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Abstract

The Laxmi Basin, which is a deep ocean basin situating adjoining to the northwestern continental
margin of India, contains a linear seamount chain consisting of the Raman Seamount, Panikkar
Seamount and the Wadia Guyot, located over the axial basement high in the Laxmi Basin representing
the Panikkar Ridge. The geomorphology of this seamount chain was studied by earlier researchers;
however, its characteristic geophysical signatures, possible genesis and age of formation remains to be
clearly established. We attempted for a detailed understanding of the morphological characteristics
and the geophysical signatures over the spatial extent of these seamounts using a fresh set of multibeam
bathymetry data and sea-surface gravity and magnetic anomalies, complemented by the existing
seismic reflection sections. Based on the seafloor and basement topography signatures observed
together from the multibeam bathymetry data and the seismic reflection sections, we infer that all the
three seamounts are associated with the presence of surface/subsurface secondary peaks on their
central parts. The free-air gravity anomaly maps show that the seamounts are associated with a very
short wavelength gravity high, superimposed on the short wavelength gravity low representing the
Panikkar Ridge. The magnetic anomaly maps suggest that all these seamounts are associated with
complex magnetic signatures. Based on the presence of morphological features that are generally
associated with the volcanic activity and by considering the above complex geophysical signatures and
the updated magnetic isochron map of the Laxmi Basin, we support multiphased volcanic origin for
the Raman-Panikkar-Wadia seamount chain, emplaced at an age younger to 63.28 Ma.
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1. Introduction

The Laxmi Basin represents the deep offshore region existing between the northwestern continental
margin of India and the NW-SE trending segment of the Laxmi Ridge (Fig. 1). The published
hydrographic chart and a regional bathymetric profile collected during the SK50 expedition onboard
ORV Sagar Kanya revealed the presence of a chain of seamounts in the axial part of the Laxmi Basin.
The detailed bathymetric investigation of these seamounts was originally carried out by Bhattacharya
et al. (1994b) using the swath bathymetric data collected during the SK79 expedition onboard RV
Sagar Kanya in 1992, and brought out geomorphology of this seamount chain consisting of three
seamounts, referred to as the Raman Seamount, the Panikkar Seamount and the Wadia Guyot, from
north to south (Fig. 1). These seamounts represent three isolated bathymetric highs located over the
quasi-linear NNW-SSE trending basement high zone, referred to as the Panikkar Ridge (Gopala Rao
et al., 1992). The seafloor morphology of these features were depicted by Bhattacharya et al. (1994b)
as two-dimensional contour maps and three-dimensional mesh surface diagrams. During the last three
decades, several new data analyses techniques have been developed to better understand the
morphology of the various seafloor features using the gridded data. However, due to the unavailability
of the digital gridded data used for the above study, such modern analyses could not be performed. In
addition, several improvements have also occurred in the acquisition of high-resolution multibeam
bathymetry data. Further, Bhattacharya et al. (1994b) restricted their investigation only to the seafloor
morphology of these seamounts and no other geophysical characteristics such as gravity and magnetic
signatures as well as the sub-seafloor characteristics were studied. Such an understanding is important
to decipher the detailed morphotectonics and early evolution of the Arabian Sea and the adjoining
northwestern continental margin of India that can also provide important insights on the hydrocarbon
prospectivity of these regions. Therefore, we carried out a detailed geophysical investigation over these
seamounts using a fresh set of high-resolution sea-surface multibeam bathymetry, gravity and

magnetic data, complemented with the available seismic reflection profiles.
2. Tectonic framework

The large-scale plate tectonic reconstruction models of the Indian Ocean (Norton and Sclater, 1979;
Besse and Courtillot, 1988; Scotese et al., 1988) suggest that the formation of the Arabian Sea
commenced at around 63 Ma by seafloor spreading through the Carlsberg Ridge. However, based on
the detailed geomagnetic investigation in the deep offshore region existing between the Laxmi Ridge
and the northwestern continental margin of India, Bhattacharya et al. (1994a) invoked another episode

