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Abstract

The submarine volcanic arc off Nicobar is seismologically very active with numerous
earthquake swarms reported after the tsunamigenic 26" December 2004 earthquake in the Andaman-
Nicobar-Sumatra subduction zone. Therefore, we carried out multiple high-resolution multibeam
echo-sounding (MBES) surveys along with water column imaging (WCI) onboard RV Sindhu
Sadhana along the volcanic arc to detect water column anomalies related to volcanism. We observed
for the first-time two gas flares originating from the outer flanks of Cratered Seamount (CSM) in the
W(CI data during the 2018 expedition. The flare on the SE flank of CSM originated at a depth of 710
m and rises to a depth of ~225 m from the ocean surface; whereas the flare on the NW flank of CSM
originates at 400 m and rises to ~150-100 m from the ocean surface. We repeated the experiment in
November 2021 and remapped the flare on the NW flank of CSM. Further, a new gas flare was
observed in a southward direction at an offset of 215 m. This flare which originated at 380 m and
rises to 150 m from the ocean surface, was imaged during multiple passes along different radial
directions at different times. Geological sampling over the gas venting location shows a large rock
sample with a couple of live Bathymodiolus spp., a chemosynthetic species typically observed at
methane seeps and/or hydrothermal vent sites. These observations confirm the volcanic activity at
the Cratered Seamount located off the Nicobar region in the Andaman Sea.
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1. Introduction

Oblique subduction of the Indo-Australian Plate beneath the Southeast Asian Plate leads to
the formation of the Trench-Forearc-Volcanic arc-Backarc system in the Andaman-Nicobar-Sumatra
region. The volcanic arc consists of a series of volcanoes starting from the sub-aerially exposed
Barren and Narcondam volcanoes near the Andaman Islands (Kamesh Raju et al., 2012) to the
submarine volcanoes in the off-Nicobar region (Aswini, et al., 2020a; Kamesh Raju et al., 2012;
Tripathi et al., 2018). This volcanic arc further extends southward to include the volcanoes in the
Sumatra region. Barren is an active volcano (Bandopadhyay et al., 2017; Sheth et al., 2010) whereas
Narcondam is believed to be a dormant volcano (Bandopadhyay et al., 2017; Curray, 2005). The
Barren Island which was built of prehistoric lava flows with volcanoclastic sediments and became
subaerial about 1.6 Ma with major eruptions around 71, 62, 23, 17, and 8 Ka (Ray et al., 2013).
Following a period of approximately 200 years of dormancy, the Barren volcano experienced a
significant eruption in March 1991. Subsequent eruptions were recorded during the periods of 1994-
1995, 2005-2006, 2008-2010 (Sheth et al., 2010) in 2017, 2018-2019 (Gunda et al., 2021), and most
recently 2" May 2023 (Global Volcanism Program, 2023). These eruptions demonstrate the
reactivation of volcanic activity within the Barren volcano after a prolonged period of quiescence.

Kamesh Raju et al., (2012) observed a series of submarine volcanoes that connects the Barren
Island Volcano to the active volcanoes in the Sumatra region like Marapi and Singgalang. One of the
seamounts known as Cratered Seamount (CSM) is located off the Nicobar Islands, and is believed to
be active in the recent past. After the destructive megathrust earthquake on 26" December 2004,
multiple earthquake swarms were observed near the CSM in the years 2005, 2014, 2015, and 2019
(Kamesh Raju et al., 2012; Kundu et al., 2012; Lay et al., 2005; Aswini et al., 2021; Aswini et al.,

2020) and are believed to be associated with the volcano-tectonic activities.

