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Drilling/coring activities during NGHP-Expeditions 01 and 02 discovered significant gas hydrate deposits in the
Krishna-Godavari (KG) basin, a proven petroliferous basin located along the eastern continental margin of India.
Active and paleo-cold seeps are also reported from deep waters (>1000 m), indicating methane venting episodes

gﬁ::f:gimsm in the KG basin. In the present study, we analyzed geophysical data acquired onboard RV Sindhu Sadhana to
BSR study the spatial distribution of gas flares in the KG offshore basin. Twenty-two gas flares were observed in

water-column images at seafloor depths ranging from 638 m to 1960 m. All flares except one are detected within
the gas hydrate stability zone (GHSZ), which occurs beyond 700-720 m water depths. Most gas flares seem to
terminate at these depths, indicating that the bubbles might be coated with a thin methane hydrate skin. Seabed
sampling of flare regions shows the presence of chemosynthetic communities and shallow gas hydrates within
2-4 mbsf.

The spatial distribution of gas flares is not random and tends to align with the toe-thrust zones and shale
diapiric mounds. These compressive structures formed due to shale tectonism in the KG basin have provided an
environment conducive for the formation of gas hydrate deposits and gas flares/cold seeps. The analysis of high-
resolution seismic data across the flares shows the presence of seismic chimneys and faults, which facilitated
migration of deep-seated fluid/gas through the GHSZ. Focused fluid flow along the fault zone and the pertur-
bation of methane + seawater phase curve due to salinity increase owing to the continuous formation of methane
hydrate are the most likely mechanisms to explain methane gas migration.
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1. Introduction

Methane seeps occur naturally over continental margins and have
received broad attention from researchers working on methane budget,
geohazards, gas hydrates and extreme ecosystems (Judd et al., 2002;
Judd, 2003). Biogenic methane, a potent greenhouse gas, is produced in
the subsurface by microbial degradation of organic matter, and it moves
upward towards the seafloor either through diffusion or advection
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(Archer et al., 2012). Methane can eventually seep from continental
shelf regions, and a fraction of methane to the order of 18-48 Tg/yr
reaches the atmosphere while the remaining fraction gets oxidized in the
water column (Hornafius et al., 1999). The migration of methane gas
through the unconsolidated sediments may also facilitate slumping/-
sliding in the slope regions of continental margins (Faure et al., 2006;
Ramprasad et al., 2011). In deep-waters, methane gas is trapped into
solid crystalline gas hydrates stable under high pressures and low tem-
peratures (Sloan and Koh, 2007). Under some exceptional cases,
methane may seep through the seafloor and leads to the proliferation of
the chemosynthetic community and shallow occurrence of gas hydrate
deposits. In high methane flux regions, almost 80% methane may escape
the seafloor’s biological filter and contribute ~0.02 Gt of methane to the
ocean annually (Boetius and Wenzhofer, 2013). In ultra-deepwater, a
minor amount of abiogenic methane is produced by thermal degradation
of organic matter by chemical processes operating in Earth’s crust and
upper mantle (Kvenvolden and Rogers, 2005).
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Fig. 1. (a) The swath bathymetry shows various geomorphic features in the Krishna-Godavari offshore basin (modified after Dewangan et al., 2010; Ramana et al.,
2009; Ramprasad et al., 2011). The inset shows the study area in the Bay of Bengal. The stars represent the location of the gas flare observed in the water column
imaging data acquired onboard R/V Sindhu Sadhana and triangles show gas flares highlighted in the present study; (b) The contour map illustrating bathymetric
mounds (M1 to M4 in Dewangan et al., 2010), sedimentary ridges and diapiric zones in the KG basin (after Dewangan et al., 2010; Mandal et al., 2014); (c)
High-resolution air-gun seismic data (Profile: P1, the location marked by a solid line in Fig. 1a) across the active gas flares, where chemosynthetic community and
shallow gas hydrates are recovered by seabed sampling (Mazumdar et al., 2019). The seafloor, subsurface seismic reflectors (H1 to H11) and toe-thrust fault system
(dashed lines) are highlighted in the seismic section. The representative gas flares are superimposed on the seismic profile at the slope (CDPs 2800-3400; Fig. 3a) and
rise of the toe — thrust fault system (CDPs 4000-4600). Solid vertical lines mark a subsurface chimney like feature.

