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ARTICLE INFO ABSTRACT

High resolution satellite derived Free Air Gravity (FAG) anomalies over the Maldive Ridge segment of the
Chagos-Laccadive Ridge and adjoining areas of the Arabian Basin and Central Indian Basin was analyzed to
understand their structure. Indian Ocean Geoidal Low corrected FAG depict the N-S trending relative highs
associated with the Maldive Ridge, the lows associated with the Vishnu Fracture Zone, and the seafloor fabrics
associated with spreading Central Indian Ridge in the Arabian Basin. Transformation operations for enhancing
the short, intermediate and long wavelength anomalies were carried out. The northward continuation of the
Vishnu Fracture Zone, the eastward extension of the fracture zones of the Arabian Basin into the Deep Sea
Channel (DSC) region, between the Maldive Ridge and the Chagos Bank, and the signatures related to north-
south trending coral reefs have been deciphered from the enhancement of short wavelength anomalies. The long
wavelength anomalies show N-S highs along the axis of the Maldive Ridge and the DSC, which on comparison
with previous studies, is inferred to be the signature related with the underplated material from the passage of
the Indian plate over the Reunion Plume. Depth to top of two interfaces over the Maldive Ridge and the DSC
were computed using the power spectral method by assuming a window of 110km dimension and 50 km
overlap. Depths were thus calculated for 44 blocks along the ridge axis. The average depth to the top of the
shallow interface was found to be 5.5 km while that of the deeper was 11.0 km. These depths and interfaces were
confirmed by undertaking 2D forward modelling along a 300 km long N-S profile along the western segment of
the Maldive Ridge. Integrating with the available previous geophysical studies, it is inferred that the shallow
interface represents the depth to the top of the acoustic basement underlying 1-1.5 km thick lava flow unit while
the deeper is associated with the interface between the crust and initial Moho before the underplating took place
(presently top of the underplated material). From the present study, it has been inferred that the Deep Sea
Channel between the Maldive Ridge and Chagos Bank can be purely oceanic in nature.
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1. Introduction

The Chagos-Laccadive Ridge (CLR) is a N-S trending aseismic fea-
ture stretched over 3000 km along the meridional direction between
15°N and 10°S (Fig. 1). The ridge is divided into three main segments:
the northern segment referred to as Laccadive Plateau, the middle
Maldive Ridge and the southern Chagos Bank (Bhattacharya and
Chaubey, 2001). An archipelago of coral islands rest on each of the
segments with the ridge crest comprising of shoals, banks and corals
reefs at depths less than 1500 m. The Maldive Ridge segment of the CLR
lies approximately between 7°N and 1°S (Bhattacharya and Chaubey,
2001). The islands of Chagos, the Maldives and Lakshadweep are
above-water parts of the Chagos-Laccadive Ridge. The Lakshadweep-
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Maldives-Chagos Archipelago comprises the most extensive coral reef
and atoll community in the Indian Ocean as well as the largest atoll
system in the world. Several hypotheses were put forth regarding the
genesis of CLR (Bhattacharya and Chaubey, 2001 and references
therein): a zone of transition between oceanic crust in the west and
continental crust in the east, a leaky transform fault, a hot spot trace, or
a micro-continent. Different segments of the CLR having different
genesis has also been postulated (Bhattacharya and Chaubey, 2001 and
references therein), for example, Chagos Bank may be composed of
volcanic material associated with leaky transform fault, the Maldives as
a microcontinent, Laccadive Plateau as a continental fragment etc.
Recently, from the recovery and dating of zircons (Ashwal et al., 2017)
from the basaltic beach sands of Mauritius, the existence of an ancient
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Fig. 1. Bathymetry map of the Western Indian Ocean
generated from satellite altimetry (Smith and
Sandwell, 1997) depicting major structural and tec-
tonic features in the study region and adjoining areas.
Dotted rectangle demarcates the region under study.
White solid lines represent contoured magnetic iso-
chrones (Miiller et al., 2008). The solid black trian-
gles and boxes respectively indicate broadband
seismic stations (Fontaine et al., 2015) and seismic
refraction stations (Francis and Shor, 1966). Loca-
tions of ODP well site (Backman et al., 1988) re-
presented by solid green circles and IODP by red
circles (Betzler et al., 2017). Value in bracket is the
age of the volcanic flows. CIR: Central Indian Ridge,
LR: Laccadive Ridge, CB: Chagos Bank, Sy: Sey-
chelles, SAM: Saya de Malha, MP: Mascarene Plateau,
NB: Nazareth Bank. CR: Comorin Ridge. Inset shows
density of depth soundings data utilized for the
generation of bathymetry in the study region. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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continental crust beneath Mauritius was hypothesized. Mauritius, Saya
de Malha, Chagos, Cargados-Carajos Banks, Laccadives and Nazareth
were postulated to be part of this Precambrian micro-continent coined
“Mauritia” (Torsvik et al., 2013). Through the crustal thickness map-
ping of Mauritius and adjoining regions using inversion of gravity data,
Torsvik et al. (2013) argued that Mauritius formed part of a contiguous
block of anomalously thick crust (> 25-30 km) that extends in an arc
northwards to the Seychelles. Previous geophysical studies conducted
over the Laccadive Ridge segment of the CLR have suggested the ridge
to be of continental origin (Ajay et al., 2010; Chaubey et al., 2008) and
that the ridge was a part of the Western Dharwar craton bounded by the
Chapporo lineament to the north and Bhavani shear to the south (Nair
et al., 2013). Compared to the number of geophysical studies under-
taken to understand the structure of most of the aseismic ridges in the
Indian Ocean, the Maldive-Chagos part of the Chagos-Laccadive Ridge
is least studied. Few industrial wells were drilled over the Maldive
Ridge segment (Aubert and Droxler, 1996) of the CLR in addition to the
few wells drilled under ODP and IODP programs (Duncan and
Hargraves, 1990; Betzler et al., 2017). Other geophysical studies
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include few industrial seismic reflection surveys in the Maldive Inner
Sea area (Aubert and Droxler, 1996), receiver function analysis from
broadband seismic stations (Fontaine et al., 2015) located at Huvadhu
atoll and Haa Dhaalu atoll, respectively in the southern and northern
part of the Maldive Ridge (Fig. 1). To better understand the structures
related to the Maldive Ridge it is essential to look at a data set which
has uniform coverage, such as satellite altimetry derived free-air gravity
data. The availability of satellite derived geopotential data is very
helpful in deciphering the structures where traditional ship borne
geophysical data are either not available or sparse. The accuracy and
resolution of the free-air gravity anomalies derived from satellite radar
altimeter data have improved over the years, and these data are now of
increasing value for modelling structures of interest in the oil industry
as well as providing regional geological information (Majumdar et al.,
1998). An evolutionary model of the Laccadive Ridge segment of the
CLR was provided by Nair et al. (2013) from the analysis of satellite
derived free-air anomalies and using different wavelength filtering
techniques. In the present paper an attempt has been made to have
qualitative appraisal of the High resolution satellite derived free-air
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gravity anomalies and its various transformations based on wavelengths
and compare the results with the available geophysical data sets to
improve our understanding of the structure of the Maldive Ridge seg-
ment and the Deep Sea Channel region of the Chagos-Laccadive Ridge.