Gas emission signatures associated with submarine volcanoes and hydrothermal vents have
been reported worldwide like gas flares at Rota-1 volcanic seamount in the Mariana arc trench
(Chadwick et al., 2018, 2014) and Champagne, Eifuku (Lupton et al., 2006), Kolumbo, Greece
(Carey et al., 2013), Kick-"em-Jenny crater, Lesser Antilles (Allen et al., 2018), Mid-Okinawa
Trough (Nakamura et al., 2015), a hydrothermal system in Guaymas, Southern Trough (Ondréas et
al., 2018), etc. The Andaman volcanic arc exhibits geochemical and tectonic similarities to other
volcanic arcs such as the Mariana arc (Edward T Baker et al., 2008; Pearce et al., 2005a), Okinawa
trough (Shinjo and Kato, 2000a), and Lesser Antilles (Series, 1977). As a result, it is anticipated that
gas emissions would occur during its active phase. Therefore, CSIR-NIO carried out multiple high-

resolution multibeam echo-sounding (MBES) surveys along with water column imaging (WCI) in
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the off-Nicobar region to identify water column anomalies associated with volcanism or magma
movement. In the present study, we report for the first-time persistent gas flares over the CSM,

located off the Nicobar region in the Andaman Sea.
2. Tectonic setting and geological features

The study area is in the Andaman-Nicobar-Sumatra subduction zone, a seismically active
region due to the oblique subduction of the Indo-Australian plate beneath the Southeast Asian plate
(Fig.1, (Curray, 2005; Yatheesh et al., 2021)). The northward motion of the Indo-Australian plate is
divided into trench-perpendicular motion responsible for subduction and trench-parallel motion,
which is largely accommodated by a sliver fault system (Fitch, 1972). The sliver fault comprises of
Sagaing Fault (SGF) and Andaman Transform Fault (ATF) in the north, Andaman Backarc
Spreading Centre (ABSC) in the middle with segments (A, B, C, D), and Andaman Nicobar Fault
(ANF), West Andaman Fault (WAF), the Great Sumatra Fault (GSF) in the south (Curray, 2005;
Kamesh Raju et al., 2004; Singh et al., 2013; Yatheesh et al., 2021). As the GSF enters the Andaman
Sea, it splits into two strands: the Aceh Fault (ACF) and the Seulimeum Fault (SLF). Several other
faults exist in the Andaman-Nicobar region like the Eastern Margin Fault (EMF), which is defined
by the edge of the Andaman-Nicobar Islands, and N-S trending Diligent Fault (DLF). Towards the
east of DLF lies a shallower N-S-aligned ridge known as the Invisible Bank (IB) (Moeremans and
Singh, 2015; Singh et al., 2013; Yatheesh et al., 2021). Several geomorphologic features exist in the
Andaman-Nicobar region such as trench, forearc, volcanic arc, and the back-arc basin (Curray, 2005;
Kamesh Raju et al., 2004; Roy and Das Sharma, 1993). A prominent depth depression on the depth
chart defines the trench to the south as 10°N; however, the trench's signature is attenuated northward
by 10°N as it is overlaid by sediments from the Bengal and Nicobar fans. The forearc region
comprises accretionary prism sediments, a forearc high, and a forearc basin. The basin is bounded by
the Invisible Bank (IB) in the east and EMF in the west and is covered with 3-5 km thick sediments
of Cenozoic age north of the Nicobar Islands. The volcanic arc system consists of an active Barren
Volcano(Bandopadhyay et al., 2017; Sheth et al.,, 2010), a dormant Narcondum volcano
(Bandopadhyay et al., 2017; Curray et al., 1979; K. a. Kamesh Raju et al., 2012), 32 submarine
volcanoes ranging from 6°26°N to 10°58™ N (Aswini et al., 2020; Kamesh Raju et al., 2020, 2012;
Tripathi et al., 2018), and aerial volcanism in the southern Java and Sumatra regions. The Andaman
Backarc Basin (ABB) evolved because of the breakup and dispersal of the conjoint Alcock-Sewell

Seamount complex (Curray et al., 1979; Kamesh Raju et al., 2012; Yatheesh et al., 2021).

During the India NGHP Expedition-01, deep drilling and coring activities in the forearc
region specifically at Site NGHP-01-17 discovered gas hydrate deposits within ash beds and ash-rich
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zones starting approximately 250 m beneath the seafloor and extending towards the bottom-
simulating reflector (BSR). The expedition also yielded a long sedimentary record of approximately
700 m. This sedimentary record has proven to be highly valuable in understanding the volcanic
history of the region, covering a span from the Cenozoic era to the present as evidenced by distinct
volcanic ash beds (Cawthern et al., 2010; Badesab et al., 2021; Rodolfo, 1969). These ash layers
have been linked to volcanic activity in the Andaman region since the Miocene epoch (Cawthern et
al., 2010; Collett et al., 2008).