Methane seeps have been reported from active and passive conti-
nental margins in various geological environments (Judd, 2003; Judd
and Hovland, 2007). In active margins, fault systems provide a condu-
cive environment for the movement of deep-seated fluid/gas to the
seafloor. Several such seeps are reported from Nankai accretionary
wedge (Henry et al., 2002; Le Pichon et al., 1987), Oregon subduction
zone (Crutchley et al., 2013; Moore et al., 1990), Makran accretionary
prism (Delisle et al., 2002), Southern California (Rudolph and Manga,
2010), Nankai trough (Tsunogai et al., 2012), Marmara Sea (Bayrakci
et al., 2014; Dupré et al., 2015), Gulf of Izmit (Alpar, 1999), and
Hikurangi margin (Greinert et al., 2010). In passive margins, other
geological processes govern the spatial distribution of gas seeps. For
example, salt tectonics control methane seeps in the lower Congo basin
(Wenau et al., 2018), the Nile deep-sea fan (Dupré et al., 2010; Loncke
and Mascle, 2004), Gulf of Mexico (Ruppel et al., 2005) and North Sea
(Hovland and Judd, 1988); shear zones in the South-west Barent Sea
(Foucher et al., 2010) and the west Svalbard margin (Plaza-Faverola
et al.,, 2015); sediment slumping/sliding in Hikurangi margin (Faure

et al., 2006) and offshore Oregon (Paull et al., 2002); stratigraphy
control in Lake Baikal (Naudts et al., 2012).

Deep-water regions of the Krishna-Godavari (KG) offshore basin, Bay
of Bengal, have been studied extensively to explore gas hydrate deposits
(Dewangan et al., 2010; Ramana et al, 2006, 2009). The first drilling
expedition NGHP-Exp-01 onboard JOIDES Resolution confirmed gas
hydrate deposits in KG, Mahanadi and Andaman basins (Kumar et al.,
2014). The second drilling expedition NGHP-Exp-02 confirmed gas hy-
drate deposits in sand-rich sediments of the KG basin (Kumar et al.,
2019). Sediment sampling onboard R/V Marion Dufresne confirmed
paleo-methane venting events in the KG basin (Mazumdar et al., 2009;
Badesab et al., 2017; Dewangan et al., 2013; Peketi et al., 2012). Active
methane seeps and shallow methane hydrates have also been reported
from the basin (Gullapalli et al., 2019; Mazumdar et al., 2019). How-
ever, the spatial distribution of methane seeps is mostly unknown. In the
present study, we investigate for the first time the spatial distribution of
methane seeps in the KG offshore basin using geophysical techniques,
and attempt to understand the geological control on the distribution of
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Table 1
Location of gas flares observed in the Krishna-Godavari offshore basin, Bay of
Bengal.

Sr.  Latitude (in deg. Longitude (in deg. Start Depth Terminate depth

North) East) (m) (m)
1 16.08 81.90 638 488
2 16.03 81.95 775 619
3 16.04 81.95 746 515
4 15.85 81.83 1050 719
5 15.85 81.84 1083 486
6 15.86 81.89 1158 800
7 15.90 81.89 1073 745
8 15.75 81.98 1328 954
9 15.75 82.03 1475 715
10 15.72 82.07 1734 750
11 15.72 82.07 1756 746
12 16.33 82.71 1960 740
13 16.31 82.63 1667 730
14 16.31 82.63 1671 714
15 16.31 82.64 1652 710
16  16.33 82.54 1196 729
17 16.32 82.53 1125 656
18 16.32 82.54 1162 758
19 16.23 82.64 1907 840
20 16.31 82.63 1653 776
21 16.31 82.64 1666 989
22 16.33 82.54 1165 739

seeps.