of seafloor spreading (~84.0 to ~65.0 Ma) prior to the initiation of seafloor spreading through the
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Carlsberg Ridge. Subsequently several researchers (Bhattacharya and Yatheesh, 2015; Shuhail et al.,
2018; Yatheesh, 2020; Yatheesh et al., 2020) carried out detailed geophysical investigations on these
regions and provided stage-by-stage plate tectonic reconstruction model by accommodating this
inferred episode of seafloor spreading in the Laxmi Basin (Fig. 2). According to these revised plate
tectonic reconstruction models, the plate tectonic evolution of the western continental margin of India
and its adjacent deep offshore regions were evolved due to the rifting and drifting among the Southern
Indian Protocontinent (SIP), Northern Indian Protocontinent (NIP), Seychelles Plateau (SEY),
Madagascar (MAD), Laxmi Ridge (LAX) and the Laccadive Plateau (LCP). This model suggests that
the plate tectonic evolution of the Arabian Sea occurred in three stages. The first stage was the rifting
of Madagascar from the combined SIP-NIP-LAX-LCP-SEY block, which began at around 88 Ma (Fig.
2a). This breakup was initiated when this region came in the proximity of the Marion hotspot, causing
widespread volcanism on the conjugate sides of Madagascar (Storey et al., 1995; Torsvik et al., 1998;
Torsvik et al., 2000) and India (Valsangkar et al., 1981; Radhakrishna et al., 1994; Radhakrishna et
al., 1999; Torsvik et al., 2000; Anilkumar et al., 2001; Pande et al., 2001; Melluso et al., 2009;
Radhakrishna and Joseph, 2012; Ram Mohan et al., 2016; Sheth et al., 2017). Soon after this, seafloor
spreading between Madagascar and SIP-NIP-LAX-LCP-SEY block was initiated resulting in the
formation of the Mascarene Basin (Fig. 2b). The second stage was the rifting and drifting of SIP, NIP,
and the conjoint SEY-LAX blocks through the Gop-Narmada-Laxmi Triple Junction, which
commenced at around 68.5 Ma (Fig. 2c). The relative motion among these blocks developed the Laxmi
Basin between the Southern Indian Protocontinent and the NW-SE trending segment of the Laxmi
Ridge; the Gop Basin between the E-W trending segment of the Laxmi Ridge and the Saurashtra
Volcanic Platform (which forms a part of the Northern Indian Protocontinent), and the Narmada Rift
Graben between the Southern and Northern Indian protocontinenal blocks (Fig. 2c). The presence of
68.5 Ma old volcanics, representing the earliest pulse of the Réunion hotspot (Basu et al., 1993),
located north of the major Deccan Flood Basalt Province, has been used to constrain the timing of
initiation of rifting across the arms of the Gop-Narmada-Laxmi Triple Junction. Concurrently, another
axis of divergence emerged between SIP and LCP, which lead to the formation of the Laccadive Basin
(YYatheesh et al., 2020). The third stage was the separation of LAX and SEY blocks, which began at
around 63 Ma by the seafloor spreading at the Carlsberg Ridge, resulting in the formation of the
Arabian Basin on the Laxmi Ridge side, and its conjugate Eastern Somali Basin on the Seychelles side
(Fig. 2d). The timing of this breakup is constrained by the inferred age of the oldest magnetic lineations
(Miles and Roest, 1993; Chaubey et al., 2002) from the Arabian and Eastern Somali basins following

the geomagnetic polarity reversal timescale of Cande and Kent (1995). The formation and evolution
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of the Laxmi Basin and its axial seamount chain are considered to have formed during the second and

third stages of the plate tectonic evolution of the Arabian Sea.
3. Data and methodology

The main data used in the present study consists of the high-resolution multibeam bathymetry data,
and sea-surface magnetic and gravity profiles acquired during the SSD-030 and SSD-073 expeditions
conducted onboard RV Sindhu Sadhana by the CSIR — National Institute of Oceanography, Goa, India.
The multibeam bathymetry data was collected using Teledyne-Atlas multibeam echo sounders,
operated at a frequency of 15 kHz, to understand the seafloor morphology of the seamounts and the
adjoining regions in 1000 m to 4000 m depth range. The measured depth values are corrected for
variation of sound velocity in seawater by collecting sound velocity profiles in real-time. This raw
multibeam dataset was processed using Teledyne PDS software (version 4.4). Finally, manual de-
spiking and qualitative filtering were applied to minimise the erroneous depth soundings. The
processed data was extracted in ASCII format and prepared the bathymetric grid with 100 m spatial
resolution. All of the shipboard multibeam bathymetric maps presented in this study were generated
with this gridded data. For various morphometric calculations, we used Generic Mapping Tools
(Wessel et al., 2019) and the Mirone (Luis, 2007) softwares. For analysing the multibeam bathymetry
data to map the gully patterns around the seamounts, we used Geographical Information System (QGIS
version 3.22, https://qgis.org) platform. To understand the sub-seafloor characteristics of these
seamounts, we used seismic reflection data acquired during AAS-09 expedition onboard RV AAS
Sidorenko by the CSIR — National Institute of Oceanography, Goa, India. In addition, we used a part
of the published (Krishna et al., 2010) seismic section along the profile RE-11 that cut across the Wadia
Guyot. Shipboard BGGS Gravitymeter KSS 32-M was used to acquire sea-surface gravity data and
was then reduced to gravity anomalies by applying Normal and E6tvos corrections. The closely spaced
criss-crossing tracks were used for the generation of detailed shipborne free-air anomaly grids of the
three seamounts, after applying cross-over corrections. A self-oscillating split-beam Geometrics-882
Cesium Vapour marine magnetometer was used for sea-surface magnetic data acquisition. These data
were reduced to residual magnetic anomalies by applying International Geomagnetic Reference Field
(IGRF) for the corresponding epoch. As in the case of gravity anomalies, the closely spaced criss-
crossing tracks were used for the generation of detailed shipborne magnetic anomaly grids of the three
seamounts, after applying cross-over corrections. The locations of the multibeam bathymetry, sea-
surface gravity, magnetic and seismic-reflection profiles used in the present study are given in Fig. 3.
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4. Results and Discussions

4.1 Seafloor morphology from multibeam bathymetry data

We present various maps to depict the morphological characteristics of the Raman Seamount, the
Panikkar Seamount and the Wadia Guyot using the newly acquired high-resolution multibeam
bathymetry data. These maps include high-resolution bathymetric maps represented as two-
dimensional (Fig. 4) and three-dimensional (Fig. 5) images, slope maps (Figs. 6a-c), terrain aspect
maps (Figs. 6d-f), terrain ruggedness maps (Figs. 6g-i), and channel pattern maps (Fig. 7). The 2-D
and 3-D bathymetric images (Figs. 4 and 5) provide detailed information on the spatial variation of the
seafloor topography, which in turn, were used to delineate the various seafloor features defined by the
elevations and depressions on the seafloor. The map showing the spatial variations of the slope (Figs.
6a-c), which defines the measure of the steepness, have been used to identify the sharp drops/rises on
the seafloor. The terrain aspect (Figs. 6d-f) has been used to represent the measured angle showing the
orientation in which the seamounts are exposed. The ruggedness index (Riley et al., 1999) have been
used to understand the distribution of terrain heterogeneity (Figs. 6g-i) by calculating the change in
elevation between a grid cell and its 3x3 neighbour cells that represents a measure of the local variation
in seabed terrain in the oceanic areas (Wilson et al., 2007). The channel pattern maps (Fig. 7) have

been used to identify and delineate the various dendritic gully patterns all around the seamounts.
4.1.1 The Raman Seamount