2. Morpho-tectonic elements and previous studies

The major morpho-tectonic elements in the study region encompass
the north-south trending Maldive Ridge, the Deep Sea Channel between
the Maldive Ridge and Chagos Bank and the ocean floor of adjacent
Arabian and Central Indian Basins (Fig. 1). The Maldive Ridge, which
lies approximately between 7° N and 1° S, is bounded in the west by NE-
SW trending seafloor fabrics of Arabian Basin and in the East by the
Central Indian Basin. An archipelago of coral islands grouped in a
double row of atolls separated by an inner sea rest on the Maldive
Ridge. The volcanic basement of the Ridge is overlain by 3-km thick
Eocene and Oligocene neritic carbonates (Belopolsky and Droxler,
2004). Eight IODP wells (expedition 359, Betzler et al., 2017) and three
ODP wells (leg 115, sites 714,715,716, Backman et al., 1988) were
drilled in the northern part of the Maldive Ridge (location shown in
Fig. 1). Among this, the well 715 reached up to an olivine basaltic
basement of Early Eocene (57 Ma) age, around 211 m below seafloor
(Backman et al., 1988). Through the inversion of gravity data, Torsvik
et al. (2013) suggested a crustal thickness =25-30km beneath the
Laccadives, Maldives and Chagos. The receiver function studies of
Fontaine et al. (2015) also reported a broader crust-mantle transition
and thicker crust over the Maldive Ridge with the Moho lying at
~23km and an initial Moho, before the formation of magmatic un-
derplated rocks, at ~ 13 km below the KAAM station (location shown in
Fig. 1). The Deep Sea Channel area between the Maldive Ridge and
Chagos Bank is about 4500m deep; the seismic refraction studies
(Francis and Shor, 1966) suggested that this region is underlain by a
thick 1 km layer of 2.15 km/s velocity material at the top, below which
lies about 4 to 5km thick layer of velocity 6.13km/s possibly re-
presenting volcanic material. According to the hotspot genesis model,
this area interrupts the typically continuous hotspot track between the
Maldives and the Chagos Bank and originated from a combination of
the ridge geometry, in particular the distribution of transform faults,
plate motions and plume-ridge interaction (Bredow et al., 2017). Well-
defined sea-floor spreading anomalies related to young ocean floor
were identified in the Arabian Basin to the west of MR while in the
Central Indian Basin (McKenzie and Sclater, 1971) the oldest spreading
anomalies identified was A34 (Cande and Patriat, 2015), related to the
spreading of India and Madagascar. However, no spreading anomalies
were identified along the Chagos-Laccadive Ridge (Avraham and
Bunce, 1977).