2. Geology of the study area

Krishna-Godavari (KG) basin is a petroliferous pericratonic rift basin
located along the eastern continental margin of India, which came into
existence after the breakup of the Eastern Gondwana landmass around
130 ma ago (Powell et al., 1988; Ramana et al., 1994; Scotese et al.,
1988). The Krishna and Godavari rivers deposit the bulk of sediments in
the KG basin, and the thickness of sediments exceed 8 km in the offshore
area (Prabhakar and Zutshi, 1993). General stratigraphy of the KG
offshore basin shows sediments from the Early Cretaceous to Recent
(Rao, 1993, 2001; Gupta, 2006; Bastia and Radhakrishna, 2012).
Raghavpuram shale unit comprising organic-rich sediments overlain by
interbedded sand and shale sequence was deposited during the Early
Cretaceous. Chintalapalu shale was deposited during the Late Creta-
ceous, followed by Vadaparru formation, a major argillaceous facies
deposited during the Paleocene to Eocene. Ravva formation represent-
ing interbedded sand-shale sequence was deposited during the Miocene
to Pliocene. Godavari clay, the youngest stratigraphic unit, was depos-
ited during the Quaternary.

Low-permeability smectite-rich clays were rapidly deposited during
the Miocene and Paleocene; such a deposition mechanism leads to
immobilization of pore fluids and displays abnormal formation pressure
(Rao and Mani, 1993; Singha and Chatterjee, 2014). The presence of
these deeply buried, over-pressured mobile shale strata causes tectonic
instability and results in gravity-driven shale tectonism in KG offshore
basin (Vijayalakshmi, 1988; Bastia, 2006; Choudhuri et al., 2010). Shale
diapirism occurs due to the downward movement of thick sediment
mass over mobile shale strata (Damuth, 1994). The regional seismic
lines in the KG basin show extension regime in shelfal regions, trans-
lation and compression zones in the upper and lower slope regions
(Bastia, 2006; Bastia and Radhakrishna, 2012). As observed in offshore
bathymetry data, numerous mounds and ridges are considered to be the
surficial imprint of shale tectonism (Dewangan et al., 2010).

2.1. Geomorphology of the study area
Rifting and drifting activities during the Gondwana landmass

breakup have resulted in the formation of several horst and graben like
structures oriented along NE-SW direction in the Krishna-Godavari
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onshore basin (Rao, 2001; Bastia and Nayak, 2006). Shelf-width is
very narrow off the Krishna and Godavari rivers, and shelf-break occurs
at a depth of ~130 m (Murthy and Rao, 1990). Major geomorphic fea-
tures in the KG offshore basin (Fig. 1a,b) are a) delta front between the
outer shelf and upper slope incised with numerous valleys/canyons
(Ramana et al., 2009); b) bathymetric mounds (M1-M4) formed due to
deeply buried shale diapir and a sedimentary ridge (SR) controlled by
toe thrust fault system (Dewangan et al., 2010); c) several mass transport
deposits in the upper slope region associated with diapirism, faulting,
and gas venting (Ramprasad et al., 2011). Mounds and sedimentary
ridges are considered to be the surficial imprint of shale tectonism
(Dewangan et al., 2010; Mandal et al., 2014). The mounds and ridges are
often associated with fluid/gas migration features and deep-seated
faults. The fault/fracture network acts as a conduit for fluid/gas pas-
sage from deep-seated reservoirs to shallow subsurface (Dewangan
et al., 2011; Mishra et al., 2019).

