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Abstract

The Laxmi and Laccadive ridges are two major aseismic ridges in the NW Indian Ocean.
Bathymetry, gravity and magnetic data and their derivatives are analyzed and modelled to assess the
interrelationship between both the ridges as well as to establish their crustal structure, nature and
isostatic compensation. Boundaries of the Laxmi and Laccadive ridges are delineated by tilt
derivative with constraints from available seismic-sections. Integrated gravity and magnetic models
reveal that both the ridges have almost similar crustal layers and are underplated all along its length.
Crustal models also depict that both the ridges are carpeted with flood basalt and heavily intruded.
3D coherence between Mantle Bouguer Anomaly and residual bathymetry reveals that the elastic
plate thickness and subsurface to surface load ratio for both the ridges vary from 3 to 4 km and 0.7 to
0.8, respectively. Several characteristic similarities viz. crustal structure and nature, elastic plate
thickness, magmatism have been observed for both the ridges. Seismic sections near the junction of
the ridges suggest that the basement high corresponding to the Laxmi Ridge is further continued
towards the Laccadive Ridge. In addition, the northwestern part of the Laccadive Ridge has NW-SE
structural lineaments similar to that of the NW-SE segment of the Laxmi Ridge. Based on results of
the present and previous studies, we infer that (i) the Laxmi Ridge is extended southeastward
towards the Laccadive Ridge, (ii) both the ridges are continental slivers which are underplated as
well as intruded and carpeted by volcanics, and (iii) both the ridges are locally compensated.

Keywords: Laxmi Ridge; Laccadive Ridge; NW Indian Ocean; Gravity and Magnetic Data; Tilt
Derivative; 3D Coherence.
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1. Introduction

The Laxmi and Laccadive ridges (Fig. 1) are two most prominent physiographic and aseismic ridges
in the NW Indian Ocean. The Laxmi Ridge runs in the NW-SE direction between 14.5°N and 19.3°N
and then westward with E-W strike from 19.3°N, 65.8°E (Fig. 1). The average water depth and
maximum relief over the ridge are ~3.5 km and ~1.2 km, respectively (Mishra et al., 2018). The
estimated maximum depth to Moho under the Laxmi Ridge is around 21-23 km (Naini and Talwani,
1983; Minshull et al., 2008; Misra et al., 2015) which implies that the ridge crust is thicker than
typical oceanic crust and thinner than continental crust. Both free-air and isostatic gravity anomalies
are low over it, whereas magnetic anomaly is irregular, implying non-seafloor spreading type
magnetic anomaly. Crustal nature of the Laxmi Ridge is considered as continental by most of the
researchers (Naini and Talwani, 1983; Bhattacharya et al., 1994; Talwani and Reif, 1998; Todal and
Edholm, 1998; Radhakrishna et al., 2002; Krishna et al., 2006; Ajay et al., 2010; Arora et al., 2012;
Bhattacharya and Yatheesh, 2015; Nair et al., 2015; Mishra et al., 2018); however, few studies
favour oceanic origin of the ridge (Pandey et al., 1995; Singh, 1999; Misra et al., 2015).

The Laccadive Ridge (Fig. 1) is the northern segment of aseismic Chagos-Laccadive Ridge and lies
approximately north of 10°N. About 20 islands and banks are scattered over the ridge (Bhattacharya
and Chaubey, 2001). Free-air anomaly over the ridge is negative and subdued; however, relatively
positive anomaly is observed above the crestal region. The magnetic signature is subdued over the
eastern flank of the Laccadive Ridge, whereas the western flank is associated with several prominent
high amplitude anomalies. Seismic refraction results reveal that the Moho lies at depth of 18-19 km
implying that the crust beneath the ridge is thicker than normal oceanic crust and thinner than
continental crust (Naini and Talwani, 1983; Bhattacharya and Chaubey, 2001). Regarding the origin
of the Laccadive Ridge, a number of hypotheses exist in the literature. It has been considered as a
transition zone between oceanic crust in the west and continental crust in the east (Narain et al.,
1968), leaky transform fault (Fisher et al., 1971; McKenzie and Sclater, 1971; Avraham and Bunce,
1977), the Réunion hotspot trace (Whitmarsh, 1974; Duncan, 1981; Shipboard Scientific Party, 1988;
Richards et al., 1989; Duncan, 1990), a continental fragment (Naini and Talwani, 1983; Murty et al.,
1999; Bhattacharya and Yatheesh, 2015), continental fragment intermingled with volcanic intrusives
(Chaubey et al., 1998, 2002a, 2008) and at some places it might be originated by magmatism
emplaced over an oceanic crust (Chaubey et al., 1995).

There is also a lack of understanding regarding interrelationship of both the ridges. Naini and
Talwani (1983) proposed that morphologically, the Laxmi Ridge is NW continuation of the
Laccadive Ridge, while Talwani and Reif (1998) suggested that the Laccadive Ridge is continued
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towards the north, not towards the Laxmi Ridge. Todal and Edholm (1998) believed that the Laxmi
Ridge is a separate feature from the Laccadive Ridge based on crustal density models. These studies
warrant an integrated geophysical approach to establish their interrelationship. Seismic, bathymetry,
gravity and magnetic data over the Laxmi and Laccadive ridges are analysed and modelled in the
present study to (i) determine crustal structure and nature of the ridges (ii) delineate boundaries and
structural features of the ridges (iii) relook into the isostatic compensation mechanism and

subsurface loading along the ridges, and (iv) decipher interrelationship between both the ridges.
2. Geophysical Data

Ship-borne bathymetry, gravity and magnetic data used in the present study were acquired during
different cruises of ORV Sagar Kanya (SK12, SK 22, SK50, SK64, SK79, and SK162), RV Sindhu
Sankalp (SSK36, SSK52, and SSK96) and DSV Nand Rachit (NR05) during 1984-2016. The
surveyed tracks are shown in Figure 2. From all the profiles, spikes and other erroneous data were
removed. Total magnetic field intensity data have been reduced to residual magnetic anomalies by
subtracting the International Geomagnetic Reference Field of the appropriate epoch. Free-Air gravity
Anomalies (FAA) data were obtained by applying normal and E6tvOs corrections to the measured
gravity data. Bathymetry, magnetic and gravity data were first smoothed using 5 km Gaussian filter

and then resampled at 0.4 km interval for crustal structure modelling across both the ridges.

