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In this study, we undertake analysis of ship-borne gravity-magnetic and satellite-derived free-air gravity
(FAG) data to derive the crustal structure of Laxmi Ridge and adjacent areas. 2D and 3D crustal model-
ling suggests that the high resolution FAG low associated with the ridge is due to underplating and that
it is of continental nature. From Energy Spectral Analysis, five-depth horizons representing interface
between different layers are demarcated that match those derived from 2D models. Magnetic sources from
EMAG2 data, various filtered maps and absence of underplating in the EW section suggest that the EW
and NW–SE segment of the Laxmi Ridge is divided by the Girnar fracture zone and probably associated
with different stages of evolution. From the derived inclination parameters, we infer that the region to
the north of Laxmi Ridge, between Laxmi and Gop Basins, is composed of volcanic/basaltic flows having
Deccan affinity, which might have been emplaced in an already existing crust. The calculated inclination
parameters derived from the best fit 2D model suggests that the rifting in the Gop Basin preceded
the emplacement of the volcanics in the region between Laxmi and Gop Basins. The emplacement of
volcanic/basaltic flows may be associated with the passage of India over the Reunion hotspot.

1. Introduction

Western continental margin of India (WCMI) is
a typical volcanic passive margin evolved as the
result of Mesozoic rifting of India from its counter-
parts and later passage of the Indian plate over the
Reunion hotspot. WCMI and the adjoining land-
mass of Indian subcontinent witnessed large-scale
magmatic activity related to the Reunion hotspot.
WCMI comprises of several surface/subsurface
structural features that include the Shelf Margin
Basin, Chagos–Laccadive Ridge, Laccadive Basin,
Laxmi Ridge (LR), Laxmi Basin (LB), Gop Rift
Basin, etc., and a belt of numerous horst graben
structures in the sediment filled basins border-
ing the west coast of India. The bathymetry of

the WCMI including the study area is shown in
figure 1. Superposed are the tectonic elements,
magnetic lineations mapped from Bhattacharya
and Chaubey (2001) and locations of the profiles
selected for 2D crustal modelling. Several debates
exist on the nature and evolution of these elements
especially Laxmi Basin (Bhattacharya et al. 1994;
Krishna et al. 2006), Chagos–Laccadive Ridge, etc.
To have a better understanding of the evolution of
the WCMI and the associated ocean floors, it is
crucial to understand the structure, tectonics, evo-
lution, and role of each of these tectonic elements
in detail integrating all available information. With
new datasets and applying new techniques to the
existing datasets, one can extract more informa-
tion. In keeping with this view, Nair et al. (2013)
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Figure 1. Bathymetry map of the western Indian Ocean. Outlined in white is the demarcation of Laxmi Ridge from Minshull
et al. (2008). Superposed are the locations of three ship-borne gravity-magnetic profiles (1, 2 and 3) and SG1 and SG2 are the
two profiles selected from satellite-derived gravity data (in black) used for 2D modelling. Demarcated in black dashed line is
the area of study by Bhattacharya et al. (1994). The magnetic lineations and faults mapped by Bhattacharya and Chaubey
(2001) and Yatheesh et al. (2009) are mapped. PKR and PLR represent the Panikkar and Palitana Ridges, respectively.

analyzed the free-air gravity (FAG) anomalies over
the Laccadive Ridge and suggested an alternate
model for the nature and evolution of the Lac-
cadive Ridge. In the present paper, we analyze the
high resolution satellite-derived new gravity data
(Sandwell and Smith 2009) and ship-borne gravity
and magnetic data to develop 2D crustal model of
the Laxmi Ridge and adjoining areas. Further, we
use the Multi Window Technique (Markham et al.
2008) to generate a 3D crustal model of the Laxmi
Ridge. Utilizing these techniques, an attempt is
made to improve our understanding of the crustal
architecture and evolution of the Laxmi Ridge.
The Laxmi Ridge (LR), one of the most enig-

matic features in the north-eastern Arabian Sea,
named by Naini and Talwani (1977), has been
investigated by various geophysical studies. The
LR is about 100 km in width and runs over a