3. Data source and methodology

In the present study, the most recent global marine free-air gravity
model (Version 24.1, Sandwell and Smith, 2009; Sandwell et al., 2014)
which comprises twelve more months of CryoSat-2 altimeter data in
addition to the previous Version 23.1, has been utilized. These data are
two times more accurate than all previous models with an accuracy of
about 2mGal and ensures high clarity with more improvements at short
wavelength band - 12-40 km (Sandwell et al., 2014). The bathymetric
data used are the latest one arc minute resolution global seafloor to-
pography (Version 18.1, Smith and Sandwell, 1997) derived by com-
bining all of the available depth soundings with high-resolution marine
gravity information from satellite altimetry. The density of depth
soundings data utilized for the generation of bathymetry in the study
region is shown as an inset in Fig. 1. Both the above gravity and
bathymetric data sets are well suited for regional tectonic investigation
studies since they contain required wavelength information, with uni-
form coverage and accuracy. The free-air gravity data over the study
region are largely influenced by the gravity effect of Indian Ocean
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Geoidal low (IOGL) (Kahle et al., 1978) centred east of Comorin Ridge
and south of Sri-Lanka. The IOGL spans over very large areal distance as
a long wavelength feature with a significant low of —106m in geoid
height in the Indian Ocean, south of the Indian sub-continent (Sreejith
et al., 2013). Using the spherical harmonic coefficient of EIGEN-6C4
Geoid model (Forste et al., 2015) up to degree and order 50 (the
coefficients are gently rolled off between the degrees 30-70 in order to
avoid the ringing effect arising due to sharp truncation at the degree
50), the gravity contribution of IOGL is calculated and removed from
free-air gravity data. The geoid corrected free-air gravity anomaly
(FAG-IOGL), which typically contains information up to upper mantle is
used for qualitative evaluation and interpretation of major tectonic
elements in the study region.

Various transformation operations and wavelength filtering have
been carried out using the FAG-IOGL map, to enhance the shallow and
deeper features along the Maldive Ridge (MR), Deep Sea Channel (DSC)
and the adjoining ocean floor. To enhance the signature from the
shallow features represented by high-frequency components we have
utilized the first vertical derivative (Blakely, 1995) and analytic signal
method (Nabighian, 1984) to map the source distribution at shallow
levels. In addition, we have used Butterworth high pass and low pass
filters to retain the short and long wavelength anomalies, respectively.

Radially averaged power spectrum was computed over MR and DSC
to compute the depth to the top of interfaces with varying density
contrast. Radially averaged power spectrum of gravity and magnetic
data can be used to obtain average depth to the top of the density or
magnetization interfaces at different depth levels (Spector and Grant,
1970; Mishra and Pedersen, 1982). In the Fourier domain, the
equivalent layer theorem states that to first order the gravity spectrum
at the surface due to a subsurface layer with relief spectrum Az(k),
depth zpand density contrast Ap in 2D is given by (Karner, 1982)

Ag (k) = 2rGApe=27 k120 Az (k)
whose power spectrum can be expressed as
|Ag (k)P = (4m2(ApG)2e47K120)| Az (k)2

Taking the natural logarithm of the radially averaged power spec-
trum, the above equation becomes,

In(I1Ag (k) P) = —4mzy |kl + In[472(ApG)*(1Az (k) 1?)]

where () denotes the radial average (Spector and Grant, 1970). As-
suming, random uncorrelated sources (IAz(k)?) becomes one and In
(472(ApG)?) becomes constant. The above equation can then be ap-
proximated as a straight line of slope —47nz, in which z, may be found
by plotting the natural logarithm of the radially-averaged power spec-
trum against the wavenumber, |kl (Blakely, 1995). In reality, the sources
are not randomly distributed (Pilkington and Todoeschuck, 1990; Maus
and Dimri, 1994; Bansal et al., 2010) which introduces some slope to
the spectral decay rather than becoming white noise, implying that the
slope of In(lAg(k)I?) vs |kl gives an over estimation of the depth.
Nevertheless, the depth estimates from the radially averaged power
spectrum provides a good starting model for 2D and 3D interpretations.

4. Qualitative analysis and interpretation

Free-air gravity anomaly map of the study region (Fig. 2) generated
using satellite derived free-air gravity data (Sandwell and Smith, 2009;
Sandwell et al., 2014) generally mimic the seafloor configuration and
exhibits subdued positive gravity anomalies, ranging from approxi-
mately 0 to 70 mGal along the Maldive Ridge and parts of the Deep Sea
Channel between the Maldive Ridge and Chagos Bank. The Maldive
Ridge segment appears to be surrounded by a broader —50mGal
contour and shows an axial low of up to —20 mGal with a width of
40 km between the latitude 2.5°N to 5.6°N along the 73.2°E meridian.
Several short wavelength circular and elliptical anomalies are observed
in Deep Sea Channel region. The elongated gravity highs and lows
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Fig. 2. High resolution satellite derived free-air gravity (FAG) anomaly map of
Maldive Ridge and Adjoining areas. Crustal architecture inferred from the FAG
and its transformations of the west coast of India (Kalra et al., 2014) is super-
posed. VFZ: Vishnu Fracture Zone, SFZ: Shiva Fracture Zone, BFZ: Brahma
Fracture Zone, DSC: Deep Sea Channel, OCB: Ocean Continent Boundary.
—50mgal (magenta), —20 mGal (black) and 0 mGal (blue) contours are su-
perposed. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

associated with the seafloor fabrics of the seismically active Central
Indian Ridge are clearly visible on the western side of the Maldive
Ridge, however towards the eastern side, in the Central Indian Basin,
the signature of the seafloor fabrics appears to be imperceptible on the
FAG Map. Towards the northwest, the NE-SW trending anomalies as-
sociated with the fracture zones of Central Indian Ridge is found to be
terminated along the dotted line A-B. Further, the map shows a vague
impression of west to eastward crossing of fracture zones over the Deep
Sea Channel between 2°S and 4°S latitude with an abrupt truncation at
Vishnu Fracture Zone (VFZ). Even though the north-south trending
strong negative gravity anomaly of approximately —70mGal linked
with the VFZ appears to be terminated around 1°N latitude, its con-
tinuity can be traced (in patches) north of 1° but with subdued ampli-
tudes. To have a better picture of the gravity signatures of different
tectonic elements of the region, the crustal architecture of the west
coast of India inferred from FAG and its transformation by Kalra et al.
(2014) which falls on the northern part of the present study region is
superposed in Figs. 2-4. The N-S trending gravity highs are associated
with the Maldive Ridge while subdued anomalies are observed over the
Younger Laccadive Basin, the region between Maldive Ridge and the
Vishnu Fracture Zone.