The bathymetric maps (Figs. 4a, 5a, and Supplementary Fig. S1) show that the Raman Seamount is an
elliptical and elongated feature, which is trending approximately in the N-S direction (azimuth
direction ~40). This seamount rises from the surrounding flat seafloor with an average water depth of
about 3550 m. The southwestern flank of the seamount is ~ 30-40m deeper than its northeastern flank.
The elongated primary mount with a basal area of ~665 km? rises up to ~2474 m. The seamount
upsurges with steep lower flanks up to a depth of about 2850-2750 m. The upper portion of this region
is less steep and areas having water depths shallower than 2600 m forms a relatively flat plateau. A
secondary peak is present over the plateau, with its base at a depth of ~2500 m. The secondary peak
with a basal area of ~25 km? comes across its summit at ~2042 m water depth, giving the total height
of the seamount as ~1507 m. At ~2550 m level, the plateau appears to give rise to a ridge-like feature
which is somewhat in a concave shape facing toward the east, along the long axis of the seamount.
The 3-D images of the seamount (Fig. 5a and Supplementary Fig. S1) indicates that this ridge-like
feature is situated slightly towards the western part of the plateau and, therefore, divides the plateau
asymmetrically. The Raman Seamount is also associated with several distinct channel pattern and the
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associated dendritic erosional gullies on its primary peak (Fig. 7a). The morphometric parameters of

the Raman Seamount derived from the present study are given in the Table 1.

The slope map of the Raman Seamount (Fig. 6a) shows that the seamount is represented by closed
boundaries of the primary and secondary peaks, and in general, these peaks are defined by the slope
values ranging between ~10° and ~35°, with the steepest slopes (> 50°) coinciding with the sharp
erosional gullies. The Terrain Aspect map of the Raman Seamount (Fig. 6d) shows that a hinge line
divides the seamount longitudinally to two asymmetric parts, the west-facing (defined by red-shaded
region) and east-facing (defined by blue-shaded region) flanks. The location of this hinge line
coincides with the ridge-like feature that is situated over the Raman Seamount as observed from the
3-D bathymetric map (Fig. 5a). From the relative ruggedness map (Fig. 69), it is observed that the most
rugged regions of the Raman Seamount are associated with steep erosional gullies and the least rugged
regions are the top portion of the relatively flat area within the primary peak of the Raman Seamount.

4.1.2 The Panikkar Seamount

The bathymetric maps (Figs. 4b, 5b, and Supplementary Fig. S2) of the Panikkar Seamount show the
presence of three bathymetric highs that make up an elongated arcuate shape. These three bathymetric
highs are referred to as the Segment-1 (S1), Segment-2 (S2) and Segment-3 (S3) of the Panikkar
Seamount, from northwest to southeast, respectively, following Savio et al. (2022). The segments S1
and S2 are built on a single platform and are connected by a linear, narrow, steeply sloped ridge-like
feature, while the segment S3 is a small, isolated feature from the main platform of the Panikkar
Seamount, separated by a flat seafloor. Both the segments, S1 and S2, exhibit a steep drop in depth on
the western boundary, but towards the east and south, these features exhibit a comparatively smooth
topography. The highest peak of the Panikkar Seamount is at ~ 2618 m and is situated on S1 (near
16°13'N). The 3-D maps (Figs. 5b, and Supplementary Fig. S2) of this crescent-shaped peak shows a
nearly southward deepening structure similar to a flank collapse / crater-wall collapse of a previously
active volcanic structure. Debris lobes observed on the foot of this inferred steeply dipping structure
(Fig. 5b, Supplementary Fig. S2) further support a possible slope failure / flank collapse. In addition,
the Panikkar Seamount is associated with several volcanic caldera-like features, as reported by Savio
et al. (2022), supporting the volcanic origin for this seamount. The Panikkar Seamount is also
associated with several distinct channel pattern and the associated dendritic erosional gullies on all the
three segments (Fig. 7b). A major, nearly N-S trending channel pattern observed on this map coincides
with the location of the southward deepening structure inferred to represent a flank collapse / crater-
wall collapse. The morphometric parameters of the Panikkar Seamount derived from the present study

are given in the Table 1.
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The slope map of the Panikkar Seamount (Fig. 6b) shows that the seamount is represented by nearly
closed boundaries of the segment S1 (except around the inferred collapse structure) and the ridge-like
feature connecting the segments S1 and S2, with a hinge line observed along this ridge-like feature. In
general, the boundary of the Panikkar Seamount is defined by the slope values ranging between ~10°
and ~30°. The terrain aspect map of the Panikkar Seamount (Fig. 6e) shows that a hinge line divides
the seamount longitudinally into two asymmetric parts, a narrower west-facing (defined by red-shaded
region) flank and a wider east-facing (defined by blue-shaded region) flank. From the relative
ruggedness map (Fig. 6h), it is observed that the most rugged regions of the Panikkar Seamount are