‘Bedrock’ version of ETOPO1, one arc-minute global relief model (Amante and Eakins, 2009) for
bathymetry grid data, has also been utilised. Free-air anomaly data are obtained from global marine
gravity data (grav.img.24.1) of Sandwell et al. (2014). Sediment thickness model utilised in this
work is taken from Divins (2003). The geoid grid for the present study area was extracted from geoid
data generated for the northern Indian Ocean by Sreejith et al. (2013). Average P-wave velocity for
each crustal layers has been estimated using refraction data of the Western and Eastern basins (Naini
and Talwani, 1983) covering the study area (Fig. 1). These average velocities are converted into
density using Brocher (2005) formula (Table-1) for forward gravity modelling.

Published seismic sections for delineation of boundaries of the ridges and basement constraints in
integrated gravity-magnetic crustal modelling are taken from Ajay (2011), Krishna et al. (2006) and
Misra et al. (2015) (Fig. 2). Single-channel seismic data from the National Centers for
Environmental Information (NCEI), formerly known as National Geophysical Data Centre (NGDC),
are also utilized. The single-channel seismic data from cruises RV Vema (1977), RV Robert D.

Conrad (1974) falling within the study area are compiled and utilized in this study.
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3. Theory and method

3.1. Tilt derivative of free-air anomaly

Tilt derivate is one of the best tools for locating the edge of the source. It is defined as the ratio of the
first vertical derivative of the potential field (f) to the horizontal gradient of the field (Miller and
Singh, 1994).

_1 vertical component of gradient

Tilt angle = tan

horizontal component of gradient
1 af/aZ
J (01 /0x)*+(af /0y)*

=tan™

3.2. Coherence analysis
The theoretical coherence between Mantle Bouguer Anomaly (MBA) and residual bathymetry is

computed from the following equations (Forsyth, 1985; Luis and Neves, 2006):
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Where, D is flexural rigidity and Te is elastic plate thickness. Other notations and their values are

presented in Table-2. The observed coherence is computed by the following relation:

201y — CHIC ()
VIK) = ime: oo 3)

Where C(k) is the cross-spectrum of bathymetry and gravity; the asterisk (*) denotes the complex

conjugate; Eg(k) and En(K) are the power spectrums of gravity and bathymetry, respectively.

MBA data of the study area are generated by subtracting gravity effect of seafloor relief, sediments
and crust-mantle interface from free-air gravity anomaly assuming an average crustal thickness of 6
km. Sediment thickness is multiplied by a correction factor 0.48 (Crough, 1983) to remove its
isostatic effect and then subtracted from the bathymetry to get residual bathymetry. Computation of
gravity anomaly from bathymetry and density contrast is carried out using an algorithm developed by
Parker (1972).

3.3. Integrated gravity and magnetic modelling

2D integrated gravity and magnetic forward modelling has been carried out using GM-SYS module
of Oasis Montaj software. The computational scheme is based on the method of Talwani et al. (1959)
and makes use of algorithms illustrated in Won and Bevis (1987). To eliminate the edge effect, all

the models are extended to +30000 km (infinity) in both the side of the X direction. In forward

Page 4 of 45



gravity and magnetic modelling, initially, a priori geological model, well constrained by other
geophysical proxies is created and its gravity and magnetic responses are calculated to compare with
observed gravity and magnetic value. If there is a good match between observed and calculated
values then the geological model is the final crustal model, if not, then in an interactive way, the
model is kept on modifying till the best match is obtained.

As a first step, an initial crustal model is prepared along a selected transect by integrating
bathymetry, seismic reflection and refraction data available along the transect or close to the transect.
Main crustal layers are constructed based on P-wave velocities obtained from refraction data. The
average velocity of each layer is calculated and density of the layer is computed using the velocity-
density formula of Brocher (2005).

Magnetic parameters for computation of magnetic response of crustal layers are taken from
published results of nearby area (Krishna et al., 2006; Rao et al., 2010). Forward gravity and
magnetic modelling was performed by continuously applying small adjustments to the geometries of
crustal layers to obtain a crustal model which satisfies both the geometrical constraints and an

acceptable fit between observed and calculated gravity and magnetic anomalies.

3.4. 3D Euler deconvolution and depth estimation

3D Euler deconvolution method is utilized for determining depth and location of magnetic source
from gridded magnetic data. The Euler deconvolution is a widely used technique and is based on
solving Euler's homogeneity equation

(x—xO)Z—i+ (y—yo)g—;+(z—zo)g—l;= —NF . i 4)
Where, F is the total magnetic field anomaly observed at (X, y, z) due to magnetic source located at
(Xo, Yo, Zo) and N is the Structural Index (SI). The advantage of this method is that the magnetic data
need not be reduced to pole, so that remanence is not an interfering factor (Reid et al., 1990).
Sincethe structural index is dependent on source geometry, and observed anomaly might have
different sources, therefore, the above equation should be solved for a number of indices. The
indices, which give good clusters of Euler solutions, are considered for interpretation. In the present

study, Euler deconvolution is utilised for determining the location of the faults, i.e. for SI=0.

4. Analyses and results

4.1. Boundaries of the Laxmi and Laccadive ridges

Boundaries of the Laxmi and Laccadive ridges are delineated based on three constraints, (i) tilt angle
of the FAA, (ii) available seismic reflection profiles across the ridges, and (iii) crustal models

generated from integrated modelling of gravity and magnetic data. The tilt angle of FAA in the study
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area has been calculated utilising the equation (1) and presented in Figure 3. The tilt angle clearly
depicts edges of structural features present in the study area. The edges of the features such as the
Laxmi, Laccadive ridges, Raman, Panikkar, seamounts, Wadia Guyot, shelf break, slope are much
clearer than that depicted in the FAA map.