2.2. Occurrence of gas hydrates in the KG basin

Gas hydrates occur abundantly in the KG basin, and widespread
presence of bottom simulating reflector (BSR) is observed in seismic data
in water depths of 700-2000 m (Dewangan et al., 2011; Mandal et al.,
2014). The thickness of gas hydrate stability zone ranges from 40 to 250
m. During NGHP-Exp-01, methane hydrates are confirmed within a
depth of 40-120 mbsf in the KG basin at site NGHP-01-10. Past and
active methane seepage events are deciphered from the presence of
authigenic carbonates and chemosynthetic community (Joshi et al.,
2014; Mazumdar et al, 2009, 2019).

3. Data and methodology

The data used in the present study were acquired by CSIR-NIO
during the 45™ cruise of RV Sindhu Sadhana (SSD-045) in Jan-Feb 2018.
About 165-line km of seismic data and 1650 km? of multibeam bathy-
metric data were collected during the cruise in deep-water regions of the
KG offshore basin, where the presence of gas hydrates has been
confirmed by drilling/coring during NGHP-Exp-01 (Kumar et al., 2014).

Multiple high resolution seismic (HRS) data sets were acquired using
different seismic sources like air-gun (G-gun; 60 cu. in.), sparker (400
tips), and sub-bottom profiler. For the seismic data collected with G-gun
and sparker, the returned wavefield was recorded using a 48-channel
streamer of 150 m length with a group interval of 3.125 m. The shot
interval was 8 s equivalent to 12.3 m travel distance, assuming an
average cruise speed of 3 knots. G-gun’s dominant frequency is 120 Hz,
and a six-fold CDP was achieved using this source-receiver geometry.
The minimum source-receiver offset was set to 28 m, and the sampling
rate was chosen to be 2 ms. The seismic data were loaded into a pro-
cessing software "SeisSpace" to increase the signal-to-noise ratio and to
produce high-quality seismic images for interpretation. The following
processing sequence was applied: geometry was assigned to seismic data
using the P1/90 format. Data were cleaned using low-cut (40-60 Hz)
and high cut (300-450 Hz) filters to eliminate background noise. To
increase the reflectors’ continuity in the seismic section, swell and static
corrections were applied to the data. An f-k filter was applied to the
prestack data to improve the signal-to-noise ratio. Predictive deconvo-
lution was used with a lag of 5 ms and an operator length of 100 ms to
minimize the effect of bubble pulse and multiples. The limited offset of
the seismic data does not permit velocity analysis; therefore, data were
stacked after applying the normal-moveout correction assuming a con-
stant velocity of 1500 m/s. Kirchhoff time migration was performed on
the stacked data to position the reflectors accurately. The maximum
depth of penetration is around 900 m below seabed with a vertical
resolution of 5 m.

A high-resolution geophysical survey was carried out using the state-
of-the-art hull-mounted hydroacoustic equipment (ATLAS hydrograph-
ic, GmbH, Bremen, Germany) installed onboard RV Sindhu Sadhana. It
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Fig. 2. (a) The detailed seafloor morphology map of the toe-thrust area along with the high-resolution air-gun seismic data (P1, P2), sub-bottom profiler (SBP) data
showing primary high frequency (PHF) and secondary low frequency (SLF) components, location of gas flares (dots), regional faults (dashed lines) and NE-SW fault
system (F1-F6) within a rectangular box (dotted lines). The two mutual perpendicular seismic profiles P1 (oriented in NW-SE direction) and P2 (oriented in WSW-
ENE direction) are highlighted; (b) Seafloor (bathymetry surface) rendered across the seismic profile (P2) shows major fault system F1-F6 and their subsurface
extension in seismic data (solid lines) and a regional fault (dashed line); (c) Seafloor (bathymetry) rendered across the seismic profile (P1) highlighting regional faults
(dashed lines in bathymetry) and normal vertical faults (dashed lines on the seismic section). A subsurface chimney-like feature (solid lines), where the water column
imaging shows gas flares, is also highlighted. The subsurface horizons (solid lines, H7 to H11), a feasible BSR (dashed line marked between TWT 2.7 and 2.8 s) and a
regional toe-thrust fault from CDPs 4400 to 4500 (dashed line) are highlighted on the seismic section; (d) The low-frequency SBP data (SLF) show shallow faults
(F1-F6), whereas high-frequency data (PHF) show the presence of gas flare from trace no. 165 to 240 in the water column.