associated with steep erosional gullies.
4.1.3 The Wadia Guyot

The Wadia Guyot represents the southernmost seamount in the Laxmi Basin axial seamount chain.
This flat-topped seamount is the largest in this seamount chain. The multibeam bathymetry maps (Figs.
4c, 5¢, and Supplementary Fig. S3) reveal that the Wadia Guyot is an elongated elliptical feature
trending in the ~NNW-SSE direction, which is nearly identical to the general trend of the direction of
the seamount chain. The seamount rises from the surrounding flat seafloor with an average water depth
of about 3700 m. This seamount is ~2365 m high from the surrounding seafloor. The Wadia Guyot is
represented by a secondary flat-topped feature (defined by ~1600 m and 1446 m isobaths) that covers
an area of ~134 sg. km, which is located over a primary flat-topped feature (defined by ~2100 m and
~1900 m isobaths). The bathymetry data of the Wadia Guyot further reveals the presence of several
volcanic cones on its northern as well as the south-southeastern parts. The Wadia Guyot is also
associated with several distinct channel pattern and the associated dendritic erosional gullies on its
primary as well as secondary peaks (Fig. 7c). The morphometric parameters of the Wadia Guyot

derived from the present study are given in the Table 1.

The slope map (Fig. 6¢) shows that the eastern and western sides of the primary peak of the Wadia
Guyot are characterised by linear steep-slope regions, with their maximum slope coinciding with the
locations of erosional gullies. However, the southern and the northern boundaries of this feature are
not bounded by any such steep-slope regions. Rather, these regions are characterized by the presence
of flanks dipping gently away from the summit region. The secondary peak of the Wadia Guyot is
associated with a closed boundary defined by slope values ranging between ~15° and ~35°. The terrain
aspect map of the Wadia Guyot (Fig. 6f) shows a gradual variation of the terrain aspect from east to
west without any distinct hinge line as in the case of Raman and Panikkar seamounts. From the relative

ruggedness map (Fig. 6i), it is observed that the most rugged regions of the Wadia Guyot are associated
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with steep erosional gullies, especially on its eastern flank and the least rugged regions are the top

portion of the relatively flat area within the secondary peak of the Wadia Guyot.
4.2 Seafloor and sub-seafloor topography from seismic sections

The published seismic reflection sections (Srinivas, 2004; Krishna et al., 2006; Corfield et al., 2010;
Krishna et al., 2010; Misra et al., 2016; Pandey et al., 2020; Nair et al., 2021) in the Laxmi Basin and
the surrounding regions reveal the presence of several NNW-SSE trending seafloor and basement
features, which mainly consists of the Laxmi Ridge, the Panikkar Ridge and the Raman-Panikkar-
Wadia seamount chain. We present the seismic sections (Fig. 8) that cut across the Raman Seamount
(along the profile AS09-04a), the Panikkar Seamount (along the profile AS09-10a) and the Wadia
Guyot (along the profile RE-11a), depicting the seafloor and basement topography.

The seismic section along the profile AS09-04a (Fig. 8a, b), traversing the Raman Seamount (profile
location in Fig. 3) shows the presence of a broad topographic high in the seafloor with maximum relief
of ~2.2 seconds of two-way travel time (TWT). This topographic feature, which is with a thickness of
~1.25 seconds TWT, has ~22 km width at the base on the seafloor and ~15 km width at its summit of
the major feature. The summit region of the seamount is covered by about 0.4 - 0.6 seconds (TWT) of
the thick acoustically transparent sediment layer. The acoustic basement topography of this region, as
interpreted by Srinivas (2004), reveals that the Raman Seamount is characterised by relatively steeply
dipping flanks, with onlap of sediments on its eastern and western flanks. The seismic section along
the profile AS09-04a (Figs. 8a, b) further shows an ~4 km wide secondary topographic high with a

relief of ~0.6 seconds TWT over the primary topographic structure of the Raman Seamount.

The seismic section along the profile AS09-10a (Figs. 8c, d), cutting across the Segment S1 of the
Panikkar Seamount (profile location in Fig. 3), shows that the seamount is nearly conical as defined
by the seafloor and basement topography interpreted by Srinivas (2004). This seismic section shows
that the highest relief of the Panikkar Seamount occurs at ~1.2 seconds TWT from the surface. The
primary feature of the Segment S1 is ~15 km wide as defined at the seafloor and has a summit width
of ~8 km. On top of this summit (Segment S1 of the Panikkar Seamount), there exists a ~0.5 Seconds
(TWT) thick acoustically transparent sediment layer. This seismic section also reveals the presence of
a subsurface secondary basement peak analogous to the secondary peak of the Raman Seamount,
although this inferred secondary peak over the Panikkar Seamount is buried under the sediments unlike
the Raman Seamount. Such an observation of the presence of secondary peak over the Panikkar
Seamount further corroborates the multiphase volcanism occurred in the Segment S1 region of the

Panikkar Seamount postulated by Savio et al. (2022). The acoustic basement topography along the
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profile AS09-10a shows that the Panikkar Seamount is associated with steeply dipping flanks with

onlap of sediments on both flanks, as in the case of the Raman Seamount.