Tilt angle has the attractive property of being positive over the source, crosses the zero line of tilt
angle at or near the edge of source body and negative outside the region (Miller and Singh, 1994).
Boundary of the Laxmi Ridge is delineated by following the zero contour line smoothly (Fig. 3). The
boundary of the Laxmi Ridge is further constrained by the seismic sections (REO1, RE02, RE11,
RC1707_59, RC1707_63, RC1707_64, V3408 3, V3407_9 and V3407_10) and crustal models
generated through integrated gravity and magnetic modelling across the ridge. The final boundary is
shown in Figure 3. The Laxmi Ridge runs in the NW-SE direction between 14.5°N and 19.3°N and
then westward withan E-W strike from 19.3°N, 65.8°E. NW-SE part is wider than the E-W part of
the ridge. Width of the E-W part varies from 25 to 60 km with an average width of ~40 km. Width of
NW-SE part increases towards SE from ~70 km to 135 km. There is a sudden disruption of the
boundary between 15.2°N and 15.8°N and width decreases from 120 km to 70 km and then further
increases southeastward. The NW-SE part of the Laxmi Ridge between 15°N and 17°N reveals
several NW-SE trending features which are limited within its boundary. In addition, there are other

several localized isolated features randomly distributed over the ridge.

Boundary of the Laccadive Ridge is also delineated by following the zero contour line smoothly.
This boundary is further constrained by the boundaries determined from seismic sections (SK12-08,
SK12-07, SK12-06, SK12-03, RE13, RE15, RE17, RE19, and RE23) across the ridge. The final
boundary of Laccadive Ridge is shown in Figure 3. The Laccadive Ridge is stretched from 7.3°N to
15°N and parallel to subparallel to the shelf break off southwestern India. It abuts against oceanic
crust of Western Basin on its western side and the Laccadive Basin on its eastern side. Its width is
almost same (~280 km) between 9.5°N and 15°N. South of 9.5°N, the width reduces ~220 km to
~100 km. NE-SW to N-S and NW-SE structural trends are well evident in the tilt angle map which
are restricted to the boundary of the Laccadive Ridge. From these trends, it is also clear that western
flank of the Laccadive Ridge, between 10°N and 14.5°N, exhibits structural NW-SE trends which are
different to that of the eastern flank displaying N-S to NE-SW trends.

4.2. Magnetic characteristics and fault lineaments
Ship-borne magnetic data along all the tracks (Fig. 2) are further analyzed for crossover error as the
data have been compiled from the different cruises. The crossover errors at each intersection are

estimated and appropriate linear models of systematic corrections for each track are determined
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using the ‘x2sys’ package of Wessel (2010). The crossover corrected data is gridded with minimum
curvature method and the resultant magnetic grid is utilized to generate magnetic anomaly map of

the study area (Fig. 4) for further analysis and interpretation.

Magnetic anomaly over the Laxmi Ridge (Fig. 4) ranges from -364 nT (minimum) to 431 nT
(maximum). It is noticeable that a major part of the Laxmi Ridge is associated with magnetic
anomaly lows with a few magnetic highs at locations. The northernmost part of the ridge exhibits
prominent magnetic anomaly lows trending in EW direction. An EW trending magnetic high near
18.5°N, 66°E, located at the junction between E-W and NW-SE segments of the ridge, seems to act
as a boundary between these two segments. A linear magnetic high trending NE-SW is located at
~17°N. At the southern part of the ridge, where the boundary is disrupted, WNW-ESE trending
prominent magnetic low and high are present. Towards the Western Basin side, the Laxmi Ridge
terminates against magnetic anomaly Chron 28n. Magnetic anomaly over the Laccadive Ridge
ranges from -475 nT to 400nT and the ridge is characterized by several magnetic anomalies lows and
highs. Distribution of magnetic highs is predominant as compared to magnetic lows. There are few
distinct zones over the ridge where amplitudes (peak to trough) of magnetic anomalies are extremely
high.

3D Euler deconvolution is applied on gridded magnetic data with a window size of 30 km x 30 km.
Since SI = 0 gives solution for faults, the Euler solutions are obtained for SI = 0 to identify and
locate faults on both the ridges. The solutions are plotted on the magnetic anomaly map and
presented in Figure 4(a). As the present study focuses on the Laxmi and Laccadive ridges, the Euler
solutions outside the boundaries of the ridges are not considered. Euler solutions depict that there are

several solutions corresponding to faults/contacts over the ridges.

The Laxmi Ridge between 62.6°E and 66.5°E is associated with prominent clusters of the Euler
solutions which trend E-W and lie adjacent to the boundary of the ridge (Fig. 4). These solutions
correspond to contacts between Laxmi Ridge and oceanic crust of either side. Further, where Laxmi
Ridge changes its trend from E-W to NW-SE, there is magnetic high zone which is associated with
Euler solution trending E-W and ENE-WSW. Interpretation suggests that it is a fault zone which
separates the Laxmi Ridge into two aforesaid part of the ridge. At the transition of the Laxmi Ridge
and the Laxmi Basin, there is no cluster of Euler Solutions; whereas western side, i.e. junction of
Western Basin and Laxmi Ridge there are several NW-SE trending linear clusters. At the southern
part of the Laxmi Ridge where the boundary of the ridge is disrupted, Euler solutions also display a

good cluster trending NW-SE which separates prominent magnetic low from magnetic high (Fig. 4).

Page 7 of 45



On the basis of disrupted boundary and Euler solution, it is interpreted that southernmost part of the
Laxmi Ridge might have tried to split from the remaining part of the ridge. The southern end of the
Laxmi Ridge is associated with prominent NW-SE trending faults/contacts. This fault seems to
further continue towards the northern part of the Laccadive Ridge (Fig. 4).

In comparison to the Laxmi Ridge, there are many linear clusters of Euler solutions over the
Laccadive Ridge (Fig. 4). Interpreted Euler solutions at the southern end of the Laxmi Ridge is
further continued southeastward and parallel to the adjacent northern boundary of the Laccadive
Ridge. The northern boundary of the eastern flank of the Laccadive Ridge is abutted by a prominent
ENE-WSW trending fault/contact. The western boundary of the Laccadive Ridge is associated with
several NNW-SSE Euler solutions of limited extent (Fig. 4). These lineations/faults, in general, are
parallel to subparallel to the adjacent boundary of the Laccadive Ridge. The eastern boundary of the
Laccadive Ridge is also associated with several N-S, NE-SW, E-W trending Euler solutions. From
the map (Fig. 4b) it is noticed that eastern flank of the ridge exhibit more clusters of Euler solutions
than the western flank. Trends of major Euler solutions are N-S, NW-SE, NNW-SSE, NE-SW,
ENE-WSW, E-W. There are several horst graben structures reported over the ridge, and therefore it
is interpreted that these solutions correspond to the basement faults.

