are pointing towards Ulva basin (UB)
and Surat depression. (c) In northwestern part,
the induction arrows with their NW orientation
point at right angle to the Kutch oﬀshore basin, in
the western part they point towards WNW direction towards Saurashtra oﬀshore basin/Saurashtra
platform (SP) and whereas in southwestern part
of array these arrows are pointing towards shelf
edge sediments at 8–19 min periodicity. As periodicity increases, the trends of these induction arrows
are changing from NW–WNW direction and are
pointing towards SP and shelf edge sediments.
With increasing period, the behaviour of real
induction arrows is changing. In western part of
the array, the arrows are rotating from NW–WSW
(in anticlock direction) and point towards thick
shelf edge sediments, while induction arrows in
southern part of array rotate in clockwise direction
from SE–SSW and point towards Surat depression.
These anomalous directional behaviours in induction arrows suggest a large-scale regional conductivity anomaly in the Saurashtra oﬀshore region.
The nearly uniform direction of the induction
arrows at all sites at higher periods corresponds
well with a regional pattern as observed earlier in
the Kutch array and is related to a massive conductivity anomaly causing SSW–NNE directed ﬂow of
induced currents (Subba Rao et al. 2014).
The real induction arrows acquire peak values
in the period range of 40–60 min. In this period
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range, the quadrature arrows have nearly vanishing
amplitudes and the direction of quadrature arrows
reverse sign above and below this period. This critical period (Tc ) at which real arrows tend to be
maxima and quadrature arrows ﬂip their direction is characteristic of anomalous body. Using the
relation given below, the critical period is used to
estimate longitudinal conductance (product of conductivity (σ in S/m and Q cross-sectional area in
m2 ) of the anomalous body (Rokityansky 1982))
G = σ ∗ Q = 5 ∗ 104 (Tc (s))1.2 = 9.8 ∗ 108 S.m
Using the relation given above, the estimated longitudinal conductance of the anomalous conductivity
structure is about 9.8∗108 Sm.
4.2 Hypothetical event analysis
Projecting the induction arrows on to the line of
the transect of GDS is carried out by the hypothetical event technique. In hypothetical event analysis
(HEA), vertical ﬁeld at all sites is computed with
respect to external horizontal ﬁeld of one unit with
speciﬁed polarization (Bailey et al. 1974). Uniform
horizontal ﬁeld of one unit with an azimuth Θ
in clockwise direction with respect to the north
will induce currents such that vertical ﬁeld can be
written as:
Zr = (Tzx )r cos Θ + (Tzy )r sin Θ,
Zi = (Tzx )i cos Θ + (Tzy )i sin Θ.
Magnitude and phase of anomalous ﬁeld is given
by
Zm =



(Zr2 + Zi2 ),

Z∅ = tan−1

Zi
Zr

.

101

The advantage of HEA is that for diﬀerent
polarization of the hypothetical event, the induction response of the conducting body can be
studied to get the information about the strike of
the body.
Ingham et al. (1983) suggested a diﬀerent presentation of transfer functions Zr and Zm in terms
of Z/H pseudosections. In order to know the
variations of conductivity both with depth and
along the proﬁle (qualitatively), values of Zm or
Zr from a number of sites along a traverse are
contoured with distance along the horizontal axis
and the vertical scale is the square root of the
period.
4.3 Pseudo-sections and polarization
characteristics
Using HEA, the induction response in vertical ﬁeld
was computed at all the stations on four diﬀerent proﬁles for the selected period bands in the
range of 8–128 min. The response was calculated
for the unit amplitude horizontal ﬁeld polarized at
varying angles from −90◦ to +90◦ degrees (with
respect to north, in step of every 10◦ ). Examination of Z/H pseudo-sections along these proﬁles
brings out strongest induction anomaly on the eastern part of the proﬁles (ﬁgures 4–7). As displayed
in ﬁgures 4(a), 5(a), 6(a) and 7(a), the polarization angle for which the induction response is
best seen is for N28◦ E, N12◦ E, N130 E and N22◦ E
at south, south-central, north-central and north
proﬁles, respectively.
The induction pattern does not vanish for polarization orthogonal to the one that produced best
developed pattern, suggesting structure causing
concentration of induced currents beneath the eastern part of Saurashtra region is largely 3D/2D
in character. Allowing for the diﬀusing nature of
induction pattern with changing polarization, a

Figure 4. (a) Pseudosections of the anomalous vertical ﬁeld Zr along the southern part of Saurashtra brings out anomalous
conductivity zone in the eastern part of the region. (b) Presence of this anomaly in orthogonal part also denotes that it is
3D in nature.
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Figure 5. (a) Pseudosections of the anomalous vertical ﬁeld Zr along the south-central proﬁle brings out anomalous conductivity zone at shallow depth in the eastern part of the region. (b) This feature vanishes for orthogonal component.