The free-air gravity anomaly, corrected for the long wave length
gravity effect of Indian Ocean Geoid Low (IOGL) (Fig. 3) depicts almost
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Fig. 3. Geoid corrected satellite derived free-air gravity anomaly map of the
study region. The long wavelength gravity effect of Indian Ocean Geoidal Low
(IOGL) is calculated using the spherical harmonic coefficient of EIGEN-6C4
(Forste et al., 2015) up to degree and order 50 and is removed from the FAG
anomaly (V.24.1, Sandwell and Smith, 2009; Sandwell et al., 2014). VFZ:
Vishnu Fracture Zone, SFZ: Shiva Fracture Zone, BFZ: Brahma Fracture Zone,
DSC: Deep Sea Channel, OCB: Ocean Continent Boundary. 0 mGal contours are
superposed. White line AB shows the location of the profile used for 2D forward
modelling.

the same trend of anomalies as seen from the FAG map (Fig. 2) but with
a mean increase in the amplitude of 37 mGal. The Maldive Ridge and
the Deep Sea Channel clearly stands out as a north-south trending po-
sitive gravity feature along with few isolated positive highs. On either
side of the ridge, the number of zero level gravity contours has sub-
stantially increased after removing the gravity effect of IOGL, signifying
the state of isostatic compensation of seafloor fabrics adjacent to the
ridge, previously masked by the effect of Indian Ocean Geoidal Low.
However, the appearance of Maldive Ridge as a positive gravity feature
over a long wavelength gravity anomaly still persists in the FAG-IOGL
map. To enhance the shallow level features in the FAG-IOGL map a first
vertical derivative map (FVD-FAG-IOGL, Fig. 4a) and analytic signal
map (AS-FAG-IOGL, Fig. 4b) was computed (Blakely, 1995). A high pass
filtered map with a cut-off wavelength of 50km showed similar
anomalies as seen in the first vertical derivative map. In both, FVD-
FAG-IOGL and AS-FAG-IOGL maps (Fig. 4), the anomalies related to the
fracture zones of the Arabian Basin, the northward extension of the
Vishnu Fracture Zone and the highs associated with the edges of the
coral reefs can be clearly demarcated which suggest that these features
are observed at relatively shallow levels. The fracture zones associated
with the spreading of the Central Indian Ridge within the Arabian Basin
is found to be terminated at the dotted line AB. Between line AB and the
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Maldive Ridge, the anomalies related to fracture zone is absent im-
plying that these are either not present in this region or is masked by
the overlying strata due to which it is not traceable, each of which has
its own significance on the evolution of this part of the Arabian Basin.
Towards the south (south of 0°), the fracture zones are found extending
eastward from the Arabian Basin into the Deep Sea Channel which are
terminated further east by the Vishnu Fracture Zone. No detectable
change in anomalies is observed across the OCB (delineated by Kalra
et al., 2014) and within the northern part of the Central Indian Basin in
the map enhancing shallow level features (Fig. 4a and b). Within the
Maldive Ridge, two north-south trending relative gravity highs flank
the west and the east. Seismic reflection studies (Aubert and Droxler,
1996) suggest that these highs are reef platforms. The sedimentary
basin within the Maldive Ridge (Maldive Inner Sea) averaging 40 km in
width, bounded by the coral reef platforms, depicts itself as relative
gravity lows. Recent drilling (Betzler et al., 2017) has shown that the
depositions within the Maldive Inner Sea are composed of Eocene and
Oligocene neritic carbonates deposited over a volcanic basement dated
at ~57 Ma (Backman et al., 1988).

To have a better understanding of the setting of the ridge, a detailed
study of the Maldive Ridge and Deep Sea Channel area was undertaken.
The location of the selected MR and DSC segment is shown in Fig. 4b
with a rectangle. The FAG_IOGL map over the MR shows that the reef
platforms, depicting as relative gravity highs, are discontinuous. The
Maldive Inner Sea area is observed as a gravity low bounded by the
coral reef platform. The mapped atolls (Aubert and Droxler, 1996) are
superposed on Fig. 5a for comparison. The western and eastern edges of
the reef platform as obtained from the analytic signal peak (AS_FA-
G_IOGL, Fig. 5a) clearly fall on the edges of the mapped atolls. It can
also be seen that the analytic signal highs are located on the extreme
western and eastern boundary of the reef platform. This suggests that
the extreme western and eastern edges or the oceanward margins are
generally steeply inclined while the inner boundaries are more grada-
tional which is in accordance with the E-W cross-section across the
Maldive Ridge (Betzler et al., 2017) depicting the carbonate platform
stratigraphy.