4.3. Coherence, elastic plate thickness and subsurface loading

Coherence between MBA and residual bathymetry is computed using Eg. 3 for the region
encompassing the Laccadive Ridge. The computed coherence as a function of wavelength is shown
in Figure 5(a). The coherence reaches to unity for the long wavelength (>400 km), which is an
indication of locally compensated topography, suggesting that bathymetry is not supported by
flexural strength of the lithosphere. The coherence for the wavelength less than 50 km displays noise
influenced values; therefore, these values are not incorporated in the analysis. The wavelength of the
transition zone from low coherence to high coherence provides an indication of flexural rigidity of
the lithosphere and in this zone (50 km to 400 km), observed coherence values rise sharply from 0.3
to 0.97.

The theoretical coherence between MBA and residual bathymetry is computed as a function of
wavelength from Eq. 1, for a range of loading ratio (F) and T values (Fig. 5a). Theoretical
coherence, for Te=2, 3, 5 and 7 km and for a fixed value of F=0.7, are plotted (Fig. 5a, blue coloured
curve) on a semi-logarithmic graph together with observed coherence (Fig. 5a, stars with error-bars

in red colour) for comparison. The values of observed coherence are falling between the theoretical
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coherence curves computed with Te=2 km and 7 km. The narrow width of the transition zone (50-
300 km) is suggestive of similar Te trend along the Laccadive Ridge.

For constraining the values of Te and load ratio F, Root Mean Square (RMS) error between observed
and theoretical coherence is examined. The value of Te and F are systematically varied from 0.0001
km to 20 km and from 0O to 5 respectively to compute the RMS error. For each combination of T, and
F, the RMS error between theoretical and observed coherence is calculated and plotted against Te
and F (Fig. 5b). The result shows that the RMS error is minimum for Te=3 km and F=0.7, which is
shown by a star in Figure 5(b). This implies that the amplitude of subsurface load at Moho
contributes 70% to that of the surface load. The coherence curve for the best match (Te=3.0 km and
F=0.7.) is shown with green colour in Figure 5(a). Mishra et al. (2018) estimated value of Teand F
over the Laxmi Ridge in a similar way. The results indicate that the Te is 3-4 km and F is 0.8 for the
Laxmi Ridge. Therefore, it is interpreted that the elastic plate thickness of the ridges are low and the

lithospheric plate is weak.

4.4. Geoid to topography ratio over the Laccadive Ridge

It is well known that the longer wavelength (>4000 km) geoid and topographic anomalies are due to
density anomalies in the lower mantle (Bowin, 1983) and cooling of the lithosphere (Haxby and
Turcotte, 1978), while shorter wavelength (<330 km) contain signal from lithosphere flexure and
variation in crustal thickness. However, geoid is linearly related to the topography between
wavelengths 330 and 4000 km (Sandwell & Renkin, 1988); therefore, the Geoid to Topography
Ratio (GTR) analysis of this waveband can be used to understand isostatic compensation mechanism

of oceanic features (Haxby and Turcotte, 1978; Sandwell and Mackenzie, 1989).

Filtered residual geoid and topography of the entire western Indian Ocean are generated by passing
gridded geoid height and sediment corrected bathymetry data sets in the waveband 330-4000 km. In
general, the Laccadive Ridge is associated with negative residual geoid and its values ranges from -
4.6 mto -2.8 m (Fig. 6a). Residual topography varies from -1.1 km to 1.6 km (Fig. 6b). Both residual
geoid and topography along the axis of the Laccadive Ridge show higher values and decrease on

either side.

For GTR analysis, a polygon was selected to sample the Laccadive Ridge without including adjacent
geological features such as seamounts, continental margin etc. so that results are not influenced by
any artefacts. GTR is computed by taking the slope of the best-fitting least square regression line
through the scatter plot of residual topography and geoid (Fig. 6¢). The calculated GTR over the
ridge is 0.44 m/km. In general, the GTR values are grouped into three ranges; (i) 0-2 m/km
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indicating shallow compensation (ii) 2-6 m/km corresponds to thermal isostasy and (iii) >6 m/km
indicating sub-lithospheric compensation supported by mantle convection (Sandwell and Mackenzie,
1989). Therefore, it is inferred that Laccadive Ridge is also compensated at shallow depth. Mishra et
al. (2018) calculated GTR over the Laxmi Ridge and found a negative value of it (-1.98 m/km). They
interpreted that the negative GTR over the Laxmi Ridge could be caused by shallow subsurface load
(<20 km) with small wavelength (<200 km).

4.5. P-wave velocity structure

The long-range sonobuoy refraction stations LO5, LO7 on the Laxmi Ridge depict velocity-range
1.82 to 2.27 km/s in the first layer, 4.3 to 4.6 km/s in the second layer, 5.2 to 5.4 km/s in the third
layer, 6.2 to 6.3 km/s in the fourth layer and 7.2 to 7.4 km/s in the fifth layer, whereas refraction
station L08, L12 on the Laccadive Ridge display almost similar velocity structure, i.e. 1.65 to 2.12
km/s in the first layer, 4.2 to 4.4 km/s in the second layer, 5.6 to 5.7 km/s in the third layer, 6.3 km/s
in the fourth layer and 7.2 to 7.3 km/s in the fifth layer (Table-3). Gupta et al. (2010) based on
receiver function analysis categorized the crust of the Laccadive Ridge in P-wave velocity-ranges of
2.5-5 km/s, 5.4-5.8 km/s, 6.4-7.0 km/s and 7.3-7.6 km/s. These observations suggest that both the
ridges have almost similar velocity structure. After compiling all the refraction data (Naini and
Talwani, 1983) over the Laxmi, Laccadive ridges and the Eastern Basin five layers of P-wave
velocity range 1.74-3.28 km/s, 4.1-4.9 km/s, 5.1-5.85 km/s, 6.1-6.6 km/s and 7.0-7.4 km/s are
noticed. The layer with velocity-range 4.1-4.9 km/s is interpreted as flood basalt by Kumar and
Chaubey (2019). The layers with velocities 5.1-5.85 km/s and 6.1-6.6 km/s are considered as
continental crustal layers. These velocities do not represent typical upper continental and lower
continental crustal layers; however, considering the tectonic history of the study area, the original
crustal configuration might have been modified in geological past. The lowermost crustal layer of

velocity 7.0-7.4 km/s is interpreted as high-density underplated layer.