includes the Hydrosweep DS-3 multibeam echosounder (MBES) system
for acquiring swath bathymetry data and water-column imaging (Grant
and Schreiber, 1990). The system was operated at a center frequency of
15.5 kHz for full ocean depth. The depth uncertainties are about 1% of
the water depth (Beyer et al., 2003). The data acquisition and
post-processing of the bathymetric data were carried-out with Teledyne
PDS software v4.3. Digital terrain models were generated with a grid
resolution of 50 m.

The Hydrosweep MBES (Hornafius et al., 1999) can also record each
beam’s water-column information spread out in a fan-shaped manner.
The beam can capture acoustic scatterers like fish school, gas bubbles
and plumes, and biomass layers in the water column. During the pro-
cessing of water column image (WCI), gas bubbles can easily be traced
from their roots on the seafloor and are often termed as gas flares. Once
flares are identified, the data were cleaned for other reverberation noise
using threshold filtering, speckle noise removal, or manual editing

(Veloso et al., 2015).

We obtained the shallow sedimentary information using the hull-
mounted ATLAS Teledyne Parasound P35 sub-bottom profiler (SBP)
system, which was operated on the parametric mode by generating two
acoustic frequencies at 18 kHz and 23.5 kHz. The non-linear acoustic
interferometry of these transmitted signals results in two secondary
harmonics, i.e., ~40 kHz and ~4 kHz. The primary advantage of using a
parametric effect is that the resultant low-frequency signal can provide
subsurface penetration. Also, the high-frequency signal can provide
detailed information about the water column. Therefore, the data was
recorded for 18 kHz (primary high frequency: PHF) and 4 kHz (sec-
ondary low frequency: SLF) frequencies. The parasound (PHF and SLF)
data were processed using seismic Unix software with a bandpass filter
(200-6000 Hz) and cleaned for noisy traces.
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Fig. 3. (a) Detailed seafloor morphology map of the toe-thrust region highlighting seismic line (P1) and a major gas seep (dot); (b) Seafloor (bathymetry) rendered
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4. Results

A 5000 km? bathymetry mosaic illustrating various geomorpholog-
ical features such as delta front, mass transport deposits, mounds and
sedimentary ridges (Dewangan et al., 2010; Mandal et al., 2014; Mishra
et al.,, 2019; Ramana et al., 2009; Ramprasad et al., 2011) in the KG
offshore basin is shown in Fig. 1a and b. A regional seismic profile
(Fig. 1c) shows several folded and faulted horizons (H1-H11) picked on
the seismic section based on reflectors’ amplitude. The surficial
expression of folded/faulted strata appears as sedimentary ridges in the
bathymetry mosaic. Water-column images (WCI) show twenty-two flare
like anomalies, which are interpreted to be gas flares, and they seem to
originate at seafloor depths ranging from 638 to 1960 m (Table 1). Two
representative flares from the toe-thrust region are shown on the seismic
section (Fig. 1c). In the present study, we broadly categorized the flare
regions into three distinct zones: toe-thrust faults, buried shale diapir,
and diapiric zone based on the seafloor morphology and subsurface
structures. A detailed description of flares from these zones is as follows:

4.1. Gas flares in toe-thrust regions of the KG basin

Gas flares, a tell-tale signature of gas ebullition from the seabed
(Judd and Hovland, 2007), were observed in the toe-thrust regions of
the KG offshore basin (Figs. 1 and 2). During a multibeam survey,