As the FAG-IOGL map (Fig. 3) is composed of a mixture of short to
long wavelength anomalies probably arising from sources at different
depth levels, wavelength filtering operation has been carried out to
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Fig. 4. (a) First Vertical Derivative (enhancing
shallow features) of Indian Ocean Geoidal Low cor-
rected Free Air Gravity (FAG-IOGL) data (b) Analytic
signal map of FAG-IOGL showing the distribution of
shallow level gravity anomaly sources. Bathymetric
contours (4000 m-black, 2000 m-blue) are super-
posed. VFZ: Vishnu Fracture Zone, SFZ: Shiva
Fracture Zone, BFZ: Brahma Fracture Zone, DSC:
Deep Sea Channel, OCB: Ocean Continent Boundary.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

separate different wavelength components. The results obtained from
applying a Butterworth high pass filter with a cut-off wavelength of
50 km and low pass filter with a cut off wavelength of 100 km, over MR
and DSC area is shown in Fig. 5b and c respectively. While the high pass
filtered map shows the N-S trending highs associated with the ocean-
ward margins of the atolls, the image is completely different in the low
pass filtered map. It shows a relative N-S trending high along the axis of
the Maldive Ridge and the Deep Sea Channel. The high associated with
the edges of the atoll is not present in the 100 km low pass filtered
anomaly map which suggests that the atolls are at shallow levels.

To determine the depth to the top of the different density interfaces
over the Maldive Ridge and Deep Sea Channel (DCS), the power spec-
tral method (Spector and Grant, 1970; Mishra, 2011) was utilized. For
arriving at an optimum window length for power spectral analysis, we
have selected the locations of the broadband seismic stations on the
Maldive Ridge (KAAM and HMDM) where depth to different interfaces
were available for comparison with the results obtained from the power
spectrum. We started with a window dimension of 50 km by 50 km,
calculated the depths using power spectral analysis and compared with
the depths from broadband seismic stations. This process was repeated
by increasing the dimensions by 10 km. A good comparison was ob-
tained for window dimensions of 110km by 110 km. This window
length was then tried in the Deep Sea Channel area where two seismic
refraction stations were available which also gave comparable results.
Hence the entire region was divided into several blocks with each block
having a dimension of 110 km by 110 km. With a 50% overlap between
the adjacent blocks, we have 44 blocks covering the Maldive Ridge and
DSC. The computed radially-averaged power spectrum can be divided
into several straight line segments, the slope of each segment giving the
average depth to the top of the corresponding interfaces (Spector and
Grant, 1970; Blakely, 1995) with detectable density contrast. Radially
averaged power spectrum of a few representative blocks are shown in
Fig. 6. In the present study, the slopes of the line segments were ac-
cepted only if the coefficient of determination of the fit is greater than
0.96, otherwise discarded. For each block two straight line segments
were obtained; the higher frequency segment represents the average
depth to the top of the shallow interface and the lower frequency seg-
ment represents the ensemble average depth to the top of the deeper
layer. The uncertainty in the estimated depths, which arises due to the
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Fig. 5. (a) Analytic signal map over the Maldive Ridge and Deep Sea Channel
showing the distribution of gravity anomaly sources at shallow depths. Closed
lines show the location of atolls. Filled box with numbers shows the location of
centre point and segment numbers of the windows used for the calculation of
radially averaged power spectrum (b) High pass filtered map of FAG-IOGL data
with a cut-off wavelength of 50 km. Superposed are the depth to the top of the
shallow layer (segment-2) obtained from radially averaged power spectrum (z
is taken positive up). ARI-1 and NMA-I shows location of industrial wells
(Aubert and Droxler, 1996), KAAM and HMDM location of broadband seismic
stations (Fontaine et al., 2015) and white box represents location of seismic
refraction stations (Francis and Shor, 1966) (c) Low pass filtered map of FAG-
IOGL data with a cut-off wavelength of 100 km. Superposed are depths to top of
the deeper layer (segment-1) computed using radially averaged power spec-
trum.

various assumptions made in the computation of the radially averaged
power spectrum, will be of the order of 10-15% (Mishra and Pedersen,
1982). The centre of each block is shown in Fig. 5a. The average depth
to the top of the deeper segment (segment-1) along the western side of
the ridge is 11 km while that of the eastern side is 10.8 km. The average
depth to the top of the shallow layer (segment-2) over the ridge is
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5.5 km. The depths calculated using the power spectral methods will be
on the higher side, especially the computed depths of the shallow
segment, as the window length of 110km used for the computations
will include a contribution from adjoining areas of the ridge as well in
addition to the assumption of random uncorrelated sources.