Figure 6. (a) Pseudosections of the anomalous vertical ﬁeld Zr along the central part of Saurashtra region brings out
anomalous conductivity zone in the eastern part of the region.

Figure 7. (a) Pseudosections of the anomalous vertical ﬁeld Zr along northern part of Saurashtra region brings out anomalous
conductivity zone in eastern part of the region that is shallow in nature. (b) This feature vanishes for orthogonal component
of time period.

more critical examination of the pseudo-sections
gives evidence of another well-deﬁned conductivity anomaly in the eastern part of four proﬁles, the
details of which are discussed below:
Proﬁle-1: The induction pattern associated with
conductivity anomaly beneath the eastern parts of
all proﬁles is best brought in the pseudo-sections
for polarization angle between +10◦ and +30◦ . For
example, the pseudo-section for southernmost proﬁle corresponding to +30◦ shows high amplitude
Z/H values beneath stations MOT and BAG (ﬁgure 4a) that extends westward towards KAD. The
induction pattern does not diﬀuse for orthogonal
polarization (ﬁgure 4b) and suggests that this conductivity anomaly is not completely 2D but has
certain degree of 3D character. This 3D nature may
be attributed to the thinning of the crust due to
the deposition of Mesozoic sediments and/or was

concomitant with the rise of Reunion plume prior
to the extrusion of the Deccan volcanism (Tewari
et al. 2009). This volcanism might have inﬂuenced
the crustal properties through magmatic underplating and is observed as a low velocity upper
mantle beneath Saurashtra region (Mohan et al.
2012).
Proﬁle-2: Anomalous feature is observed for
shallow periods (ﬁgure 5a) that gets diﬀused at
higher periods. This suggests the shallow nature
of the conductivity anomaly and diﬀuses completely from AMB-BAG for orthogonal polarization
(ﬁgure 5b).
Proﬁle-3: The induction pattern (ﬁgure 6a) characterized by high Z/H is seen from low to high
periods from JAS to C20, suggesting that the
nature of the anomalous structure is extending into
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Zxx Zxy
Z=
.
Zyx Zyy

deeper layers. The presence of residual anomaly in
the orthogonal component (ﬁgure 6b) suggests the
3D nature of the anomaly.
Proﬁle-4: Anomalous conductivity anomaly is
observed for shallow periods (ﬁgure 7a) that diffuses completely for orthogonal polarization (ﬁgure 7b). This proﬁle cuts across the Mesozoic
sediments located in NE part of Saurashtra region.
The MT study coincident with the central proﬁle
(in N–S direction) across Saurashtra region denotes
high and thick sediments in the northern part of
Saurashtra region (Patro et al. 2015). According to
Sarma et al. (2004), northern part of the line joining Jodiya–Rajkot (in Saurashtra region) has thick
Mesozoic sediments increasing from NE to NW,
while southern part has less sediments. The present
observations that anomalous induction eﬀects are
unambiguously seen along four proﬁles allow further inference that mapped zone, correlates with
the track of the Reunion hotspot (Campbell and
Griﬃths 1990).
5. Long period magnetotelluric (LMT)
studies
LMT data was acquired in northern part of
Saurashtra region by using LEMI system. In this
system, three components of the magnetic ﬁeld
variations Hx, Hy and Hz (by using ﬂuxgate sensor)
and the electric ﬁeld variations in the north–south
(Ex) and east–west (Ey) directions are recorded by
using non-polarizable Ag/AgCl electrodes with a
sampling interval of 1 s. The LMT time-series is
recorded for 4–6 weeks. LMT data is processed by
using robust regression technique (Egbert 1997) by
remote reference method. Unfortunately, we lost
short period data due to noise (borehole motors
used for groundwater pumping). We will be able to
present results in the period range of 30–10,000 s.
In the present study, we present LMT results
obtained along proﬁle-4.
In a horizontally layered earth, currents and
electric ﬁelds induced are at right angles to the
inducing magnetic ﬁeld. Thus, the electric and
magnetic ﬁelds are interrelated by the relation





Ex
Hx
=Z
Ey
Hy

where Ex and Hy are the electric and magnetic
ﬁelds measured along the NS and EW directions
respectively. Z is an impedance tensor deﬁned as:
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Apparent resistivity and phases are calculated from
the impedance tensor (Z) given by
ρij =