The only published seismic section available across the Wadia Guyot is along the profile RE-11
(Krishna et al., 2006; Krishna et al., 2010). We present a part of this seismic section (RE-11a) across
the Wadia Guyot (profile location in Fig. 3) to depict the seafloor and basement topography of this
anomalous feature. It is important to note that the profile RE-11a is located further north of the flat-
topped summit region of the Wadia Guyot and therefore the flat-topped seafloor, that is used to classify
this anomalous feature as a guyot, is not evidenced in this section. The Wadia Seamount, which has a
width of ~30 km at the seafloor, is covered by about 0.8 seconds (TWT) thick sediment layer. As in
the case of the Raman and Panikkar seamounts, the Wadia Guyot also is associated with steeply
dipping flanks with onlap of sediments. The central part of the Wadia Guyot is characterized by the
presence of an intrusive body that is associated with bulging of the sediments. Such an observation

possibly indicates the multiphase volcanism occurred at a later stage of its formation and evolution.
4.3 Gravity signatures

The geophysical investigations in the northwestern continental margin of India and the adjoining
regions (Naini, 1980; Naini and Talwani, 1982; Bhattacharya et al., 1994a; Krishna et al., 2006;
Yatheesh, 2007) revealed that the Laxmi Basin is characterised by a broad gravity high with a
superimposed short-wavelength gravity low in its axial part representing the Panikkar Ridge, over
which the Raman-Panikkar-Wadia seamounts are situated. To characterize the gravity signatures of
the Raman Seamount, Panikkar Seamount, and the Wadia Guyot, we present free-air gravity anomaly
maps (Fig. 9 and Supplementary Fig. S4) prepared using the free-air gravity anomaly grids derived
from all the available ship tracks (Fig. 3) across these seamounts. The free-air gravity anomaly map of
the Raman Seamount (Fig. 9a), with the superimposed bathymetry contours, shows that the gravity
anomalies are well correlatable with the topography, with their maximum (~20 mGal) located over the
summit of this seamount. These gravity anomalies decrease along the flanks of the features and get
superimposed on the gravity signature of the surrounding nearly flat seafloor. The gravity anomaly
map further suggests that the western flank of the seamount buried under the sediments is relatively
gentle compared to the eastern flank. As a result, the extent of the seamount defined by the basement
topography in the western side of the seamount is further westward than the extent defined by the
seafloor topography, while in the eastern side, the extent of the basement high is relatively closer to
the extent of the seamount defined by the seafloor topography. The free-air gravity anomaly map of
the Panikkar Seamount (Fig. 9b), with the superimposed bathymetry contours, shows that the gravity

anomalies are well correlatable with the topography, with their maximum (~5 mGal) centred around
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the peak of Segment S1 of the Panikkar Seamount. The free-air gravity anomalies decrease from the
summit through the flanks and get superimposed on the gravity minimum over the surrounding flat
seafloor. It is further observed that the free air gravity anomaly of the western flank is relatively gentle
when compared to the eastern flank of the seamount. The free-air gravity anomalies of the Wadia
Guyot (Fig. 9c), with the superimposed bathymetry contours, are well correlatable with the
topography, with their free-air gravity anomaly maximum (~ 44 mGal) located on the plateau over the
guyot. The flat-topped summit region shows an overall characteristic gravity high zone and these
anomalies decrease along the flanks of the features and get superimposed on the gravity signature of
the surrounding flat seafloor. The eastern and western boundaries of the Wadia Guyot defined by the
maximum slope of the free-air gravity anomalies (representing the base of the basement feature) nearly
coincide with the respective bathymetric extent at the seafloor. This observation suggests that both the
flanks of the Wadia Guyot are associated with nearly vertical flanks, unlike the Raman and Panikkar

Seamount.
4.4 Magnetic signatures

To characterize the magnetic signatures of the Raman Seamount, Panikkar Seamount, and the Wadia
Guyot, we present magnetic anomaly maps (Fig. 10 and Supplementary Fig. S5) prepared using the
magnetic anomaly grids derived from all the available ship tracks (Fig. 3) across these seamounts. The
magnetic anomaly map of the Raman Seamount (Fig. 10a), with the superimposed bathymetry
contours, shows that the seamount is associated with negative magnetic anomalies in major part of this
seamount. The gradual variation of the magnetic anomalies from negative to positive representing the
inflection point is located near the latitude around 17°12°N. The northern tip of the Raman Seamount
is associated with a positive magnetic anomaly that form a part of the large positive magnetic anomaly
band observed in the region north of the Raman Seamount. In the major part of the eastern boundary
of the Raman Seamount, the negative to positive transition of the magnetic anomalies occurs along the
region coinciding with the bathymetric boundary of the seamount. The magnetic anomaly map (Fig.
10b) shows that the Panikkar Seamount is associated with a complex magnetic signature. The northern
half of the segment S1 of the Panikkar Seamount is characterized by a negative magnetic anomaly
while the segments S2, S3 and the southern half of S1 are associated with positive magnetic signatures.
The magnetic anomaly maximum is observed in the southern part of the segment S2 and the segment
S3. An isolated magnetic high is observed in the southeastern part of segment S1, and interestingly,
this magnetic high coincide with the location of the largest caldera-like feature identified by Savio et
al. (2022). The magnetic anomaly map of the Wadia Guyot (Fig. 10c), with the superimposed

bathymetry contours, shows that the seamount is associated with a complex magnetic signature. The
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major part of the Wadia Guyot, existing between latitudes 15°25°N and 15°45°N, is associated with
negative magnetic anomaly. Northward of 15°45°N and southward of 15°25°N, gradual transition
occurs from negative to positive magnetic anomalies. In the northwestern part of the Wadia Guyot, the
transition of negative to positive anomaly occurs along the region coinciding with the boundary of the
seamount defined by bathymetry contours. The southernmost and northwestern parts of the Wadia

Guyot is bounded by a semi-circular band of magnetic anomaly high.
4.5 Probable genesis and age of formation of the seamount chain