length of approximately 700 km consisting of iso-
lated submarine structural highs extending NW–
SE between latitudes 14◦–19◦N and longitudes
64◦–69◦E. It has a rugged topography buried under
0.5-km thick sediments and an average water
depth of about 2.8 km (Naini 1980; Naini and
Talwani 1982). In spite of having a prominent
bathymetric high, Laxmi Ridge depicts a negative
FAG anomaly. Based on associated characteristic
gravity low and magnetic anomaly trends, it was
deduced that around 65◦30′E this ridge turns
WNW–ESE and extends westwards at least up to
63◦40′E (Miles and Roest 1993; Malod et al. 1997).
Controversies exist regarding the nature of the
Laxmi Ridge whether it is Continental (Naini and
Talwani 1982; Kolla and Coumes 1990; Miles and
Roest 1993; Miles et al. 1998; Krishna et al. 2006;
Arora et al. 2012) or Oceanic (Pandey et al. 1995;
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Singh 1999; Rajaram et al. 2011). Chatterjee et al.
(2013) discuss India’s long voyage from Gond-
wana to Asia and document the complex nature of
breakup of Seychelles and Laxmi Ridge. The con-
troversies in delineating the crustal structure below
the Laxmi Ridge led to diverse conclusions like the
ridge acts as a transitional boundary between
rifted transitional type of crust lying landward
and an oceanic crust on the other side (Naini
and Talwani 1982; Kolla and Coumes 1990; Miles
and Roest 1993) or LR is flanked on both sides
by crusts that are oceanic in nature (Bhattacharya
et al. 1994; Malod et al. 1997; Chaubey et al. 1998).
Earlier studies (Naini and Talwani 1982; Kolla
and Coumes 1990; Miles and Roest 1993) consi-
dered the Laxmi Ridge to be a continental sliver
with deep faulted basement. Based on the avail-
able ship-borne gravity, magnetic data, and seismic
velocities, some researchers considered it to be an
underplated normal oceanic crust buckled under a
horizontal compressive regime (Pandey et al. 1995;
Singh 1999; Todal and Edholm 1998) while others
consider it to be a stretched continental crust
developed under extension and rift related regimes
(Bansal et al. 2005; Krishna et al. 2006). The pres-
ence of an anomalous 7.2 km/sec lower crustal
velocity layer below the ridge was interpreted as
underplated material and that the LR is associated
with thinned continental crust (Miles et al. 1998).
Collier et al. (2008) from a forward model of
the magnetic data, studied the rifting between the
Seychelles and Laxmi Ridge by constraining the
basement structure from wide angle seismic refrac-
tion and reflection data of Minshull et al. (2008)
and interpreted the Laxmi Ridge to consist of
transitional/intermediate crust. During the period
89 and 85 Ma, as Indian plate passed over the
Marion plume, Madagascar separated from India
(Agarwal et al. 1992; Storey et al. 1995) leading
to conjugate spreading along the Mascarene and
Palitana Ridges. By integrating seismic refraction
and reflection, free-air gravity, magnetic anomaly
data, and Ar dating of rocks, Mukhopadhyay et al.
(2012) opined that spreading along the Palitana
Ridge split the Laxmi Ridge and Seychelles from
India (between 79 and 66 Ma). Further, Samal
et al. (2012) from studies of high resolution seismic,
free-air gravity and well data in the west coast
of India suggested that the gravity low along the
Laxmi Ridge is due to the down-warping at the
lower crust as a result of excessive magmatic mate-
rial below the ridge. From the foregoing we see that
several, often conflicting, theories and hypothesis
have been postulated for the structure and evolu-
tion of the Laxmi Ridge. In this paper, we under-
take combined analysis of ship-borne gravity and
magnetic data constrained by available refraction
data along selected profiles to decipher the 2D

crustal structure of the Laxmi Ridge and its sur-
rounding region. Also, we utilize a multi-window
power spectral method on the high resolution
satellite-derived FAG anomaly data to derive 3D
crustal structure of the Laxmi Ridge for under-
standing the evolution of this ridge.

2. Methodology and interpretation

To have an understanding of the crustal structure
of the Laxmi Ridge and its surrounding region,
a FAG anomaly map (figure 2) was generated
using the satellite-derived (Sandwell et al. 2013)
FAG data (v21.1). The FAG dataset used for the
present study is obtained from a 1′×1′ grid hav-
ing an improved spatial resolution compared to the
initial version (Sandwell and Smith 1997 used in
Rajaram et al. 2011). Seafloor topography (version
15.1) derived from satellite altimetry with resolu-
tion of 1′ grid was used as bathymetric data for the
present study. The FAG anomaly map generated
using the above-discussed dataset is represented
as a histogram equalized colour shaded image in
which the warm and cool colours represent highs
and lows, respectively (figure 2).
The rugged topography along the Laxmi Ridge

is associated with a negative FAG anomaly of
10–50 mgal. They appear as individual highs along
the ridge. Its north-westward extension remains
almost flat without much topographical expression
(Naini and Talwani 1982). In the north, the anoma-
lously high Gop Rift Basin bears a negative grav-
ity anomaly along its centre which coincides with
the Palitana Ridge (Yatheesh et al. 2009). To the
west, the negative anomalies in the Arabian Basin
are subdued ranging from 10 to 15 mgal. The pres-
ence of seamount chains, to the east of the Laxmi
Ridge, within the Laxmi Basin, appear as isolated
circular/elliptical gravity highs within a gravity
low extending NW–SE, known as Panikkar Ridge
(Gopala Rao et al. 1992). Continental shelf border-
ing the west coast of India appears anomalously
high followed by a gravity low in the shelf mar-
gin basin (to the west of shelf). Within the con-
tinental shelf lies the low gravity, Bombay High
sedimentary basin.
EMAG2 (Earth Magnetic Anomaly Grid) data

compiled from satellite, ship and airborne magnetic
measurements (Maus et al. 2009) were utilized
to generate the magnetic anomaly map shown in
figure 3. It has a resolution of 2 arc min grid with
an altitude of 4 km above the geoid. The mag-
netic anomalies trending parallel to the isochrones
(lines of equal age) in the oceans reveal the tempo-
ral evolution of oceanic crust (Müller et al. 2008).
The magnetic anomaly map from EMAG2 data
shows several interesting features along the Laxmi
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Figure 2. FAG anomaly map of the study region. Outlined in white is the demarcation of Laxmi Ridge from Minshull
et al. (2008). Blue dashed line represents Minshull’s (2008) OBS profile location. Superposed are the sonobuoy refraction
station locations (Naini and Talwani 1982) in black dots. Superposed are the locations of three ship-borne gravity-magnetic
profiles (1, 2 and 3) and SG1 and SG2 are the two profiles selected from satellite-derived gravity data (in black) used for
2D modelling. Also superposed in black cross are the width of the Laxmi Ridge as calculated from the analytic signal of
the profiles; H (in maroon cross) denotes the location of horizons mapped from MWT analysis (shown in figure 5a). GFZ,
PKR and PLR represents the Girnar fracture zone, Panikkar and Palitana Ridges, respectively.