4.6. Crustal models across the Laxmi and Laccadive ridges

To understand the crustal architecture under available geological and geophysical constraints, three
transects (SK64-02, SK162-09 and SK162-13) across the Laxmi Ridge and two transects (SK12-08
and SK22-03) across the Laccadive Ridge (Fig. 3) have been selected for crustal structure modelling
along which ship-borne free-air gravity, magnetic anomalies and bathymetry data are available.
Along the transect SK12-08, multichannel seismic data is also available (Fig. 7). The gravity,
magnetic and bathymetry data along these profiles are filtered using Gaussian filter of width 5km

and then resampled at 0.4 km. Crustal structure derived from potential field data modelling is non-
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unique; however, simultaneous modelling of gravity and magnetic data under the constraints from
seismic data provide reliable crustal structure.

From all the compiled refraction data (Naini and Talwani, 1983), it is noticed that velocity in
sedimentary layer varied from 1.74 km/s to 3.28 km/s. Beneath the sedimentary layer, the Western
Basin is characterized by two layers with P-wave velocities of 5.4-5.75 km/s and 6.4-6.8 km/s, which
represent oceanic layer-2 and layer-3, respectively. Based on refraction data, five-layered crustal
structure is considered for both the ridges which includes sediments, flood basalt, crustal layer-1,
crustal layer-2 and high-density underplated layer. Average P-wave velocity from the refraction data
in these layers is calculated and converted to density(Table-1) using Brocher (2005) formula. The
average P-wave velocity, corresponding density and magnetic parameters of these layers,
incorporated in calculation are summarized in Table-1. In order to achieve a good fit between
observed and calculated anomalies, several intrusive bodies have been introduced during integrated
gravity and magnetic modelling. The presence of intrusions is also justified from the magnetic
anomaly and tilt derivative map (Figs. 3 and 4). The locations of intrusions are fixed from these

maps.

In a case of continental crust underneath the flood basalt, the magnetic signature will mainly be
governed by flood basalt as the continental crust has negligible magnetization and susceptibility in
comparison to the flood basalt. In a case of oceanic crust underneath the flood basalt, the magnetic
response will be governed by both; however, influence of flood basalt will be relatively more
because of its presence at a shallower depth than the underlying oceanic crust.In such cases other
geophysical signatures are considered to model the crustal structure as crustal structure derived from
potential field data modelling face problem of non-uniqueness. Therefore, in the present case, this
problem is dealt with simultaneous modelling of gravity and magnetic data under the constraints
from seismic data, which should provide a reliable crustal structure.

The transect SK64-02 passes through the E-W part of the Laxmi Ridge and extends for ~105 km
from the Western Basin to the Gop Basin (Fig. 3). Along the transect, maximum igneous crustal
thickness is ~16 km interpreted below the Laxmi Ridge (Fig. 8a). The Laxmi Ridge and the Gop
Basin both are carpeted with flood basalt and intruded with volcanics. Magnetic polarities of the
flood basalt and intrusions associated with the Laxmi Ridge are interpreted as reverse and normal,
respectively. The Laxmi Ridge and the Gop Basin both are underplated with high-density material.
Underplated layer below the ridge is thicker (~8.1 km) than that of the Gop Basin (~3.6 km). The
Moho gradually decreases from ~20.6 km below the Laxmi Ridge to ~13.0 km below the Western
Basin and ~14.6 km below the Gop Basin.
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The transect SK162-09 is 200 km long and crosses the NW-SE segment of the Laxmi Ridge (Fig. 3).
In accordance with the gravity anomaly trend, the transect shows a variation in the Moho (Fig. 8b).
Depth to the Moho varies between 11.7 km (Western Basin) and 20.2 km (Laxmi Ridge). Maximum
igneous crustal thickness of the Laxmi Ridge is ~15.4 km. The Laxmi Ridge and the Laxmi Basin
both are underplated with high-density material. Maximum thickness of the underplated layer is ~7.0
km below the Laxmi Ridge and 3.1 km below the Laxmi Basin. Magmatic bodies in the form of a
basaltic layer (reverse magnetic polarity) and intrusives (reverse and normal magnetic polarities) are
also inferred along the profile. Maximum thickness of flood basalt is ~1.1 km over the Laxmi Ridge

and ~2.0 km in the Laxmi Basin.

Transect SK162-13 passes through the southernmost block of the Laxmi Ridge from the Western
Basin to the Laxmi Basin (Fig. 3). Maximum igneous crustal thickness and maximum depth to the
Moho along this profile are inferred to be ~15.2 and 19.3 km, respectively below the Laxmi Ridge
(Fig. 8c). The Laxmi Ridge and the Laxmi Basin both are carpeted with flood basalt which lies
below the sediments. Maximum thickness of flood basalt is estimated to be ~1.6 over the Laxmi
Ridge. There are three intrusive bodies of reverse magnetic polarity and one of normal magnetic
polarity within the crust of the Laxmi Ridge. The Laxmi Ridge and Laxmi Basin both are
underplated with high-density material. The estimated maximum thickness of underplated layer
below the Laxmi Ridge and Laxmi Basin is ~8.6 and 3.4 km, respectively. The Moho gradually
decreases from ~19.3 km below the Laxmi Ridge to ~12.3 km below the Western Basin and ~14.5

km below the Laxmi Basin.