3. Data acquisition and processing
3.1. Bathymetry Data

High-resolution Multibeam bathymetry (MBES) and water column image (WCI) data were
acquired onboard RV Sindhu Sadhana using hull-mounted hydroacoustic equipment (Hydrosweep
DS-3, ATLAS hydrographic, GmbH, Bremen, Germany) during the SSD-046 cruise (March 2018)
and a repeat survey is carried out during the SSD-085 cruise (November 2021) in the off Nicobar
region (Fig. 1). The center frequency was set to be 15.5 kHz, with 256 beams and the data were
acquired for full-ocean depth. The bathymetry data were processed by applying the sound velocity
profile data acquired during the cruise and removing various noise, outliers, and any other sonar
artifacts by manual editing using Teledyne PDS software v4.3. Finally, a grid was generated with a
spatial resolution of a 50m grid for the interpretation of the seafloor features. The bathymetry
corresponding to the Cratered Seamount is shown in Figure 2a. Similar to the present multibeam
bathymetry survey was conducted in 2011 over the twin seamounts to study the morphology of the
earthquake swarm region (K. A. Kamesh Raju et al., 2012). The multibeam data was collected with
the SIMRAD EM120 multibeam echosounder system typically operates at 12kHZ with a total
number of 111 beams. Along with the multibeam bathymetry data and TV-guided grab samples are
collected and no significant signatures of gas plumbing are observed within the TV-guided grab
video footage. The timelapse multibeam bathymetry data acquired in 2018 and 2021 is acquired
using Hydrosweep DS-3 multibeam echosounder system typically operates at 15.5 kHz with a total
of 256beams and capable of visualizing the objects or features within the water column itself, such as
gas plumes, fish schools, or other marine organisms. It provides a comprehensive understanding of
the entire water column, from the seafloor to the surface, enabling researchers to gather valuable data

about the marine environment and its inhabitants.



3.2. Water column imaging and processing

The water column image (WCI) data recorded by the MBES is used primarily to detect the
acoustic scatters due to fish, gas bubbles, and other biomass in the water column. The gas flares
appear as sub-vertical continuous structures in the water column as compared to other undesired
signals (Veloso et al., 2015). To improve the signal-to-noise ratio, we stacked four to five WCI using
an indigenously developed MATLAB code (Fig. 3 and 4). We attempt to identify the root of gas
flares by accounting for the multi-beam swath, minimum slant range, and side lobes due to the first
reflection of the acoustic signal from the seafloor (Hughes Clarke, 2006; Urban et al., 2017). In the
present study, the gas flares are detected within the minimum slant range and close to the center lobe.
Multiple transits (Fig. 2a, NW-SE and EW (white dashed) in 2018 and NE-SW and EW (green
dashed) in 2021) over Cratered Seamount are also analyzed to characterize the temporal variation in
the intensity of observed gas flares (Fig. 3 and 4).

3.3. Subbottom Profiling

The shallow subsurface sedimentary and water column imagining is obtained using the hull-
mounted ATLAS Teledyne Parasound P35 sub-bottom profiler (SBP) system, which provides a
depth range of 10 m to 11000 m and sediment penetration of 150 m with parametric mode dual-
frequency of 18 kHz — 24 kHz (Primary High Frequency; PHF). The non-linear interference of
primary signals generates secondary parametric high (37— 42 kHz; SHF) and parametric low (0.5 -4
kHz; SLF) frequencies. The SLF records provide a subsurface penetration maximum of up to 150 m
while the SHF records provide high-resolution gas bubble signatures in the water column. The PHF
and SLF data were processed using Seismic UNIX software with a band-pass filter (200 — 6000 Hz)
for removing high and low-frequency noise. The PHF data show multiple gas flares, which rise to a
height of 150-200 m from the surrounding seafloor depth of 380 m (Fig. 4d).