Ridge and adjacent regions. The identified sea-
floor spreading magnetic lineations (after Chaubey
et al. 2002; Yatheesh et al. 2009 and references
therein) within the study area are superposed
on this map (figure 3). The magnetic anomalies
within the Arabian and Gop Rift Basins trend
in EW to ENE–WSW while in the Laxmi Basin,
they appear NW–SE in general. The Laxmi Ridge
mainly depicts subdued magnetic anomalies except
for a linear positive magnetic anomaly marked as
L1 (figure 3) which appears to divide Laxmi Ridge
into a NW–SE segment and EW segment. It can
be seen that to the southeast of L1 within the
Laxmi Ridge, the magnetic anomalies trend NW–
SE. It is exactly at the location of L1 the gravity
anomaly also changes its characteristic, i.e., a rel-
ative high on the EW part and a low in the NW–
SE segment. Magnetic signatures and their distinct
patterns illustrate various aspects of Earth evolu-
tion such as sea-floor spreading and subduction of
oceans, formation of continental crust by accretion,
large scale volcanism, etc.
To delineate the crustal structure, a 2D crustal

model of the Laxmi Ridge was developed along
selected profiles of ship-borne gravity, magnetic
and bathymetry data (NGDC, Marine Trackline

Geophysics dataset, version 5.0.11), in section 2.1.
An attempt was made in section 2.2, to generate a
3D crustal model of the Laxmi Ridge using Multi-
Window Technique (MWT) which helps to map
the geological horizons or trends from the satellite-
derived FAG data. Further, to isolate the shallow
and deeper features, in section 2.3, the FAG data
was subjected to wavelength filtering for different
cut-off wavelengths. To understand the distribution
of the sources, analytic signal of FAG and EMAG2
was generated in section 2.4.

2.1 2D crustal modelling

To delineate the nature and configuration of the
Laxmi Ridge ship-borne magnetic and gravity data
(National Geophysical Data Centre – NGDC 2003)
along three profiles (location shown in figure 1),
cutting across the ridge have been modelled. The
computational method used for the forward crustal
modelling using the GM-SYS software is based on
the methods of Talwani et al. (1959) and Talwani
and Heirtzler (1964) using the algorithms described
inWon and Bevis (1987). Forward modelling involves
creating a hypothetical geologic model and calcula-
ting the geophysical response to that earth model.
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Figure 3. Map of EMAG2-Earth magnetic anomaly grid of the study area (Maus et al. 2009 at an altitude of 4 km). Magnetic
lineations mapped from Chaubey et al. (2002) are superposed in white (25n, 26n, 27n) and black lines (28n). Marked in
yellow are the magnetic lineations identified in the Gop Basin (Yatheesh et al. 2009). Mapped in thick white is the outline
of the Laxmi Ridge demarcated from Minshull et al. (2008) and marked in yellow dashed line is L1 as discussed in the text.

Profile 1 runs almost NS, close to the ocean bot-
tom seismic (OBS) profile of Minshull et al. (2008),
cuts across a part of Gop Rift (to the north), EW
part of Laxmi Ridge and Arabian Basin cutting
A28N. The water depths and sediment thickness
have been obtained from the bathymetry and
isopach maps (Schreider et al. 2002). For the entire
profile, the layer of water column was given a
density of 1030 kg/m3 followed by a sedimentary
layer of 2200 kg/m3 (figure 4). The densities for
the crustal layers were derived from the sonobouy
seismic refraction velocities (Naini and Talwani
1982) using Nafe and Drake (1963) curve; the
initial thickness of the crustal layers are also taken
from Naini and Talwani (1982). Even though there
are limitations in correlating highly reflective
seismic layers as density layer boundaries, as shown
by previous studies (Long 2010; Radha Krishna
et al. 2002), the inferred densities would still be
useful to derive broad crustal density configuration.
The location of the seismic refraction stations are
superposed on figure 1. In all the modelled profiles
shown in figure 4, the seismic velocity and derived
density are superposed on the crustal structure.
For the central part of profiles 2 and 3, across the
LaxmiRidge, a three-layer crust with a high density
layer just above the mantle was assumed with the
thickness and velocities calculated from seismic

refraction stations L03, L04, L05, and L07. The
layer of high density found along refraction sta-
tions discussed above was absent in refraction
station L02, which was used for modelling profile
1. From the seismic velocity structure, the Laxmi
Basin also depicts three layers above the Mantle
albeit with densities slightly different from the
Laxmi Ridge. The thicknesses of the crustal layers
and Moho were iteratively varied to minimise the
RMS error between the observation and model res-
ponse. We would like to point out that the profile 1
is close to Minshull et al. (2008) OBS profile. An
attempt was made to generate a gravity model for
profile 1, using densities derived from the velocity
structure (utilizing Nafe–Drake curve for conversion)
and crustal depths as obtained by the Minshull et al.
(2008). It was noticed that the introduction of a
lower velocity layer (underplating) below the Laxmi
Ridge did not produce a good fit between the ob-
served and calculated anomaly. Therefore a 2D
crustal model was generated without any prior as-
sumptions whether underplating is present or not.
The 2D models presented in this paper are

combined modelling of gravity-magnetic data. The
crustal model generated using the gravity data, is
used as the basic crustal structure for modelling the
magnetic data. In addition, formodelling of the ship-
borne magnetic data we follow the methodology
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Figure 4. Crustal model derived from the ship-borne gravity and magnetic data analysis along profiles across the Laxmi
Ridge: (a) profile 1, (b) profile 2, (c) profile 3; (d) crustal model derived from satellite-derived FAG data over profile
SG1, and (e) SG2. The water depths and sediment thickness (orange coloured) have been obtained from the bathymetry
and isopach maps. Dotted lines in black represent the observed gravity and magnetic data while the full lines depict the
calculated values and the thin red lines depict the errors. The magnetic polarity in layer 2A are represented by black for
normal and grey for reverse polarity. Green colour denotes the volcanics. The seismic velocity and derived density are
superposed on the crustal structure.