The Raman Seamount, Panikkar Seamount, and the Wadia Guyot, together considered as a seamount
chain, are located in the axial part of the Laxmi Basin. Difference in opinion exists about the genesis
of these seamounts. Some researchers (Krishna et al., 2006; Geoffroy et al., 2020) considered them as
isolated highs of thinned continental crust / isolated continental block (C-block), forming a part of the
Panikkar Ridge. Conversely, others (Bhattacharya et al., 1994b; Bhattacharya and Yatheesh, 2015;
Misra et al., 2015; Pande et al., 2017; Pandey et al., 2020; Savio et al., 2022) considered these
seamounts to have formed by volcanism. Bhattacharya et al. (1994b) attributed the genesis of these
seamounts to an episode of volcanism due to the intersection of extinct spreading centre and the
hotspot, considering the similar trends of the seamount chain and the volcanic trail of the proximal
Réunion hotspot. Bhattacharya and Yatheesh (2015) later supported this inference by estimating the
location of the Réunion hotspot based on the updated plate tectonic reconstruction depicting the early
opening of the Arabian Sea, and inferred an age of ~62.5 Ma for the formation of this seamount chain
considering the relationship between the location and extent of the seamounts with the location of the
mapped magnetic isochrons. Misra et al. (2015) interpreted these seamounts as isolated and sub-
rounded volcanic cones based on the analysis of high-resolution multichannel seismic reflection
sections. From the analysis of seismic reflection profiles, Nemc¢ok et al. (2016) inferred that the
Panikkar Ridge, over which the seamount chain situates, is formed by a volcanic plug. Based on the
geochronological investigations on the Ghatkopar-Powai volcanics and comparing those results with
the published offshore tectonic inferences of Bhattacharya and Yatheesh (2015) derived from marine
magnetic investigations, Pande et al. (2017) inferred that the Ghatkopar-Powai volcanics on the Indian
mainland and the Raman-Panikkar-Wadia seamount chain in the offshore region were emplaced by
nearly contemporaneous volcanic events (Mukherjee et al., 2020). Recently, based on the analysis of
the high-resolution multibeam bathymetry data, Savio et al. (2022) identified six semi-circular caldera-
like features on the Panikkar Seamount, implying a volcanic origin for this seamount, which forms a
part of the Laxmi Basin seamount chain. Based on the presence of primary and secondary peaks,

volcanic cones, and crater-like features derived from our bathymetry data, the complex basement
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topography with intrusive structures derived from the seismic reflections section and the complex
magnetic signatures associated with the seamounts, and in conjunction with the above published
inferences, we support volcanic origin for the formation of the seamount chain, caused by multiple

phases of volcanism.

Although the geophysical signatures strongly support the volcanic origin of the seamounts, the age of
this volcanic episode is yet to be established. In absence of the age information derived from direct
geochronological investigations using the rock samples collected from these seamounts, researchers
attempted to provide indirect constraints to provide a reasonable explanation for the timing of
occurrence of these postulated volcanic events that created this seamount chain. Bhattacharya and
Yatheesh (2015) observed that the lateral extents of the main edifices of the seamount chain are
restricted within the basement younger than chron C28no, implying that the formation of seamounts
were younger to 63.6 Ma (based on the geomagnetic polarity reversal timescale of Cande and Kent
(1995)). Subsequently, based on the geochronological investigation using “°Ar/**Ar dating, Pande et
al. (2017) estimated an age of ~62.5 Ma for the Ghatkopar-Powai volcanics (forming a part of the
Deccan volcanics) and considered the formation of these onshore volcanics to be contemporaneous to
the volcanic episode that lead to the formation of the Raman-Panikkar-Wadia seamount chain in the
offshore region, considering the inference of Bhattacharya and Yatheesh (2015). However, Pandey et
al. (2020) assigned an age of 65.5 Ma for the formation of this seamount chain based on regional

geology and seismic constraints.

It may be noted that the magnetic isochrons mapped by Bhattacharya and Yatheesh (2015) that were
used to infer the age of formation for this seamount chain was limited only to four magnetic anomaly
picks around the Raman Seamount, and three magnetic anomaly picks around the Panikkar Seamount.
Since we acquired more number of closely spaced magnetic anomaly profiles, we attempted to map
these magnetic lineations around the seamount chain in larger spatial resolution by extending the
identifications of Bhattacharya and Yatheesh (2015) on these newly acquired magnetic profiles. While
extending these identifications on new profiles, we also reassigned the age of the magnetic anomalies
using the latest available geomagnetic polarity reversal timescale of Malinverno et al. (2020). This
updated magnetic isochron map (Fig. 11) in better resolution and with reassigned age of this magnetic
polarity reversal timescale suggests that the Raman and Panikkar seamounts were emplaced at an age
younger to 63.28 Ma (chron C28ny). However, it may be noted that these magnetic lineations of chron
C28ny are restricted only near to the Raman and Panikkar seamounts, which are located within the
inferred now extinct spreading centre within the extent of the oceanic crust of the Laxmi Basin defined