Integrated gravity and magnetic modelling was also carried out along transect SK12-08 containing
multichannel seismic data (Fig. 7) in addition to ship-borne bathymetry, magnetic and gravity data
(Fig. 3). The multichannel seismic section along track SK12-08 has imaged the acoustic basement
which is rugged and uneven (Fig 7). The basement high corresponding to the Laccadive Ridge is
marked in Figure 7. Eastern flank of the Laccadive Ridge is associated with several normal faults
which might be related with rifting. In addition, several intrusive bodies are also interpreted from the
seismic data. In general, basement of the western flank of the Laccadive ridge has a gentle slope (~
1:100) while that of the eastern part is nearly flat. From the integrated gravity and magnetic
modelling, interpreted maximum igneous crustal thickness and the Moho depth below the Laccadive
Ridge are 17.0 km and 20.7 km, respectively (Fig. 8d). Flood basalt of reverse polarity is spread over
the ridge (at present lying beneath the sediments) and its thickness varies from 0.4 km to 2.0 km.

Several intrusive bodies of reverse polarities intruded the crust of the ridge. Coral growth is
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interpreted over the three intrusive bodies (Fig. 8d) which indicate that in the past, these intrusives
were near the sea-surface and later subsided. High-density underplated layer is present below the
ridge and it thickens eastward from ~4.7 km to ~8.5 km. Moho depth below the Western Basin is
~11.2 km which increases towards the Laccadive Ridge. Below the ridge, the Moho deepens
eastward from 13.0 km to 20.7 km.

Transect SK22-03 traverses for 400 km from the Western Basin to the Laccadive Basin (Fig. 3). The
ridge is carpeted with flood basalt which belongs to reverse magnetic polarity. Thickness of flood
basalt is variable with minimum and maximum values of 0.8 km and 2.1 km, respectively. Two
intrusive bodies of normal and two of reverse magnetic polarity are also observed within the crust of
the ridge (Fig. 8e). Coral growth is interpreted over the two intrusive bodies (Fig. 8e). The ridge is
underplated by high-density material and its maximum and minimum thicknesses are ~8.6 km and
2.8 km, respectively. The Moho depth varies from 10.8 km (below adjacent Western Basin) to ~20.0
km (below the Laccadive Ridge).

5. Discussion

5.1. Crustal architecture of the Laxmi and Laccadive ridges

Best fit crustal models across the Laxmi and Laccadive ridges reveal similarity in their crustal layers.
Major crustal units of the ridges are sediments, flood basalt, crustal layer-1, crustal layer-2 and high-
density underplated layer. Crustal models of both the ridges indicate that the flood basalts (basaltic
layer) of variable thickness are present below the Tertiary sediments and are associated with reverse
magnetic polarity. Several magmatic intrusive bodies of both magnetic polarities (normal and
reverse) are also present within crust of the ridges. Both the ridges exhibit predominance of
intrusions of reverse polarity. Presence of flood basalt (except on some isolated basement high
features) on the entire northwestern continental margin of India including the Laxmi Ridge, is also
reported in a recent study by Kumar and Chaubey (2019). Similarly, presence of basalt over the
Laccadive Ridge has also been reported earlier by previous researchers (Ajay et al., 2010; Nair et al.,
2013). Earlier studies indicated underplating below the Laxmi Ridge (Naini and Talwani 1983;
Minshull et al., 2008; Mishra et al., 2018) and the Laccadive Ridge (Ajay et al., 2010; Gupta et al.,
2010). Subsurface to surface load ratio for the Laccadive Ridge is 0.7 (computed in the present
study) and for the Laxmi Ridge, it is 0.8 (Mishra et al., 2018) which support presence of a huge
underplating layer below the ridges. All crustal models across both the ridges derived through
integrated gravity and magnetic modelling also displayed a thick layer of underplating as well as

intrusive bodies. Further, presence of rotated fault block system, continental basalt (Murty et al.,
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1999; Kothari et al., 2001), seaward dipping reflector (Ajay et al., 2010) support continental origin of
the Laccadive Ridge which is later affected by magmatic activity. Therefore, based on the results of
the present study and existing knowledge, we interpret the crustal nature of the Laxmi and Laccadive
ridges is of continental origin which is heavily intruded. Both the ridges are carpeted with flood
basalt (at present lying beneath the sediments) and underplated by a high-density material all along

its length.

Elastic plate thickness of the Laccadive Ridge obtained through coherence analysis is about 3 km
which is in good accordance with the values (2-5 km) derived through different methods in previous
studies (Ashalatha et al., 1991; Bansal et al., 2005; Tiwari et al., 2007; Chaubey et al., 2008). The
low value of Te implies that the Laccadive Ridge is locally compensated and lithosphere is elastically
weak beneath it. The Laccadive Ridge has witnessed two main rifting episodes (i) rifting between
Madagascar and Laccadive-India during mid-Cretaceous and (ii) rifting between Laccadive Ridge
and India, at its western and eastern ends, respectively. The crustal setup got modified during these
rifting processes. Also, the whole region came into contact of the Réunion hotspot during 67 Ma to
60 Ma and got extensively deformed. Subsurface to surface load ratio F = 0.7 connotes that
subsurface processes have contributed significantly in reducing the lithospheric strength. Therefore,
it is interpreted that rifting processes and the Réunion hotspot were two major factors due to which
lithosphere beneath the Laccadive Ridge became weak in spite of being continental in nature. The
Laxmi Ridge also displays similar characteristics, i.e. almost the same T and F value as reported in
Mishra et al. (2018). The Laxmi Ridge too had undergone two phases of rifting on its eastern and
western side. Besides, its crustal setup was also altered by the Réunion hotspot during the Early

Tertiary.

5.2. Magmatic activity along the Laxmi and Laccadive ridges

Magnetic anomaly signatures and the crustal models derived through integrated gravity and magnetic
modelling have shown that both the ridges are carpeted with flood basalt as well as intruded with
volcanics. The flood basalt belongs to reverse magnetic polarity and intrusive bodies within the crust
of the ridges belong to both normal as well as reverse polarities. Presence of both the magnetic
polarities indicates that the volcanics are placed during different geological time. Tectonic history of
the region suggests that the Réunion and Marion hotspots are the major sources of volcanism. The
Reunion hotspot erupted during magnetic Chron 29n to Chron 30n and most of the volcanism
occurred within 0.8 Myr which corresponds to Chron 29r (Courtillot et al., 1986). Flood basalt,

interpreted in different crustal models of the Laxmi Ridge is of reverse magnetic polarity which is in
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line with the reported fact. The normal and reverse volcanic intrusions within the crust of the Laxmi
Ridge might be placed during either Chron 29n or Chron 30n and Chron 29r, respectively.