5. Discussion

To compare the results obtained from the qualitative and power
spectral analysis and to demarcate the lithology giving rise to the
density contrast across the mapped interface, the results from the three
seismic refraction stations (station 1, 4, and 5 of Francis and Shor,
1966), the drilled wells (Backman et al., 1988; Duncan and Hargraves,
1990; Aubert and Droxler, 1996) and the two broadband seismometers
(Fontaine et al., 2015), located along the Chagos-Maldive-Laccadive
Ridge axis (see Fig. 1 for location), were utilized. In the northernmost
refraction station, located slightly north of the study area, between the
Laccadive and Maldive islands, a 3 km-thick volcanic layer, with a P-
wave velocity of 5.0km/s was delineated overlying a 10 km-thick
oceanic crustal layer with an average velocity of 6.84 km/s. Along the
second station, located in the Deep Sea Channel separating the Maldives
and Chagos, a 4-5 km-thick layer, characterized by an average velocity
of 6.13km/s, overlies a 7.1 km/s crustal layer. Three ODP drilling sites
(714, 715 and 716) are located in the northern part of the Maldive
Ridge. Drilling at Site 715, located in water depths of about 2262 m,
reached the basaltic basement (lava flows) at about 211 m below sea-
floor. NMA-1(EIf) well, drilled over an atoll, terminated at 2222 m after
drilling through 116 m thick basal unit composed of weathered basaltic
flows. ARI-1 well drilled in the Maldive Inner Sea penetrated a 50 m
thick basal unit composed of weathered basaltic flows at a depth of
3365 m. The top of the basaltic flow is at an approximate depth of
2051 m, 2106 m and 3315m from sea level respectively at ODP 715,
NMA-1 and ARI-1 well locations. Dating of the basaltic samples from
wells ODP 715 and NMA-1 using “°Ar/3°Ar, yielded ages of 57.2 Ma and
55Ma, respectively (Aubert and Droxler, 1996). Seismic reflection
studies over the Maldive Ridge and the Maldive Inner Seas, suggests
that the carbonate platform is underlain by volcanic basement which is
sub-divided into a layer of lava flow unit (penetrated through drilling),
followed by an acoustic basement whose surface is highly discontinuous
due to sub-vertical faulting (Aubert and Droxler, 1996; Betzler et al.,
2017). By utilizing the velocities of cored basalts from site ODP 715
(Backman et al., 1988) and the travel time values (Aubert and Droxler,
1996) obtained from seismic reflection studies, it can be assumed that
the sub-areal lava flows in the Maldive Ridge area will have a thickness
of approximately 1-1.5km. Also, interpretation of a large grid of
seismic reflection profiles suggests that the Eocene carbonate banks
were established on topographic highs of the faulted volcanic basement
(Belopolsky and Droxler, 2003). From the N-S and E-W transects across
the Maldives platform (Aubert and Droxler, 1996; Belopolsky and
Droxler, 2003) constructed from integrating seismic reflection and well
information, it can be inferred that the top of the volcanic layer (lava
flow unit) is at an average depth of 2.5-3km over the atolls and
3.5-4km in the Maldive Inner Sea (MIS) area. So the approximate
depth to the top of the acoustic basement unit will be of the order of
3.5-4.5km over the atolls and 5-5.5km in the MIS region. Receiver
function analysis of the broadband seismic stations located over the
Maldive Ridge (HMDM and KAAM) showed a seismic discontinuity
(Fontaine et al., 2015) around 4km which may probably be re-
presenting the top of the acoustic basement and thus support the pre-
sent inference. The spectral analysis gave an average depth of 5.5 km as
depth to the top of the shallow interface (segment-2). Comparing this
with the result from seismic data and well information discussed above,
it can be inferred that this depth may correspond to depth to the top of
the acoustic basement. To compare the deeper interface (segment-1)
which is at an average depth of 11.0km over the MR, the depth esti-
mates from the broadband seismic stations at HMDM and KAAM were
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Fig. 6. Radially averaged power spectrum of a few representative blocks. Fig. 5 for segment location.

utilized. At both these stations, the V velocity is between 4.4 and
4.6 km/s at an average depth of 13.5km, which was interpreted as
representing the initial Moho depth, i.e., before the formation of mag-
matic underplated rocks (Fontaine et al., 2015). At KAAM the depth
obtained from receiver function analysis of the broadband seismic
stations is 13 km while that obtained from the present study is 13.5 km.
At station HMDM, the Moho depth obtained is 14 km while that ob-
tained from free-air gravity data is 12.1 km which is the average value
from 4 stations surrounding HMDM. This difference is within the error

limit of depths calculated using the power spectral methods. Thus the
average depth of 11 km, obtained from power spectral methods, can be
inferred as the initial Moho depth before the formation of the un-
derplated rocks.

To compare the depth estimated using radially averaged power
spectrum, we have undertaken a 2-dimensional forward modelling of
the FAG_IOGL data along a N-S profile roughly coinciding with a part of
the western side of the Maldive Ridge (profile location is shown in
Fig. 3). This part of the western segment was chosen as we had seismic
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constraints (Aubert and Droxler, 1996) to start the gravity modelling. A
similar exercise was not undertaken in the Deep Sea Channel region as
there were no other data to constrain the gravity modelling. The 2D
forward modelling was performed using the interactive GM-SYS Profile
Modelling software (Geosoft, 2014). The modelling involves creating a
crustal model using available geophysical constraints and computing
the model gravity response based on the methods of Talwani et al.,
(1959) and makes use of the algorithms described in Won and Bevis
(1987). A two-dimensional flat earth model was assumed and the USGS
SAKI (Webring, 1985) implementation of the Marquardt inversion al-
gorithm was used to linearize and invert the data. Owing to the non-
uniqueness of the potential field models, the authenticity of the final
geological model depends on how well the initial model is constrained.
To start with, we assumed a multi-layered model with the top-most
layer as bathymetry followed by carbonate reefs atop the volcanic
basement (lava flow unit), constrained using the thicknesses from
published N-S seismic transect (Aubert and Droxler, 1996). The layer of
volcanic flow is followed by the acoustic basement, underplated ma-
terials and finally the mantle. Initially, the depth to the top of the
acoustic basement and underplated materials was assumed from spec-
tral depth estimates while Moho depth was constrained from our pre-
vious study (Kunnummal et al., 2018). The layer of the carbonates
ranging in age from Paleogene to present was assumed an average
density of 2.3 gm/cc while the lava flows was assigned an average
density of 2.8 gm/cc (Backman et al., 1988). The acoustic basement,
underplated material and Moho were respectively provided densities of
2.95gm/cc, 3.05gm/cc and 3.30 gm/cc. The gravity response of this
model was computed and compared with the observation. The depth to
the top of the different crustal layers and Moho was iteratively adjusted
to minimize the error between the observed and computed response.
The final crustal model with the minimum RMS error is shown in Fig. 7.