used by Anand et al. (2009). To start with, mag-
netic susceptibilities for the Laxmi Ridge and
oceanic region were taken as 0.035 SI and 0.04 SI,
respectively (Rajaram et al. 2009) for the upper
crust.A three-layer crustal model (Kent et al. 1993)
was adopted for the oceanic crust (Arabian Basin
and Gop Rift) and below the Laxmi Ridge a two-
layer – upper and lower crustal layers was adopted.
According to Kent’s model, the upper crust in the
oceanic region is divided into layer 1 – the sedimen-
tary layer, layer 2 – the upper oceanic crust, consis-
ting of 2A (pillow basalts) and 2B (sheeted dykes)
with high magnetization in layer 2A, and both the
layers 2A/2B depicting the same density, and a
third layer 3 (gabbros with less magnetization com-
pared to the upper layers) considered as the lower
oceanic crust, lies below the extrusive layer 2B. To
start with, for the oceanic region we introduced a
higher magnetization (∼6 to 8A/m) in the extrusive
upper layer (2A) with positive and negative inclina-
tion parameters for the reverse and normal polari-
ties respectively and magnetization of ∼1.1 A/m in
the layers 2A, 2B, and 3. The presence of magnetic
lineations were incorporated from the EMAG2
(Maus et al. 2009) data (figure 3). The inclination
(Dyment et al. 1994) of thewell-establishedmagnetic
lineations 27n and 28n in the Arabian Basin were

introduced as a starting point for the magnetic
model along profile 1 (figure 4a). The location of
the 27n and 28n anomaly was picked from the well-
defined peaks obtained from the analytic signal of
the NGDCmagnetic profile data. Similarly towards
the north of the Laxmi Ridge, in the Gop Rift
Basin, a positive linear magnetic anomaly from
the EMAG2 (profile 1, figure 3) data was picked
up (the known Palitana Ridge) and the magnetiza-
tions were given considering it to be oceanic
(Yatheesh et al. 2009). For the Laxmi Ridge (conti-
nental), while the upper crust was given a magne-
tization of about ∼2.95 (A/m), the lower crust was
assigned a susceptibility of 0.005 SI and assumed
to be devoid of any remanence. The edges of the
Laxmi Ridge were demarcated from the peaks
obtained from analytic signal of the respective
gravity profiles. The polarities of the 2A layer of the
profile in the Arabian andGopRift Basins are found
iteratively through modelling. The magnetizations
were iteratively adjusted to minimize the error dif-
ference between the observed and calculated mag-
netic anomalies. Anothermodel assuming intrusives
in the Gop Basin instead of sea-floor spreading
anomalies was attempted and it was seen that the
RMS misfit was beyond acceptable limit. Hence
this model was not considered. It may be noted
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that the final crustal model is a best fit model to
both the gravity and magnetic data and the cal-
culated magnetic parameters are derived from this
model fit of the entire profile and not just from indi-
vidual anomaly. In the final model, the inclination
for the sea floor spreading in the Gop Rift varies
between 47◦ and 49◦ for the reverse (+) and normal
(–) magnetisation (in the southern hemisphere).
Profiles 2 and 3 (figure 4b and c) cut across

the Laxmi Ridge in the centre and Arabian Basin
to the southwest. In the northeast, it may be noted
that these two profiles fall in the region (a) between
theGop and LaxmiBasins, to the southeast of where
Chatterjee et al. (2013) reported the presence of
Somnath volcanism, (b) northeast of Laxmi Basin
where Bhattacharya et al. (1994) reported sea floor
spreading anomalies, and(c)whereMalod et al. (1997)
assumed the spreading axis of the Gop Rift could
be extrapolated to joinwith the spreading axis of the
Laxmi Basin. For profiles 2 and 3, the location of
anomaly 28n in the Arabian Basin was incorpo-
rated in both the profiles as the starting model.
The black colour represents normal polarity in
figure 4(a–c), while the grey colour represents the
reverse polarity. The crustal nature of Laxmi Basin
is debated (Bhattacharya et al. 1994; Krishna et al.
2006); however, the region between the Laxmi and
Gop Basins is less studied. For the forward model-
ling of profiles 2 and 3 within this region, we consid-
ered the band-pass filtered gravity data of profile 2
and 3 with cut-off wavelengths between 50 and 150
km, so as to retain the signatures of the intermedi-
ate (crustal) levels only, i.e., avoiding the gravity
signatures from water column, sediments, and
Moho.We started initially by keeping the densities/
magnetizations of the sedimentary and Moho layer
as zero and tried out three possibilities; we first
assumed the crust to be oceanic by incorporating
spreading type anomalies to the upper layer as done
for profile 1. The response of the model thus gen-
erated was compared with the band-pass filtered
gravity data of profile 2 and 3. Second, we modelled
assuming intrusives within the crust and again
compared with the band-pass filtered data. In both
the cases the match was not reasonable. Third, we
introduced volcanic flows/basalts, calculated the
model response and on comparison with the band-
pass data, found that the fit was reasonably good.
The top layer of the upper crust was found to have
much higher magnetization (∼7 A/m) for the best
fit model. In our final 2D models, we were able to
reproduce the magnetic anomalies over this region
by the introduction of the volcanic flows/basalts
(figure 4b, c). The lower crust was devoid of
magnetization. The figure reproduced here is the
final crustal structure derived for the entire crust as
described for profile 1. Further, it was heartening to
see that at the intersection point of the profiles 2