by the presence of linear magnetic anomalies. These magnetic lineations are observed till the southern
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part of the Panikkar Seamount, and further southwards, i.e., around the Wadia Guyot, no such
lineations are identifiable (Fig. 11a). Such an observation implies two scenarios. The first scenario is
that, as in the case of the Raman and Panikkar seamounts, there existed magnetic lineations
representing chron C28ny in both the sides of the Wadia Guyot also, and the later phases of Réunion
hotspot volcanism in the offshore region might have obliterated these original signatures representing
these magnetic anomalies and making these original evidences untraceable. The second scenario is
that the southernmost part of the Laxmi Basin, where the Wadia Guyot is located and the magnetic
lineations are absent, is associated with rifting only, and the divergence in this region has not reached
the stage of rift-drift transition, resulting in the formation of the oceanic crust, unlike in the region near
to the Raman and Panikkar Seamounts, where magnetic lineations are mapped. It is interesting to note
that this is the region inferred to have been underlain by thinned continental crust intermingled with
volcanic intrusives by Krishna et al. (2006) based on the integrated interpretation of geophysical data
along the profile RE-11 (see the Fig. 1 of Krishna et al. (2006)) using integrated gravity-magnetic
modelling under the seismic constraints. If this interpretation is correct, then the Wadia Guyot might
have formed in a different set up (i.e., volcanic intrusion within thinned continental crust formed by
rifting) compared to the formation of the Raman and Panikkar seamounts, which were formed on the
oceanic crust during the waning phase of seafloor spreading, commencing from chron C28ny (~63.3
Ma). However, detailed investigations in these regions are required to evaluate these propositions and
the possibility of explaining the part of the Laxmi Basin where the magnetic lineations are present as
oceanic in nature and the southernmost part of the Laxmi Basin, where no magnetic lineations are

present as continental in nature.

The Raman Seamount, Panikkar Seamount and the Wadia Guyot are associated with surface /
basement topographic highs representing secondary peaks as well as several volcanic cones / caldera-
like features as evidenced from the multibeam bathymetry and the seismic sections. These features
might represent multiple phases of volcanism occurred during the waning stage of the Laxmi Basin
evolution. Such an inference of multiphase volcanism in this region is further supported by the
presence of complex magnetic anomalies, some of which are associated with bathymetric / basement
topography, while others are not associated with any such features, implying the possible presence of

subsurface intrusives.
5. Summary and Conclusions

We carried out a detailed marine geophysical investigation over the seamount chain located in the axial
part of the Laxmi Basin to understand their morphology, geophysical characteristics, probable genesis

and age of formation. The bathymetric maps prepared using the high-resolution multibeam bathymetry
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data suggest that the Raman Seamount is characterized by the presence of an elongated primary
bathymetric high over which a secondary peak is situated; the Panikkar Seamount is characterized by
an arcuate-shaped anomalous bathymetric high consisting of three segments S1, S2 and S3; and the
Wadia Guyot is characterized by the presence of a flat-topped secondary feature lying over an
elongated primary bathymetric high. The sub-seafloor topography from the seismic sections shows the
presence of relatively steeply-dipping flanks, with onlap of sediments on the eastern and western flanks
of all these seamounts. The interpreted basement topography further shows the presence of secondary
peaks on the central part of all these three seamounts. The free-air gravity anomaly maps of these
seamounts are well correlatable with the topography, with their maxima on the summit regions. For
the Wadia Guyot, the free-air gravity anomalies (representing the base of the basement feature) nearly
coincide with the respective bathymetric extent at the seafloor, whereas in the case of the Raman and
Panikkar seamounts, the subsurface extent is beyond the bathymetric extent defined by the seafloor
topography. The magnetic anomaly maps suggest that all the three seamounts are associated with
complex magnetic signatures, with their summit regions associated with characteristic negative
magnetic anomalies. The northern part of the Raman Seamount, the southeastern part of the Panikkar
Seamount and the southernmost and northwestern part of the Wadia Guyot are bounded by bands of

magnetic anomaly highs.

The morphological characteristics and the geophysical signatures of the seamount chain strongly
support multiphased volcanic origin for the formation of the Raman-Panikkar-Wadia seamount chain.
This inference is mainly based on the presence of elongated primary features representing the main
edifices of the seamounts, secondary peaks, volcanic cones, and crater-like features derived from the
bathymetry data, the complex basement topography with intrusive structures derived from the seismic
reflections section, and the complex magnetic signatures associated with the seamounts. Based on the
updated magnetic isochrons mapped around these seamounts, and comparing the relationship of the
extent of the seamounts with these magnetic lineations, we observed that the Raman and Panikkar
seamounts are bounded by the magnetic lineations representing chron C28ny on both the sides,
implying that these seamounts were emplaced at an age younger to 63.28 Ma. However, detailed
geochronological and geochemical investigations using the rock samples collected from the primary
and secondary peaks of these seamounts are required to constrain the age of formation of different

parts of the seamounts formed by different phases of volcanism.
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Figure Captions

Fig. 1: (a) Topographic map of the northwestern continental margin of India and the adjoining deep
ocean basins as depicted by the GEBCO 2021 global terrain model for ocean and land (GEBCO
Compilation Group, 2021), showing the location of the axial seamount chain in the Laxmi Basin. Thin
black lines are selected (1000 m., 2000 m., 3000 m., and 4000 m.) bathymetry contours. The inset map
shows the location of the study area in the Indian Ocean; (b) Generalized tectonic map of the Laxmi
Basin and the adjacent regions showing the magnetic lineations (Bhattacharya and Yatheesh, 2015) as
thin black lines, the extent of the Panikkar Ridge (Srinivas, 2004) shown as green shaded region, and
the locations of the Raman-Panikkar-Wadia seamount chain (Bhattacharya et al., 1994b) shown as red
contours. ABB: Arabian Basin; LXB: Laxmi Basin; LAX: Laxmi Ridge; LCP: Laccadive Plateau;
PKR: Panikkar Ridge; R: Raman Seamount; P: Panikkar Seamount; W: Wadia Guyot