The depths to the top of the different layers were estimated from the
2D model. It can be seen from the 2D model that the lateral variation of
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the different interfaces is very smooth except for minor undulations
over the acoustic basement which was noted previously in seismic re-
flections (Aubert and Droxler, 1996). The average depth to the top of
the lava flow unit of the volcanic basement, underlying the atolls, is
2.6 km from MSL which matches well with the depth to the top of the
basaltic flows obtained from drilled wells, as mentioned earlier. The
average thickness of the acoustic basement along the modelled profile is
of the order of 5.5km. Along the profile, the Moho is at an average
depth of 25 km. For comparison of the modelled depth along the wes-
tern segment of MR with that of the spectral depth estimates and Moho
undulations (Kunnummal et al., 2018), we have marked the depths
obtained for different layers in Fig. 8. The minor differences can be
attributed to the techniques and the inherent assumptions & calculation
methodology used in these techniques.

Integrating results from the present study, with the available geo-
physical data, an attempt has been made to generate a geological cross-
section along two north-south profiles using the depth values of dif-
ferent segments along the west and east blocks (Fig. 8). In this cross-
section, the region between, segment-1 (deeper layer i.e., top of un-
derplated material) and segment-2 (shallow layer i.e., top of acoustic
basement) is called as “crust” since we have not distinguished it as ei-
ther oceanic or continental or volcanic even though the 2D forward
model has provided better estimates assuming a density of 2.95 gm/cc
which is close to oceanic crustal density. Also, we have not obtained
any density interfaces within the “crust”. It is worth mentioning here
that the shear wave velocity at stations KAAM and HMDM show velo-
city discontinuities at approximately 10km and 8 km respectively.
Depth to the top of the present Moho computed from the inversion of
Mantle Residual Gravity Anomalies after applying necessary corrections
for sediments and lithospheric pressure and temperature anomalies
(Kunnummal et al., 2018) is also utilized in the geological cross-section.

It can be seen from the generated geological cross-section (Fig. 8)
that there is a marked change in the depth to the top of the underplated
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Fig. 7. Two dimensional crustal model derived from the FAG-IOGL gravity data analysis along a N-S profile over the Maldive Ridge; location of the profiles is given in
Fig. 3. The water depths, thickness of carbonate sediments and depth to top of lava flows have been obtained from seismic sections (Aubert and Droxler, 1996).
Dotted lines represent the observed while the full lines depict the calculated values and the thin red lines depict the errors. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Sketch showing a possible geological cross-
section along two N-S profiles across the Maldive
Ridge and the Deep Sea Channel. Bathymetry from
Smith and Sandwell (1997). Depth to top of “Inter-
preted Acoustic Basement” from segment 2 of power
spectrum and depth to top of “Initial Moho” from
segment 1 of the power spectrum. Layers interpreted
by integrating with available data, as discussed in the
text. No data control over sediments and lava flows.
Depth to top of present Moho is from the inversion of
Mantle Residual Gravity Anomalies (Kunnummal
et al., 2018). Profile-1 (western) generated using
depths from segments (1, 3, 5,... 43) and Profile-2
(eastern) from segments (2, 4, 6, ..., 44). Locations of
segments in Fig. 5. Dotted lines h1, h2, h3, h4 re-
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material north and south of 0° i.e., the “crust” is relatively thin in the
Deep Sea Channel region. The average depth to the initial Moho
(bottom of “crust”/top of underplated material) north of 0° is 11.5 km
while that to the south is 8.8 km (two extreme values are not considered
for averaging). The average depth to the top of a 7.11 km/s velocity
layer inferred from seismic refraction stations (location is shown in
Figs. 1 and 5b) in the Deep Sea Channel (region south of 0°) is 8.3 km,
thus matching with the depths computed from gravity data. This shows
the depth to top of the underplated material (representing the initial
Moho) is at a shallower level along the DSC. The average water depth
and sediment thickness in the DSC area are 3.0 km and 1 km respec-
tively which when subtracted from the depth to top of underplated
material (i.e., ~8.8km) gives a thickness of ~4.8km (thickness of
“crust”/acoustic basement) which roughly coincides with the crustal
thickness estimated from the two seismic refraction stations (3.9 km at
station 4 & 4.9 km at station 5). The layer with a velocity of 6.13 km/s,
which may be considered as oceanic crustal velocity, is estimated to
have an average thickness of approximately 4.4 km (Francis and Shor,
1966). In this region, from the present study, the extension of fracture
zones has been delineated that are associated with the Central Indian
Ridge spreading centre as high-frequency gravity anomaly (from the
first vertical derivative map, Fig. 4a). Avraham and Bunce (1977)
identified large magnetic anomalies along a N-S profile in this region.
They also argued that the DSC region may be a part of a transform fault
along which India was moving to the north. Through simulation of
three-dimensional numerical models, Bredow et al. (2017) showed that
in the DSC region, the Reunion plume was above a long transform fault
that disrupted the melt generation. This suggests in the present model
as a marked decrease in the thickness of underplated material in the
Deep Sea Channel compared to the Maldive Ridge segment. Also, the

interaction with long transform fault might have hindered the subaerial
lava flows (above the acoustic basement) in this region due to which the
fracture zones associated with spreading of Central Indian Ridge is not
masked and was detectable in the first vertical derivative map. Crustal
thickness of ~4.8km along with the presence of fracture zones and
velocity of 6.13 km/s may be suggestive of an oceanic crust underlying
the Deep Sea Channel region.