and 3 (figure 1) in the Arabian Basin, the crustal
structure matched very well bearing a positive
magnetic anomaly. From the generated 2D models,
we obtained inclinations of –50◦ for the basaltic/
volcanic flows in the region between Laxmi and
Gop Basins for profiles 2 and 3.
2D crustal structure was also generated along a

fourth profile SG1 (towards southern part of the
ridge) – using satellite FAG data (location given in
figure 1) as ship-borne gravity and magnetic data
were not available in this region. The 2D crustal
structure was developed following the procedure
similar to that done for the ship-borne gravity data
(figure 4d). A higher density layer below the crust
of the Laxmi Ridge was found in this profile as
well. The presence of underplated layer in profiles
2, 3 and SG1 along the ridge axis in figure 4(b–d)
lends credence to the model derived from both
the ship-borne and satellite data. A gravity profile
running along the E–W and NW–SE axis of the
Laxmi Ridge (SG2 in figure 1) was also modelled
to check the nature of the crust along the ridge
(figure 4e). A clear change in the gravity anomaly
value was visible between the E–W and NW–SE
axis of the ridge with free air anomaly values chan-
ging from –22 to –54 mGals suggesting a change in
the crustal structure. The derived crustalmodel also
showed the presence of high density material below
the crust of Laxmi Ridge in NW–SE axis whereas it
was absent below the EW part. This derived crustal
model along the Laxmi Ridge represented by pro-
file SG2 reconfirms the absence of underplated
material in the E–W axis of the Laxmi Ridge.
From the comparison of the generated 2Dmodels,

it was observed that the presence of underplating
was confined only to the NW–SE (figure 4b–e) seg-
ment of the ridge. This suggests, that the nature of
the ridge on the E–W and NW–SE axis is different.
Also the region between Laxmi and Gop Basins is
associated with volcanic/basaltic flows rather than
sea-floor spreading anomalies or intrusives.

2.2 3D crustal structure energy spectral
analysis (ESA)/(MWT)

To generate a 3D crustal model of the Laxmi Ridge,
we applied Multi-Window Technique (Markham
et al. 2008), a modified form of Energy Spectral
Analysis (ESA) (Markham et al. 2008) to the
satellite-derived FAG anomaly data over the ridge.
In MWT, energy decay spectra are calculated over
a series of increasingly larger windows centered
over point of interest. Depth-plateaus indicating
nearly constant depth values for a range of win-
dow size corresponding to the approximate depth
to the causative magnetic/gravity interface are
thus determined. Multiple linear segments (slopes)
on the spectrum correspond to separate depth
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ensembles, implying multiple inhomogeneities. The
1st slope, the steepest one corresponds to deeper
interfaces dominating the low frequency zone while
the 2nd slope indicates the average depth to the
shallower sources and so on. The depth estimates
heavily depend on the slope of the power spectrum;
a change in the slope can vary the depth to the top
of the interface. In the present paper, the slopes are
fitted to the curve using the linear approximation.
The fit with minimum standard deviation was used
to calculate the depths.
We have taken around 60 locations (point of

interest) along the Laxmi Ridge and window length
ranging from 20 to 200 km with window expan-
sion increment of 10 km. Figure 5(a) represents
the different depth horizons mapped using MWT
technique for location H shown in figure 2. The
marked plateaus represent the different horizons
where the depth is not changing suggesting it to
be a major density interface. This location being
at the edge has only three horizons compared with
the other regions well within the Laxmi Ridge.
Five different depth-horizons were present for the
locations of the Laxmi Ridge trending in NW–SE
direction while in the EW part, only four horizons
were present, the two deepest horizons are shown
in figure 5(a and b). Comparison with the 2D mod-
els and seismic refraction data (Naini and Talwani
1982) suggests that Horizon 1 matched with the
depth to the top of the sedimentary layer, Horizon
2 represents interface between sediments and depth
to the top of the crust, Horizon 3 matched with the
interface between upper and lower crust and Hori-
zon 4, depicted the depth to the interface between
the lower crust and underplating. Horizon 4, i.e.,
the interface between lower crust and underplat-
ing was absent below the EW part of the Laxmi
Ridge. The fifth and deepest horizon (Horizon 5)
at an average depth of 24 km, is present through-
out the axis of the ridge, suggesting the thickened
nature of the Laxmi Ridge and matches well with
the Moho depth estimated from the 2D models.
This explains the presence of an underplated layer
below the ridge along the profiles 2, 3, SG1 and
part of SG2 (figure 4b–e). The horizon H5 can be
clearly visualized all along the Laxmi Ridge but as
we move towards Laxmi Basin there is a shallow-
ing of the Moho. The underplating is not present
along profile1. It was found that the depths to the
lower crust from the 2D profile models (figure 4) as
well as the Moho depth matched reasonably well
with the horizon depths obtained from the MWT
analysis (table 1).