4. Results
4.1. The volcanic seamount S13 (Cratered Seamount)

Cratered Seamount (SM13 of Tripathi et al., 2018) is located at 7° 56.2533'N and 94°
02.3704°E in the off-Nicobar region. The seamount has an approximate diameter of 7 km and rises to
1500 m (SM13) above the surrounding seafloor depth of 2000 m (Fig. 2a). The summit of SM13 is
160 m deep and shows a couple of prominent breaches in the NW direction. The SW flank region
shows several volcanic cones within the valley of the seamount. The seamount displays a steep

slope ranging from 12° to 40° over the flanks in NW and SW directions and across a slumped feature



in the SE direction of the seamount (Fig. 2b). In contrast, most of the region within the crater shows

gentle slopes (< 5°) barring some ridges.
4.2. Fluid/gas migration from the Cratered Seamount

We imaged the first-time gas flares over the submarine Cratered Seamount in 2018 as well as
2021. Figures 3 and 4 show stacks of WCI with date, time, and location for observed gas flares in
2018 and 2021, respectively. In 2018, we observed two gas flares on the SE and NW flanks of the
CSM. A giant plume-like feature (GF1, Fig. 3a) was identified on the SE flank of the crater at
03:08:08 AM (GMT) on 2 March 2018 (Location: 7.9299°N, 94.0499°E) during the NW transit
(marked as Tr-1 in Fig. 2). The plume started at ~715 m water depth and spreads horizontally after
rising ~225 m above the seafloor (Fig. 3a). The gas flare (GF2, Fig. 3b) located towards the NW of
the crater is identified at 11:40:21 AM (GMT) (02/03/2018, 7.94°N/94.0399°E) during the NW
transit. The gas flare, observed at 400 m water depth, rises to ~300 m above the seafloor. The GF2
(Fig. 3c) was imaged again during the west-to-east transit (marked as Tr-2 in Fig. 2a) at 12:56:45 PM
(GMT) (02/03/2018, 7.94°N/94.0399°E) and no significant variation is observed within an hour.

The MBES and WCI survey was repeated in 2021 to re-image the observed gas flares over
the crater seamount to understand its temporal variation (Fig. 4). Gas flare (GF2) is imaged at
07:59:02 AM (GMT) (20/11/2021, 7.94°N/94.0399°E) (Fig. 4a). A new gas flare (GF3) is imaged at
215 m southward of GF2 on the NW flank of CSM at 01:33:37 PM (GMT) (20/11/2021,
7.9380°N/94.04°E) (Fig. 4b). The gas flare GF3, observed at 380 m, rises to ~150 m above the
seafloor. The stack image of GF3 from transit lines oriented in NNE-SSW and EW directions shows
that the gas flare (GF3) is almost vertical near the seafloor and shows a minor deflection after a rise
of 150 m. The high-frequency SBP data (PHF; Fig. 4d) also imaged the gas flare at a water depth of
380 m, which rises to 200 m in the Dynamic Positioning (DP) of the ship. Likewise, the MBES
backscatter images also identified the gas flare (Fig. 4e) as a high amplitude feature within the nadir
range. The Geological sampling over the gas venting location over the crater seamount shows a
large volcanic rock sample with a couple of live Bathymodiolus spp. (Fig.5a-d) a chemosynthetic
species typically observed at methane seeps sites (Mazumdar et al., 2019) and at hydrothermal vents
(Lin etal., 2021).