Age of the flood basalt or intrusions of the Laccadive Ridge is difficult to speculate because it was
impacted not only by the Marion hotspot during India-Madagascar separation but also by the
Reunion hotspot during the Early Tertiary. Estimated ages of recovered basalt from drill-well over
Padua Bank are 102 Ma and 60 Ma (Kothari et al., 2001). The 102 Ma age may be associated with
the volcanism from Marion hotspot during rifting between India and Madagascar. However, the 60
Ma age corresponds with the Reunion hotspot related volcanism. These observations indicate that the
Laccadive Ridge experienced magmatism at least from two sources. Therefore, it can be concluded

that both the ridges have experienced volcanic activity in the geological past.

5.3. Continuation of the Laxmi Ridge towards the Laccadive Ridge

The seismic sections along RE11 (Krishna et al., 2006); RE13 (Ajay, 2011); RC1707_64, V3408 5
(NCEI); and SK12-08 (Figs. 7 and 9) are passing near the junction of the Laxmi and Laccadive
ridges. The seismic section along V3408_5 passing across the southernmost part of the Laxmi Ridge
clearly depicts basement high (Fig. 9). This basement high is further continued southeastward and
can be seen in seismic sections along RC1707_64 (Fig. 9) passing through transition zone between
the Laxmi and Laccadive ridges as well as in sections RE13 (Fig. 9) and SK12-08 (Figs. 7 and 9)
passing through the northernmost part of the Laccadive Ridge. These observations suggest that the
basement high corresponding to the Laxmi Ridge is further continued southeastwards and conjoins

with the northwestern flank of the Laccadive Ridge.

Further, there are several similar characteristics, which are observed by analyzing the results of
present and previous studies on both the ridges. (i) Both the ridges have similar crustal structure as
inferred through integrated gravity and magnetic modelling, (ii) both the ridges are interpreted as
continental fragments, (iii) both the ridges had experienced stretching and rifting at its eastern and
western end in the geological past, (iv) elastic plate thickness of both the ridges is low and in the
same range (~3-4 km) (v) both the ridges are underplated with almost same thickness of high-density
material (vi) both the ridges are carpeted with flood basalt as well as heavily intruded (vii) The NW-
SE segment of the Laxmi Ridge reveals several linear features which are limited within its boundary
and having NW-SE trend (Fig. 9). Also, the northwestern part of the Laccadive Ridge depicts NW-
SE trending structural features similar to that of the Laxmi Ridge (Fig. 9). These structural
lineaments do suggest a similarity between northwestern flank of the Laccadive Ridge and NW-SE

segment of the Laxmi Ridge. In addition, the northwestern flank of the Laccadive Ridge is associated
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with a free-air gravity anomaly low which is falling in continuation of the gravity anomaly low of the
Laxmi Ridge. Also from the tilt derivative map, Laxmi Ridge seems to be continued structurally
southeastward and conjoins western part of the Laccadive Ridge (Fig. 9). Naini and Talwani (1983)
were also of the opinion that the Laxmi and Laccadive ridges have similar nature, and
morphologically the former one is the northwestward continuation of the latter one. However, Todal
and Edholm (1998), based on crustal density models, inferred that the Laxmi and Laccadive ridges
are separate features. Results of present study advocate similar crustal model for both ridges, which
is further supported by the velocity model as observed on refraction stations L08, L12 on the
Laccadive and L05, L06 on the Laxmi ridges (Fig. 9). On the basis of above results and discussion,
we believe that the Laxmi Ridge continues southeastward and unites with the northwestern part of

the Laccadive Ridge.

6. Conclusions

Analyses and results of geophysical data through integrated approach have provided a new
understanding of crustal structure, subsurface loading and interrelationship of the Laxmi and
Laccadive ridges. Major findings of the present study are summarized as follows:

I. The effective elastic plate thickness of the Laccadive Ridge, as determined from coherence
analysis between mantle Bouguer anomaly and residual bathymetry, is about 3 km with subsurface
to surface load ratio 0.7.

ii. The Laccadive Ridge is compensated locally and lithosphere is elastically weak beneath it.
Various rifting processes between India, Madagascar and Laccadive; and reheating by the Réunion
hotspot are the possible cause of weak lithosphere.

iii. Both the Laxmi and Laccadive ridges are carpeted with flood basalt as well as heavily intruded.
The flood basalt and most of the intrusive bodies belong to reverse magnetic polarity, while few
intrusions belong to normal magnetic polarity.

iv. Both the ridges are underplated all along its length and its maximum thickness reaches about 8.6
km.

v. Both the ridges have similar crustal model and of continental origin. The Laxmi Ridge continues

southeastward and conjoins with the northwestern part of the Laccadive Ridge.
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Table 1 Average P-wave velocity in different crustal layers. Density for each layer is calculated

using Brocher (2005) formula.

Crustal Layers Average | Density Susceptibility | Remanent
velocity | (g/cm?®) (CGS unit) magnetization
(km/s) (emu/cm?)
Sediments 2.73 2.20
Flood Basalt 4.50 2.46 0.001-0.003 0.001-0.007
Crustal Layer-1 5.43 2.60
Crustal Layer-2 6.30 2.77
Underplating 7.20 3.02
Oceanic Layer-2 551 2.62 0.001-0.003 0.001-0.007
Oceanic Layer-3 6.67 2.88 0.001-0.002 0.001-0.003
Mantle 8.10 3.33
Table 2 Model parameters used for calculation of theoretical coherence.
Parameter Notation Value
Density of sea-water Pw 1.03 g/cm?®
Density of crust Pe 2.70 g/cm?®
Density of mantle Pm 3.30 g/cm?®
Young’s modulus E 100 Gpa
Poisson's ratio o 0.25
Acceleration due to gravity g 9.81 m/s?