The depth to the top of the acoustic basement by and large is flat
along the axis of the Maldive Ridge as well as the Deep Sea Channel,
suggesting that this is a continuous structure. The flatness of this in-
terface provides evidence about the Maldivian physiography that this
was more of an elongated plateau forming the basement for later de-
position rather than a ridge with significant topographic relief like the
Ninety East Ridge. The relief of the acoustic basement with respect to
the adjoining Arabian Basin and the Central Indian Basin is not con-
sidered here. However, the deeper layer, interpreted as depth to top of
the magmatic underplating, is thicker underneath the Maldive Ridge,
thinner over the DSC and again thickens further south of DSC towards
the Chagos Bank. Moho undulations mapped by inverting the Mantle
Residual Gravity Anomalies (Kunnummal et al., 2018) after applying
sediment and lithospheric pressure-temperature corrections show a si-
milar pattern with deeper Moho beneath the Maldive Ridge and thin-
ning over the Deep Sea Channel region. Even though the depth to the
top of acoustic basement (inferred to represent oceanic crust in the DSC
region) is continuous along the MR and DSC, we are unable to find any
anomalies related to fracture zones along the Maldive Ridge, hence the
nature of the crust underlying MR cannot be inferred. Also, it has been
previously reported that no seafloor spreading magnetic anomalies are
identified on top and along the Maldive Ridge (Avraham and Bunce,
1977). One of the possible reasons suggested for the non-identification
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of spreading anomalies being the masking of these anomalies by the
overlying lava flows. In the Laccadive part of the CLR, several short
wavelength gravity anomalies were interpreted as the expression of the
intrusives along the pre-existing faults as the Indian plate moved over
the Reunion hotspot (Nair et al., 2013). Similar high-frequency
anomalies are not observed over the Maldive Ridge. From receiver
function analysis of broadband seismic network over Chagos Bank, a
change in velocity was observed at a depth of 12 km interpreted as the
initial Moho depth (Fontaine et al., 2015) which matches with the
average depth of 11.5 km obtained over the MR showing a similarity of
initial Moho depth between these two ridges. Even though the MR
shows similarity as well as dissimilarity with Chagos Bank and Lac-
cadive Ridge, both of which are earlier interpreted as underlain by
continental crust (Chaubey et al., 2002; Torsvik et al., 2013; Nair et al.,
2013), at this juncture it is not possible to conclusively comment on the
nature of the MR i.e., whether it is oceanic or continental in origin.
Additional geophysical information as well as geochemical data from
deep sea drilling at different locations over the MR will go a long way in
deciphering the nature of the Maldive Ridge segment of the Chagos
Laccadive Ridge.

6. Conclusions

High resolution satellite derived free-air gravity (FAG) anomalies
over the Maldive Ridge (MR), Deep Sea Channel (DSC) between
Maldive Ridge and Chagos Bank and parts of the adjoining Arabian
Basin and Central Indian Basin was analysed to have a qualitative un-
derstanding on the structural set up of the Maldive Ridge and DSC.
Various transformation operations including wavelength filtering were
carried out on the Indian Ocean Geoidal Low (FAG-IOGL) corrected
free-air gravity data to isolate the gravity sources at different depth
levels. From the analysis, we found that Vishnu Fracture Zone extends
north of 0°N and extend into the previously assumed ocean continent
boundary (Kalra et al., 2014). While the gravity anomalies associated
with the shallow to intermediate wavelength anomalies over the MR
reflects the reef platforms/top of the lava flow unit/acoustic basement,
the long wavelength anomalies reflect the signature of the underplated
material related to the movement of Indian plate over the Reunion
hotspot. Depth to top of shallow and deep interfaces over the MR and
DSC were computed from the radially averaged power spectrum of the
FAG-IOGL gravity data for a window of 110 km by 110 km. The shallow
interface gave an average depth of 5.5 km from the surface while the
deeper interface was found to lie at an average depth of 11.0 km. The
depths obtained from spectral analysis were compared to that com-
puted from two-dimensional forward modelling along a N-S profile
along the western segment of the Maldive Ridge. Integrating the results
obtained from the present study with available seismic refraction, re-
flection, drilled wells, broad band seismic data supported by the 2D
forward model, it was inferred that the shallow depth corresponds to
the top of the acoustic basement (Aubert and Droxler, 1996) and the
deeper reflects the depth to the top of the initial Moho before the for-
mation of magmatic underplated rocks. The Deep Sea Channel is in-
terpreted to be purely oceanic in nature with the delineation of the
extension of fracture zones in this region. To comment on the nature of
the Maldive Ridge segment of the CLR, further studies including com-
bined modelling and inversion of potential field (gravity and magnetic)
anomalies has to be undertaken. In addition, information from geo-
physical surveys including magnetic data along with geochemical data
from deep drilling at several locations on the ridge will prove useful in
deciphering the nature of the ridge.
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