2.3 Filtered FAG maps

The long wavelength features are generally asso-
ciated with the deep/regional sources and short

wavelength features depict shallow sources, there-
fore wavelength filtering analysis of the FAG data
was undertaken to understand the nature of the
shallow and deep sources. FAG anomaly was
subjected to high pass filtering with cut-off wave-
lengths of 50, 80, 100, and 150 km. The patterns
did not change very much for the different cut-off
wavelengths and a representative map at 100 km
cut-off wavelength is shown in figure 6(a); the
highs appear to demarcate the edges of the LR.
Also several circular highs, possibly representing
intrusives, are seen along the NW–SE segment
while they are absent in the EW part. In the
Gop Rift Basin, the anomalies trend in an E–W
direction and show some similarity to the mag-
netic anomalies (figure 6a). When subjected to low
pass filtering with cut-off wavelengths of 200 km
(figure 6b), the NW–SE segment of the Laxmi
Ridge appears as a smooth gravity low (rang-
ing ∼10 to 12 mGal) devoid of any anomalous
sources, which were present in the high pass fil-
tered maps (figure 6a). To the north of Laxmi
Ridge, at the intersection of Gop Rift and Laxmi
Basin, high anomalous zone was observed in
the long wavelength maps (ranging from ∼16 to
20 mGal).

2.4 Source distribution/analytic signal

To have an understanding of the distribution of
gravity and magnetic sources at relatively shallow
levels, analytic signal maps were generated from
the FAG data and EMAG2 data and are repro-
duced in figure 7(a and b), respectively. The ana-
lytic signal method (the total gradient method)
is used for defining the edges (boundaries) of
geologically anomalous density or magnetization
distributions (Nabighian 1972, 1974) and is inde-
pendent of the magnetization directions. Mapped
maxima (ridges and peaks) in the calculated
analytic signal of gravity/magnetic anomaly map
locate the anomalous source body edges and cor-
ners (e.g., basement fault, block boundaries, base-
ment lithology contacts, fault/shear zones, igneous
and salt diapirs, etc.).
From the analytic signal of the FAG, we find

that to the east, prominent sources are picked
from the continental shelf edge, Bombay High, and
the seamount chains south of the Laxmi Basin
(figure 7a). Laxmi Ridge reflects high gradients
compared to the Laxmi Basin (to the east) and
Arabian Basin (to the west). Within the Laxmi
Ridge, the anomalous sources are mainly concen-
trated to the NW–SE part of the Ridge constrained
by L1. The western edge of the magnetic linea-
ment L1 lies parallel to the Girnar fracture zone
(figure 2) (Malod et al. 1997).
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Figure 5. Horizon-depth map of Laxmi Ridge derived from MWT analysis of FAG data in 2D perspective. (a) Different
depth horizons mapped using MWT technique for a selected location (H) which is demarcated in figure 2; (b) representing
the interface (H4) between lower crust and the underplating; and (c) showing the deepest horizon (H5) representing Moho
depth.
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Table 1. Comparison of depths (average) obtained for hori-
zons H4 (interface between lower crust and underplating)
and H5 (Moho) from the calculated MWT and 2D models
for the profiles 1, 2, 3 and SG1.

Depths from

MWT depths 2D crustal

(km) modeling (km)

Profile 1

Crust–Mantle ∼22.5–23 ∼18.35–19.67

Profile 2

LC–UP ∼8.4–9.5 ∼9.64–10.17

Crust–Mantle ∼22–23 ∼20.01–20.97

Profile 3

LC–UP ∼8.1–9.3 ∼8.67–10.5

Crust–Mantle ∼20.5–22.5 ∼18.45–19.55

Profile SG1

LC–UP ∼8.4–9.1 ∼10.63–11.11

Crust–Mantle ∼13.5–19 ∼14.5–15.08

From the analytic signal map of EMAG2, the
magnetic sources (figure 7b) to the north of L1
trend in E–W direction, while towards south they
mainly trend in NW–SE direction (also within the
Laxmi Basin) until they are terminated by NE–SW
sources cutting across both the Laxmi Ridge and
Basin. The identified magnetic lineations (Müller
et al. 2008) of the Arabian Sea (A28) and Gop
Rift (A29) (Yatheesh et al. 2009) are superposed
on analytic signal map (figure 7b).

3. Results and discussion

High resolution satellite-derived FAG along with
ship-borne gravity, magnetic and EMAG2 data
over the Laxmi Ridge and the adjoining Arabian,
Laxmi, and Gop Basins were analysed to throw
light on the crustal architecture of these tectonic
elements. 2D models along selected profiles and
3D models using MWT, both working under dif-
ferent assumptions, were derived to understand
the crustal configuration of the Laxmi Ridge and
the adjoining regions. Frequency domain filtering
and gradient analysis were carried out to isolate
the gravity and magnetic sources at different depth
levels. The magnetizations and crustal structure
deduced from the 2D crustal modelling along
profile 1, is in agreement with sea-floor spread-
ing type anomalies on either side (both in
Arabian and Gop Rift Basins) of the Laxmi Ridge
(figure 4a). Whereas, along profiles 2 and 3, sea-
floor spreading type anomalies were confined only
to the Arabian Basin. The crustal structure
deduced from 2D and 3D models, constrained by
refraction velocity data, shows that thick lower
crust overlies Moho in the EW segment, while the