5. Discussion
5.1. Active fluid/gas migration above the Cratered Seamount

A high-resolution multibeam survey provides detailed geomorphology of the crater seamount
(SM13) and associated signatures of fluid/gas migration in WCI as a plumed-shaped gas flare that
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rises vertically up to a certain depth and then spread horizontally and vertical gas flares that rise from
the seafloor to shallower depths. In the absence of the geological and geochemical information
derived from the samples collected from this gas flare region, we attempt to provide a reasonable
explanation for the formation of these gas flares based on generalized information derived from a
similar situation in different parts of the globe. In cold seep systems, hydrate-coated methane
bubbles constitute the gas flares (Dewangan et al., 2020; Gros et al., 2019; Martinez-Carrefio and
Garcia-Gil, 2013; Tréhu, 2003) while liquid droplets of CO> coated with CO-hydrate constitute the
gas flares in a hydrothermal vent (Chadwick et al., 2014) and thermal vents (Nakamura et al., 2015).
In general, the methane-related gas flares rise to the gas hydrate stability zone (GHSZ) which is
around ~700 m in the Indian continental margins (Dewangan et al., 2020), whereas CO2 hydrate-
coated bubble may rise to ~500 m water depth (Nakamura et al., 2015) and even shallower water
depths of ~150 m (Chadwick et al., 2014). At depths shallower than the hydrate stability zone, the
coating disappears and the gases dissolve rapidly in the seawater. In the present study, the flare starts
at depths of 500 m within the CO, gas hydrate stability zone and rises to a depth of ~144 m (Figs. 3
and 4). Due to the vertical rise of these flares, we presume that the flares are formed due to gases
rather than hydrothermal fluids. Further, the shallow depths of flares suggest the presence of CO..
Similar gas flares due to CO> droplets are reported worldwide such as Rota-1 (Chadwick et al., 2018,
2014) and Champagne, Eifuku (Lupton et al., 2006) in the Mariana arc, Mid-Okinawa Trough
(Nakamura et al., 2015), a hydrothermal system in Guaymas, Southern Trough (Ondréas et al.,
2018), submarine volcano Kolumbo, Greece (Carey et al., 2013), Kick-"em-Jenny crater, Lesser
Antilles (Allen et al., 2018), etc. The Andaman volcanic arc is geochemically and tectonically
analogous to the Mariana arc (Edward T. Baker et al., 2008; Pearce et al., 2005b), Okinawa trough
(Shinjo and Kato, 2000b), and Lesser Antilles (Series, 1977), and therefore, we presume that the
flare’s composition is predominantly CO,. However, further geological/geochemical study is

warranted to confirm the composition of gas flares in Andaman’s volcanic arc system.

In contrast to buoyant gases, hydrothermal plumes rise at high temperatures and are warmer
than the surrounding seawater. Later, the plume cools and stays at a particular depth in equilibrium in
the density stratification of the water column (Gartman and Findlay, 2020). We identified a plume-
like signature over the Cratered Seamount (SM13) that rises to a height of ~144 m from the crater
summit (Fig. 3a) and spread horizontally. The geological, geochemical, and petrographic studies of
SM13 showed that the seamount was hydrothermally active in the recent past (K. A. Kamesh Raju et
al., 2012; L. et al., 2020; Saha et al., 2020) like other volcanic arcs such as the Kurile arc (Glasby et



al., 2006), the Lesser Antilles arc in the Caribbean Sea (Calais et al., 2002) and the Mariana arc
(Edward T. Baker et al., 2008).

5.2. Frequent earthquake swarms near the volcanic arc

The mega-thrust tsunamigenic earthquake (Mw 9.1) in December 2004 resulted in an
earthquake swarm in 2005 January in the volcanic arc region off Nicobar with more than 150 events
with Mw > 5 and > 600 teleseismically recorded events (Lay et al., 2005). This region also witnesses
other earthquake swarms in 2014, 2015, and 2019 and got widespread attention as many researchers
focused on understanding the origin of these swarms (Aswini et al., 2020). Kamesh Raju et al.,
(2012) mapped the volcanic arc region and showed a well-developed Cratered Seamount. The
geological and geochemical studies analysis showed that the seamount was active in the recent past
(Surya Prakash et al., 2012). Kundu et al (2012) showed that the swarm occurs due to strike-slip and
normal faults, indicating a volcano-tectonic origin and fluid flow plays an important role in
triggering the aftershock events or swarms. Global Centroid-Moment-Tensor (CMT) of 2005
earthquake swarms indicate magmatic dyke intrusions along the weak zones (Mukhopadhyay &
Dasgupta, 2008). Frequent earthquake swarms are typically attributed to a critical stage of the
magma chamber beneath the volcanoes; therefore, even small stress changes may trigger earthquake
swarms (Spi¢ak et al., 2009; Spi¢dk and Vandk, 2016, 2013). The passive Ocean Bottom
Seismometer (OBS) experiment reported a high magnitude earthquake (Mw 6.5) on 21%t March
followed by a swarm (Dewangan et al., 2018). Very long-period events (VLPEs) along with the
hydroacoustic phase are observed near the volcanic arc indicating the unrest of the subsurface
magma chamber. The bimodal distribution of the b-value from the 2014 earthquake swarms also
suggests the dominance of both tectonic and volcanic activities (Aswini et al., 2021). Frequent
earthquake swarms in the volcanic arc from 2005 to 2019 may indicate magmatic dyke intrusions
like that reported in central Japan (Ukawa and Tsukahara, 1996). Thus, the volcanic arc in the
Andaman Sea is dominated by tectonic processes driven by shallow magma movement. Therefore,
we propose that the gas flares over the Cratered Seamount may be associated with gases released