Table 3 P-wave velocity in different crustal layers of the Laxmi and Laccadive ridges. Vp: P-wave

velocity in km/s; T: Thickness in km; Ref.: Refraction; W.D: Water depth.

W. First Second Third Fourth .
fNegEergf Stgfions D. Layer Layer Layer Layer Fifth Layer
(km) | Vp | T Vp | T Vp | T Vp | T Vp T
Laxmi L05V34 3.136 | 2.05 | 0.67 | 430 | 0.73 | 540 | 351 |6.20 | 413 |7.20 | 10.70
Ridge LO7V34 3.779 | 204 | 0.70 | 460 | 1.71 |5.20 | 1.07 | 6.30 | 3.24 | 740 |5.79
Laccadive | LO8V34 2135|189 |0.83 | 440 |0.66 |560 | 149 |6.30 |4.69 |7.20 |8.40
Ridge L12V34 3.628 | 2.00 | 043 | 420 |1.70 | 570 | 193 [ 6.30 | 184 |7.30 | 7.99
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Figure captions

Fig. 1 Generalized map of the western continental margin of India and adjacent ocean basins,
depicting bathymetric contours (in meters), magnetic isochrons (coloured blocks),
pseudofaults (blue lines), fracture zones (thin dashed lines) in the Arabian Basin (Chaubey et
al., 2002b). Thin green and magenta lines represent magnetic lineation in the Laxmi and Gop
basins identified by Bhattacharya and Yatheesh (2015) and Ramana et al. (2015), respectively.
Thick dark-red and green curves represent the Reunion hotspot track (Shipboard Scientific
Party, 1988) and the Laxmi Ridge gravity low, respectively. Dark-red stars denote the IODP
and DSDP drilled sites. Study area is shown with dashed-black polygon and encompasses two
prominent aseismic Laxmi and Laccadive ridges. R: Raman Seamount, P: Panikkar Seamount,
W: Wadia Guyot.

Fig. 2 Map showing compiled ship-borne geophysical data (Seismic-S, Bathymetry-B, Gravity-G,
Magnetic-M) along the tracks shown with different colours utilized in the present study. Red
lines represent tracks along which SBGM data are available; Blue line represent tracks along
which BGM data are available; Green line represent tracks along which BM data are
available; Magenta lines correspond to the tracks along which published seismic sections
(Krishna et al., 2006; Ajay, 2011; Misra et al., 2015), and orange lines represent tracks along
which single-channel seismic section from NCEI are compiled. Dark-red circle denotes the
refraction stations and Dark-red stars denote the IODP and DSDP drilled sites. Free-air gravity
anomaly contours are drawn in background for reference. Study area is shown with black
polygon.

Fig. 3 Map of tilt angle computed from free-air gravity anomaly. Solid black-square represent
edge/boundary of the Laxmi and Laccadive ridges determined from seismic sections. Final
boundaries of the Laxmi and Laccadive ridges, determined in present study are shown with
black curve. Transition zone between both the ridges is shown with red lines. Black solid lines
represent transects along which integrated gravity and magnetic anomaly modelling is carried
out. R: Raman Seamount, P: Panikkar Seamount, W: Wadia Guyot.

Fig. 4 (a) 3D Euler solutions obtained over study area for Structural Index (SI) = 0, are plotted on the
magnetic anomaly map of the study area. (b) Interpreted lineaments corresponding to
fault/contacts from 3D Euler solutions obtained for SI = 0 and are shown with black lines.
Boundaries of the Laxmi and Laccadive ridges are shown with dark-red curve.

Fig. 5 (a) Plot of observed coherence (red star with error-bar) between MBA and residual

bathymetry, and theoretical coherence curves (blue) for Te values 2, 3, 5 and 7 km assuming
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F=0.7, (b) Root Mean Square (RMS) plot of the misfit between theoretical and observed
coherence as a function of Te and F. Black star shows minimum value of RMS which
corresponds to Te=3.0 km and F=0.7. The green curve in coherence plot corresponds to the
best fit Te=3.0 km and F=0.7.

Fig. 6 (a) Residual geoid anomaly over the Laccadive Ridge, calculated by filtering the geoid in
wavelength-band 330-4000 km. (b) Residual topography calculated by filtering corrected
bathymetry in wavelength-band 330-4000 km. (c) Scatter plot between residual geoid and
residual topography in wavelength-band 330-4000 km; black line is the best fit line which
gives geoid to topography ratio (GTR) for the Laccadive Ridge. The boundary of the
Laccadive Ridge in (a) and (b) has been shown with black color curve.

Fig. 7 Seismic section along track SK12-08 (see Figs. 2 and 3 for location). Basement is shown with
orange colour. Places of intrusions are indicated with upward arrow. TWT: Two Way Travel-
time.

Fig. 8 Crustal models derived through integrated gravity and magnetic forward modelling under
constraints from published crustal velocity and nearby seismic reflection data. (a) Crustal
model along track SK64-02 (top) and crustal layers legends (bottom), (b) Crustal model along
track SK162-09, (c) Crustal model along track SK162-13, (d) Crustal model along track
SK12-08, and (e) Crustal model along track SK22-03. Parameters used in synthetic gravity
and magnetic anomaly computations are listed in Table-1. For reversely magnetized bodies
inclination is +50° and declination is +130°. For normally magnetized bodies inclination is -
50° and declination is -40°. D: Density in g/cm®; FAA: Free-Air gravity Anomaly; MA:
Magnetic Anomaly; RMSE: Root Mean Square Error.

Fig. 9 Map of tilt angle of free-air gravity anomaly of the Eastern Arabian Sea. Seismic sections
along the track-lines (maroon lines) falling in transition zone, are shown in inset figures.
Boundaries of the Laxmi and Laccadive ridges are shown with thin black curve. Black circles
denote refraction stations. Northwestern part of the Laccadive Ridge (bounded between
dashed black line and the northwestern boundary of the Laccadive Ridge) has NW-SE
structural lineaments (marked with solid black lines) similar to that of the NW-SE segment of
the Laxmi Ridge. Continuation of the Laxmi Ridge towards the Laccadive Ridge is shown
with black dotted lines.
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