acoustic waves interact with gas bubbles and generate a strong back-
scattering signal due to large impedance contrast between water and gas
bubbles; this signal detects the gas bubbles as flares. Most flares in the
KG basin rose from surrounding water depths of ~1750 m up to ~750 m.
Detailed seafloor morphology map and a couple of air-gun profile and
SBP data (PHF and SLF) acquired across the seep location are shown in
Fig. 2. The toe-thrust region seems to be associated with
extension-related normal faults (F1-F6) oriented in the NNW-SSE di-
rection located atop the folded strata (Fig. 2a). Seafloor bathymetry is
rendered across the seismic lines to highlight major faults (Fig. 2b). The
seismic profile shows complex subsurface structures up to 3 s TWT with
numerous faults (Fig. 2c). Several horizons are interpreted on the
seismic profiles, which show discontinuity across the faults (Fig. 2b and
c). A chimney-like feature (from CDPs 4200 to 4320) is observed
beneath the gas flare extending from a depth of 3.0 s TWT up to seafloor.
Besides, a network of shallow normal faults developing from 2.6 s TWT
up to seafloor is observed between CDPs 4050 and 4450.

We calculated the base of gas hydrate stability zone (GHSZ) to be
2095 m at 1800 m seafloor depth using the phase curve of methane +
seawater (Miles, 1995), seafloor temperature derived from available
CTD data and a mean geothermal gradient of 45 °C/km (Mandal et al.,
2014). This depth is converted into TWT (2.79 s) following the velocity
trend of marine sediments in the KG basin (Mandal et al., 2014). Abrupt
termination of high amplitude reflectors is observed around 2.79 s in
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associated with gas flares; (e) Seafloor bathymetry (Fig. 4e) of the diapiric mound (Fig. 1a) illustrating regional fault system oriented in the SW-NE and north-south
directions and some gas flares (dots); (f) High-resolution air-gun seismic profile (P5) rendered with seafloor bathymetry shows a couple of chimneys and gas flares are

identified over one of them.

seismic data (Fig. 2c¢), which may represent the base of GHSZ. In general,
bottom simulating reflector (BSR) is not observed in high-resolution
seismic data; however, abrupt termination of high amplitude reflectors
is assumed to be a representation of BSR (Vanneste et al., 2001). Free gas
zones are observed just below the BSR. The low-frequency SBP data (SLF
in Fig. 2d) show shallow faults (F1-F6), which rupture the seafloor and a
regional fault. In contrast, high-frequency SBP data (PHF in Fig. 2d)
display the gas flare in the water column from trace nos. 165 to 240.
Gas flares are also identified above the reverse toe-thrust fault,
whose surface imprint is observed on the bathymetry map (Fig. 3a and
b). The fault, characterized by a blanking zone, may act as a conduit for
the migration of methane gas. A high-amplitude horizon at 2.4 s TWT
may be associated with free gas as some of the deeper horizon cannot be
traced from CDPs 3050 to 3300 owing to attenuation due to free gas.

4.2. Gas flares over bathymetry mounds (M1 and M4) in the KG basin

Gas flares were observed over prominent bathymetric mound (M1) in
the KG offshore basin (Fig. 4a and b). Detailed seafloor morphology map
shows numerous faults oriented along NNW-SSE and ENE-WSW di-
rections similar to those observed from 3D seismic data (Mandal et al.,
2014;Mishra et al., 2019; Riedel et al., 2010). The mound hosts site
NGHP-01-10D, where gas hydrate and paleo-cold seep system were re-
ported (Kumar et al., 2014; Mazumdar et al., 2009). The seismic profile
(modified after Mishra et al., 2019) shows folded horizons (H1 to H4)
with numerous extension-related normal faults. The gas flares, observed
in the WCI, rose from surrounding water depth of 1030 m up to a depth
of 750 m (Gullapalli et al., 2019). The seafloor varies from 1.4 sto 1.6 s
TWT, and a BSR is observed between 1.6 s and 1.8 s TWT. A
high-amplitude negative polarity horizon, interpreted as a free gas zone,
is identified below the BSR from 1.7 s to 1.9 s TWT. Detailed analyses of

seismic data confirm active fluid/gas migration along some faults
(Dewangan et al., 2011; Gullapalli et al., 2019; Mishra et al., 2019;
Sriram et al., 2013). Some addition flares are observed along the
ENE-WSW oriented faults.