Moho is overlain by almost 10-km thick under-
plated material in the NW–SE segment. The pres-
ence of high velocity layer (figure 4b–e) between
the lower crust and mantle (Laxmi Ridge) in the
NW–SE part of the ridge matched reasonably well
with Horizon 4 (horizon depths, figure 5) obtained
from the MWT analysis. When compared, the
depth to the top of the underplated layer and the
depth to Moho obtained from the forward modelled
2D crustal structure (figure 4) matched fairly well
with the depths obtained from the MWT method
(figure 5); thus giving credence to the calculated
depths. Similarly, presence of underplated material
was not seen in 2D model as well as 3D model in
E–W section of LR. The absence of underplated
material in the EW part of LR was also seen along
a profile (SG2) running through the EW and NW–
SW part. But studies by Minshull et al. (2008) have
shown presence of underplated material below the
EW part of the Laxmi Ridge whereas potential
field modelling did not reveal their presence. This
may possibly be due to two reasons: (1) the under-
plating may be too thin to generate a signature in
gravity and magnetic data, (2) due to compositional
changes a detectable density contrast may not be
existing between the underplated and adjacent lay-
ers. We would like to mention here that a velocity
contrast of only 0.2 km/sec is observed between
underplated and adjacent layer in seismic velocity
model of Minshull et al. (2008). Several high fre-
quency gravity and magnetic signatures, probably
representing intrusives, are observed in the NW–
SE segment but absent in the EW segment of LR.
Even in the deeper part, EW segment of the Laxmi
Ridge is characteristically different from the NW–
SE segment. From the filtering and analytic signal,
we found that the gravity and magnetic sources
are mainly concentrated on the NW–SE segment
of the Laxmi Ridge at shallow levels. Isopach map
derived from seismic velocities (Schreider et al.
2002) shows a thin sediment cover of 1–2 km over
the NW–SE segment, while it increases to 3–4 km
on the EW segment of the ridge. Summarising the
results, we find (a) presence of underplated mate-
rial in the NW–SE part of LR while it is absent in
EW part and (b) intrusives/sources concentrated
in the NW–SE part but absent in the EW. An
EW trending magnetic high (L1 in figure 3) seen
in the EMAG2 coincides with the region where
the two parts of the Laxmi Ridge change its char-
acter suggesting that L1 is marking a boundary
between the E–W and NW–SE segments of the
Ridge. The NE–SW trending Girnar fracture zone
(figure 1) (Malod et al. 1997), a possible strike-slip
zone north of Laxmi Basin, if extended further
southwest passes through this region where the
character of Laxmi Ridge changes. The thicke-
ned crust deduced within the LR, the densities
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Figure 6. Filtered FAG maps: (a) High pass filtered maps with cut off wavelengths 100 km, (b) low pass filtered map with
cut-off wavelength of 200 km. Mapped in thick white is the outline of the Laxmi Ridge demarcated from Minshull et al.
(2008) and marked in black dashed line is L1 as discussed in the text.

obtained from the seismic velocities along the LR,
and the absence of spreading anomalies over the
ridge suggest it to be of continental type (figure 4)

as stated by Naini and Talwani (1982) and later
studies. Thus one of the hitherto unknown results
of the present study is that the Laxmi Ridge is
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Figure 7. Analytic signal map of the (a) FAG and (b) EMAG2 data. Superposed are the demarcation of Laxmi Ridge (in
white) from Minshull et al. (2008), the magnetic lineations labelled after Chaubey et al. (2002), Yatheesh et al. (2009) and
the lineament L1 (black dashed line) identified from figure 3.

divided into an EW and NW–SE segment which
possibly has different evolutionary history resulting
in difference in the nature of the crust.

Second result inferred from the present study is
that the region to the northwesternmost part of
Laxmi Basin is composed of volcanic/basaltic flows
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rather than sea-floor anomalies or intrusives. The
presence of volcanic/basaltic flows in this region
can arise due to the following possibilities:

(a) these are emplaced on an already existing crust
as India moved over a hotspot such as Reunion

(b) volcanism associated with the rifting of Laxmi
Ridge from its counterpart

(c) localized volcanism emplaced due to impact of
meteriorites such as the one which gave rise to
Somnath volcanism (Chatterjee et al. 2013).

The remanent magnetic inclination (I
r
) obtained

for these volcanic flows (profiles 2 and 3) were
approximately −50◦. Assuming that the geomag-
netic field is that of a dipole at the centre of the
Earth, the palaeomagnetic latitude (λ) of a posi-
tion/location is calculated from the remanent incli-
nation (I

r
) of its magnetic field by λ = tan−1 ((tan

I
r
)/2) or [tan I

r
= 2 tan λ] suggesting the palaeo-

latitude at the time of volcanic flow would be
∼30◦S. This location more or less matches with the
palaeo-plate reconstruction model of Müller et al.
(1993). The well identified sea-floor spreading ano-
malies in the Gop Basin (Malod et al. 1997) was
explained either as A31r–A25r (∼69.3– 56.4 Ma)
or as A29r–A25r (∼64.8–56.4 Ma) by Yatheesh
et al. (2009). Also, integrated geophysical stud-
ies by Krishna et al. (2006) have shown that the
Laxmi Basin is a failed rift formed prior to Deccan
volcanism and that the magnetic anomalies arise
due to the intrusives emplaced into this stretched
crust by the Reunion hotspot rather than spread-
ing anomalies as deciphered by Bhattacharya et al.
(1994). Both the above-mentioned studies suggest
that the region to the north of Laxmi Ridge is
formed prior to the main Deccan activity. The
present location of Reunion plume is around 21◦S.
Considering the studies by Craig et al. (2003) who
suggested that the Reunion hotspot drifted north-
wards by 5◦ to reach its present position during the
period 55–35 Ma, the inclination of −50◦ obtained
for the volcanic flows can be related to Deccan vol-
canism. Further, paleomagnetic studies conducted
on the dykes of Kutch Rift Basin indicated a
mean remanent inclination of −45◦ and have been
assigned Deccan affinity (Venkateshwarlu et al.
2014). The present location (latitude) of these
dykes are ∼23.5◦N and the region between Laxmi
and Gop Basins ∼19.5◦N. This suggests that not
much movement has taken place between the
Kutch Rift Basin and the Laxmi Ridge after their
formation; also the volcanic flows in the region
north of LR and dykes in the Kutch Basin may
be contemporaneous. The magmatic activity in the
Kutch Rift Basin leading to the formation of these
dykes is coeval with the Deccan lava eruption
(Paul et al. 2008). From the isotopic and chemical