1
|Zij| ∗ ∗2
ωμ

and
∅ij = arctan(Im(Zij)/Re(Zij)),
where i = 1, 2 and j = 1, 2.
Figure 8(a and b) shows apparent resistivity and
phase from 30 to 10,000 s, and 1D resistivity depth
section (using Occam’s inversion, Constable et al.
1987) for the LMT sites occupied along proﬁle-4
(that occupies northern part Saurashtra region).
The one-dimensional model suggests that the high
resistivity layer is at a depth of about 5–30 km
and lithosphere asthenosphere boundary is at a
depth of about 80–100 km. Over central part (Jasdan plateau), high resistive block has been uplifted
and may be related to the underplating mantle
material due to hotspot activity. Comparison of
1D models and Z/H pseduosection along proﬁle4 (ﬁgure 7) denotes that the thickness of the high
resistivity block reduces as one moves from west to
east.
6. Summary
Western continental margin of India has been
aﬀected by Marion and Reunion hotspots that led
to several stages of rifting and crustal thinning
(Mckenzie 1978; Biswas 1993), magmatic underplating (Cox 1980; Devey and Lightfoot 1986)
and transient thermal eﬀects. Outburst of Reunion
plume lead to the enormous eruption of Deccan
basalts in central and northwestern parts of the
Indian subcontinent.
These Deccan basalts are generated by decompression melting of an abnormally hot mantle
brought to the base of the lithosphere by a plume
(White and McKenzie 1989). Based on tomography studies, the source for plume is located in
the upper mantle (Kennett and Widiyantoro 1999;
Mohan et al. 2012; Madhusudhan Rao et al. 2013,
2015) and center of the plume was close to the
west coast of India. The track of this plume was
traced up to the NS trending Cambay rift, to immediate east of Saurashtra peninsula (Campbell and
Griﬃths 1990).
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Figure 8. (a) 1D models obtained for LMT stations along proﬁle-4 from AND (western part) to TNT (central part) that brings out high resistive block that is uplifted in
the central part over Jasdan basin. (b) 1D models obtained for LMT sites along proﬁle-4 from BAG (central part) to ROH (eastern part) that brings out high resistive
block between 5 and 30 km and its thickness reduces from west to east. Lithosphere–asthenosphere boundary is inferred to be about 80–100 km. Location of LMT sites is
also shown.

J. Earth Syst. Sci. (2017) 126:101
Page 11 of 14
101

101

Page 12 of 14

The zone of low seismic velocity (Kennett and
Widiyantoro 1999; Mohan et al. 2012;
Madhusudhan Rao et al. 2013, 2015) and underplating mantle material (reﬂected as a high resistivity block) beneath the Saurashtra region may
represent partial melts of crustal and mantle material associated with the Reunion hotspot activity.
The anomalous region observed in proﬁle-1 represents SE part of Saurashtra that might have been
aﬀected by the hotspot activity. Based on broadband seismic work, crustal thickness reduces as
one moves from west to east of Saurashtra region
(Chopra et al. 2014). Thus, the anomalous zone
along proﬁle-1 may be attributed to thermal inﬂux
aﬀected by the Reunion plume.
The observed conductivity anomalies in the
eastern part of the proﬁles (2–4) suggest localized
structure and could be attributed to the sediments
plus mid-crustal conductivity anomaly related to
ﬂuids released by metamorphic reaction at the
lower crustal level that is reﬂected as a low velocity zone in seismic studies carried out in Cambay
basin (Kaila et al. 1990; Thiagarajan et al. 2001;
Dixit et al. 2010).
At higher periods, uniform WNW orientation of
induction arrows in central and western parts of
Saurashtra region suggests the presence of massive
conductivity anomaly causing SSW–NNE directed
ﬂow of induced currents. This regional anomaly
may be attributed to the thick oﬀshore sedimentary
basin consisting of carbonate sediments (Biswas
1981). The presence of metamorphosed graphite
schist in shale-dominated Mesozoic sequence or
thin ﬁlms of carbon resulting from the thermal
inﬂuence of Deccan activity on Carbonate-rich
formations can account for the high electrical
conductivity anomalies seen in association with
thick depo-centres of Mesozoic sediments. Since
this region has been aﬀected by various stages
of rifting – crustal thinning, they are the possible mid-crustal conductivity anomalies. Most of
the deep electromagnetic studies carried out in all
the rifts bring out the conductivity anomaly at
mid-crustal depths (Rokityansky 1982). This conductivity anomaly is treated as partial melting zone
related to the uplifting of the hot mantle material
as observed in seismic tomography studies.
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