Fig. 2: lllustrative representation depicting the major stages of formation and evolution of the western
continental margin of India and the adjacent deep ocean basins (modified after Yatheesh (2020), ages
are reassigned based on Malinverno et al., 2020). (a) ~88.0 Ma; (b) ~84.0 Ma; (c) ~68.5 Ma; (d) ~63.3
Ma;

Legends: [1] Major continental blocks, [2] Microcontinents, [3] Ultra-thinned continental crust, [4]
Volcanics, [5] Location of the Marion Hotspot, [6] Location of the Réunion Hotspot, [7] Rift axis, [8]
Ridge axis, [9] Transform fault, [10] Extinct spreading centre/failed rift, [11] Palaeo-transform fault,
[12] location of the Gop-Narmada-Laxmi Fossil Triple Junction off the Saurashtra Peninsula. SIP:
Southern Indian Protocontinent; NIP: Northern Indian Protocontinent; SLK: Sri Lanka; LCP:
Laccadive Plateau; ATTC: Alleppey-Trivandrum Terrace Complex; NMR: Northern Madagascar
Ridge; SEY: Seychelles Plateau; LAX: Laxmi Ridge; SVP: Saurashtra VVolcanic Platform.

Fig. 3: Map showing locations of selected sea-surface gravity, magnetic, and multibeam bathymetry
profiles and seismic sections over the Raman Seamount, Panikkar Seamount and the Wadia Guyot (the
extents are shown using isobaths of 250 m interval) in the axial part of the Laxmi Basin used in the
present study. The grey-coloured region represents the extent of the Panikkar Ridge (PKR). LAX:
Laxmi Ridge; MB: Multibeam Bathymetry; G: Free-air gravity profiles; M: Magnetic profiles

Fig. 4: High-resolution two-dimensional multibeam bathymetry maps depicting the geomorphology
of (a) the Raman Seamount, (b) the Panikkar Seamount, and (c) the Wadia Guyot, and their adjacent
regions complemented by global bathymetry data GEBCO 2021 in the background. S1, S2 and S3
represents Segment-1, Segment-2 and Segment-3 of the Panikkar Seamount.

Fig. 5: High-resolution three-dimensional multibeam bathymetry maps of (a) the Raman Seamount
viewing at 135° azimuth and 36°elevation; (b) the Panikkar Seamount viewing at 120° azimuth and
40° elevation, and (c) the Wadia Guyot viewing at 210° azimuth and 40°elevation.

Fig. 6: Maps of the Raman Seamount, Panikkar Seamount and the Wadia Guyot obtained from various
terrain analyses: (a-c) the slope maps, (d-f) the terrain aspect maps and (g-i) the terrain ruggedness
maps. The colour scale used in (e) is the same for (d) and (f). R: Raman Seamount; P: Panikkar
Seamount; W: Wadia Guyot

Fig. 7: Identified channel patterns from the high-resolution multibeam bathymetry data of (a) the
Raman Seamount, (b) the Panikkar Seamount, and (c) the Wadia Guyot. The two-dimensional
bathymetry map of the seamount is given in the background.

Fig. 8: Seismic reflection section (a) across the Raman Seamount, and (b) its interpreted version; the
seismic reflection section (c) across the Panikkar Seamount, and (d) its interpreted version; and the
seismic reflection section (e) across the Wadia Guyot (from profile RE-11, modified after Krishna et
al. (2010)) and (f) the interpreted version. Locations of these sections are given in Fig. 3 as red lines.
The interpretations for (b) and (d) were obtained from Srinivas (2004).
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Fig. 9: The free-air gravity anomaly maps of (a) the Raman Seamount, (b) the Panikkar Seamount,
and (c) the Wadia Guyot, with superimposed isobaths defining their bathymetric extent (isobaths of
100 m interval for Raman and Panikkar seamounts, and isobaths of 200 m interval for Wadia Guyot).

Fig. 10: The magnetic maps of (a) the Raman Seamount, (b) the Panikkar Seamount, and (c) the Wadia
Guyot, with superimposed isobaths defining their bathymetric extent (isobaths of 100 m interval for
Raman and Panikkar seamounts, and isobaths of 200 m interval for Wadia Guyot).

Fig. 11: (a) Updated magnetic isochron map of the study area prepared by using the magnetic anomaly
picks derived from the present study, complemented by those available from Bhattacharya and
Yatheesh (2015); (b) The revised magnetic anomaly picks and isochron map around the Raman
Seamount and adjacent regions with superimposed bathymetry map of the seamount showing the
relationship of the bathymetric extent of the Raman Seamount with the revised magnetic isochrons;
(c) The revised magnetic anomaly picks and isochron map around the Panikkar Seamount with
superimposed bathymetry map of the seamount showing the relationship of the bathymetric extent of
the Panikkar Seamount with the revised magnetic isochrons.

Table Captions

Table 1: Morphometric details of the Raman Seamount, Panikkar Seamount and the Wadia Guyot
derived from the multibeam bathymetry data used in the present study.
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Table 1

Name of the Location of the summit Depth to the Reference Total height Basal Area
Seamount Longitude Latitude Summit depth to the

base
Raman Seamount 69°01.90’E 17°05.05°N  ~2042m ~3550m ~1508 m ~672 km?
Panikkar Seamount  69°23.12’E  16° 12.65’N  ~2618 m ~ 3650 m ~1032m ~560 km?
Wadia Guyot 70°04.39°E  15°30.83’N  ~1446m ~ 3700 m ~2254 m ~1534 km?
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