from the subsurface magma chamber through dyke intrusions.
6. Conclusions

We report for the first-time gas flares in the volcanic arc region of the Andaman Sea near the
Cratered Seamount (CSM). The initial observation of these gas flares occurred in 2018 in close
proximity to the CSM. A subsequent multibeam echo-sounding (MBES) survey conducted in 2021
confirmed the presence of gas flares over the CSM. In general, the gas flares terminate at shallower



depths of ~150 m, which may represent the boundary of the CO> hydrate stability zone; therefore, we
propose that the gas composition may be dominated by CO, as reported in other worldwide
submarine volcanoes. The geological sample collection over the CSM shows the presence of live
Bathymodiolus spp. a chemosynthetic species typically observed at methane seeps sites and at
hydrothermal vents suggesting gas venting at the CSM location. The region has experienced frequent
earthquake swarms, indicating unrest in the shallow subsurface magma chamber. Therefore, we
propose that gases are likely being released from the subsurface magma chamber through dyke

intrusions.
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Figure Captions

Figure.l. Figure Caption: Generalized tectonic map of the Andaman-Nicobar-Sumatra Subduction
Zone and adjacent regions, overlaid on global gridded bathymetry (GEBCO_2020), incorporating
regional tectonic features from Yatheesh et al. (2021). Shipborne Multibeam bathymetry data from
Kamesh Raju et al. (2012) and additional data from 2018 (SSD-046) and 2021 (SSD-085) were
utilized. Solid red triangles indicate subaerial volcanoes including Barren and Narcondam islands
(Bandopadhyay, 2017). Yellow-filled red triangles represent submarine volcanoes forming a
volcanic arc (Aswini et al., 2020), while the yellow-filled red star denotes the Cratered Seamount.

Figure.2. Multibeam bathymetry and slope map of the Cratered Seamount in the Andaman Sea. a)
Multibeam bathymetry map (acquired in 2018) shows transits (2018 (white dashed) and 2021 (green
dashed)) and identifies the locations of three gas venting signatures, along with the timing of the
Sonar wedge when the features are detected. b) Slope map of the Cratered Seamount highlighting the

positions of the gas venting signatures.

Figure.3. Multibeam and water column imaging (WCI) snapshots of the 2018 (SSD-046) expedition
over the Cratered Seamount: a) Sonar wedge 2-D stack of Gas flare (GF1) along ship track (Tr1,
Fig.2) with time stamp, b) Sonar wedge 2-D stack of Gas flare (GF2) along ship track (Trl, Fig.2)
with time stamp, and c¢) Sonar wedge 2-D stack of Gas flare (GF2) along ship track (Tr2, Fig.2) with

a time stamp.

Figure.4. Multibeam and water column imaging (WCI) 2-D stack snapshots over the Cratered
Seamount from the 2021 (SSD-085) expedition: a) Sonar wedge 2-D stack view of Gas flare (GF2)
along ship track (Tr3, Fig.2) with time stamp, b) Sonar wedge 2-D stack view of Gas flare (GF3)
along ship track (Tr3, Fig.2) with time stamp, c) 3-D stack view of the Sonar wedge of Gas flare
(GF3) after outlier filtering along ship tracks (Tr3 and Tr4, Fig.2), d) Subbottom profiling data
highlighting the gas flare (GF3), and e) Backscatter image from MBES highlighting the gas flare

marked in the yellow ellipse.

Figure.5. Geological sample collected from the crater seamount within the vicinity of the gas flare.
a) Rock sample collected using the grab sampler and live Bathymodiolus spp. the chemosynthetic
community is attached to the rock sample. b) Rock sample scaled of 30cmx12cm. c¢) outer shell of

live Bathymodiolus spp. and d) internal structure of the Bathymodiolus spp.
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