compositions of the basalts from the Kutch and
Mumbai Offshore Basins, Rathore et al. (2013),
suggest that the basalts in these basins falls to
Within Plate Basalts (WPB) category similar to
on-land Deccan trap. Hence, the volcanic flows
deduced from the present study may be related to
the passage of India over Reunion plume. Further
analysis and interpretation is required to confirm
the present findings, as this inference is made from
interpretation of two widely-spaced profiles.
The main findings from the present study

include: (a) the nature of the EW segment of the
Laxmi Ridge is different from the NW–SE seg-
ment; no underplating is observed below EW seg-
ment while it was seen below the NW–SE segment;
(b) the southwest extension of the Girnar fracture
zone appears to be the line of divide between these
two segments; (c) the region to the north of Laxmi
Ridge, between Laxmi and Gop Basins is composed
of volcanic/basaltic flows having Deccan affinity,
emplaced in the already existing crust. The present
study also supports the previous findings of Malod
et al. (1997) and Yatheesh et al. (2009), that the
Gop Basin is composed of spreading anomalies.
The magnetic anomalies in the Gop Basin indi-
cate that the basin opened between 73 and 68 Ma
(Malod et al. 1997; Collier et al. 2008) before the
Deccan plume activity with the Palitana Ridge as
the extinct spreading center (Yatheesh et al. 2009).
Armitage et al. (2010) suggested that the ope-
ning of the Gop Basin may have preceded the main
Deccan eruption by 6My. Integrating the present
study results with the results of Krishna et al.
(2006) and Armitage et al. (2010), it can be infer-
red that volcanic material having Deccan affinity
is emplaced on a stretched continental crust which
is limited towards the west by the Girnar frac-
ture zone. The NW–SE segment of the Laxmi
Ridge is associated with underplating while it is
not found below the EW part. If underplating is
a necessary pre-requisite for any rifting mecha-
nism, then we infer that Seychelles was attached
only to the NW–SE segment of the Laxmi Ridge
which was later separated forming the present Ara-
bian Basin. We speculate that the initial rifting of
India from Madagascar–Seychelles–Laxmi Ridge–
Laccadive Ridge took place prior to the passage
of Indian plate over the Reunion hotspot, possibly
related to the Marion hotspot activity during 85 Ma
(Yatheesh et al. 2006). But due to some reasons,
the rifting got aborted after a given time interval,
forming a failed rift, thereby forming a platform for
the accumulation of sediments in these failed rift
grabens. This is supported by the interpretation of
the reprocessed seismic data in the Kerala–Konkan
and Mumbai Off-shore basins that suggests the
presence of Mesozoic sediments below the trap flows
(Roberts et al. 2010; Gorain 2012; Kalra et al.
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2014). Later, the passage of Indian plate over
Reunion hotspot has left its imprints in the form
of intrusvies into the stretched continental crust
(Krishna et al. 2006) as well as the existing crust
of Laccadive Ridge, etc. (Nair et al. 2013). This
also may have triggered the rifting between Laxmi
Ridge (NW–SE segment) and the Seychelles giving
rise to the well-defined anomaly A28 (∼63 Ma)
belonging to the Arabian basin.

4. Summary

Using wavelength filtering analysis and source dis-
tributions along with 2D and 3D crustal modelling
of the satellite-derived FAG and ship-borne grav-
ity/magnetic data, we have revisited the crustal
architecture of the Laxmi Ridge and adjoining
regions in the north-eastern Arabian Sea.

• The crustal structure deduced from 2D modelling
suggests that the Laxmi Ridge is divided into two
distinct segments such that a thick lower crust
overlies Moho in the EW segment while the Moho
is overlain by a thick underplated material in the
NW–SE segment of the Laxmi Ridge.

• 3D crustal structure derived using Energy
Spectral Analysis (ESA), a method very different
from 2D modelling, depicts depth horizons repre-
senting interface between different layers. The 3D
crustal structure deduced using ESA also recon-
firms similar geometry for the Laxmi Ridge as
obtained from the 2D forward model.

• Results from the filtering and source distribution
suggest that the intrusives/sources are concen-
trated in the NW–SE part of the Laxmi Ridge,
while they are absent or very minimal in the EW
segment.

• From the present study, we infer that the divi-
sion of the Laxmi Ridge into an EW and NW–
SE segments with varied evolutionary history is
possibly controlled by the Girnar fracture zone.
The southwest extension of the Girnar fracture
zone appears to mark the boundary between
the E–W and NW–SE segments of the Ridge,
which depict structurally and characteristically
different nature.

• From the calculated inclination parameters
derived from the best fit 2D model we infer
that the region to the north of Laxmi Ridge,
the northwestern part of Laxmi Basin, is com-
posed of volcanic/basaltic flows having Deccan
affinity that might have been emplaced in an
already existing crust. Integrating the results
from the present study with previous studies
suggests that the rifting in the Gop Basin pre-
ceded the emplacement of the volcanics in the
region between Laxmi and Gop Basins. The

emplacement of volcanic/basaltic flows may be
associated with the passage of India over the
Reunion hotspot.
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