Gas flares were also observed over another bathymetric mound (M4)
within water depths of 775 m, which rose to a depth of 620 m (Fig. 4c
and d). The bathymetry map shows numerous faults in the NW-SE, NE-
SW, and NNW-SSE directions. The seismic data (Fig. 4d modified after
Mandal et al., 2014) oriented in the NW-SE direction show folded and
faulted horizons. The seafloor varies from 1.0 s to 1.2 s TWT, and a BSR
is observed around 1.3 s from CDPs 1050 to 1320. A chimney-like
feature, probably representing a shale diaper, is observed between
CDPs 1150 and 1250 (Fig. 4d) just beneath the flares. The chimney may
have provided a conducive environment for the migration of
deep-seated fluids.

4.3. Gas flares near a shale diapir in the KG offshore basin

Gas flares were observed near a shale diapir in the KG offshore basin
(Fig. 4e and f). Detailed seafloor morphology map of the diapir area
(Fig. 4e) shows the location of gas flares, and a high-resolution air-gun
seismic profile (Fig. 4f) shows geological structures related to shale
diapir. The gas flares rose from a surrounding water depth of 1630 m to
~750 m. The seafloor is relatively flat with no significant relief; how-
ever, faults oriented in the NW-SE direction are observed in the north-
eastern part of the diapir region. A major fault oriented along the
NNW-SSE direction (Fig. 4e) is identified in the central portion of the
diapiric area. The seismic profile shows a chimney-like feature between
CDPs 1750 and 1900, which is interpreted as a subsurface shale diapir.
Subsurface horizons (H1 to H6) appear to be bent upward due to the
shale diapir movement. No flares are observed atop the major subsurface
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diapir; however, some flares are observed around CDP 2300, which may
be linked with the presence of another chimney/shale diapir.

4.4. Evidence of shallow gas hydrates and cold seep communities in the
vicinity of flares

A wide range of chemosynthetic and heterotrophic benthic organ-
isms have been reported from the KG offshore basin (Mazumdar et al.,
2019). While both live organisms and relict shells are observed from toe
thrust regions of the KG Basin (Mazumdar et al., 2019), the present study
reports the same from the diapiric zone (Fig. 5a-d). The live chemo-
synthetic organisms recorded from the diapiric region include bivalves
belonging to the genus Bathymodiolus (family: Mytilidae), Acharax
(family: Solemyidae) and gastropods belonging to the families Pro-
vannidae and Neritidae. Polychaetes belonging to the genus Sclerolinum
and family Glyceridae are abundant at the toe thrust sites. The relict
shell of bivalves belonging to the genus Conchocele (family: Thyasiridae)
is also reported from diapiric sites. Heterotrophic communities
belonging to the families Galatheidae and Munidopsidae (squat lob-
sters), the Ophiuroid, Amphiodia sp. (family: Amphiuridae), and Goose
Barnacles belonging to the genus Neolepas (family: Eolepadidae) are
recorded from these sites. In contrast to the toe thrust sites with a wide
range of benthic organisms, the diaper sites are characterized by large
relict shells of Calyptogena sp. (family: Vesicomydae) and Concocelae sp.
(Thyasiridae). Live Acharax sp. was recorded from only one site in the
diapiric region. In addition, shallow gravity cores acquired in this region
show gas hydrates in the form of veins or nodules occurring within 2-3
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Fig. 5. (a) Shell cluster of chemosynthetic Bathy-
modiolus sp. in dark-sulfidic sediments recovered
from spade cores. Goose barnacles (Neolepussp
marked as Np) are attached (white arrow marked) to
the Bathymodiolus Shells. Squat lobsters belonging to
the family Munidopsidae (Mn) are seen within the
shell cluster; (B) Relict shell of Conchocele sp. (Con-
chocelesp. family: Thyasiridae); (c) Acharax sp. shell
with soft body; (d) Relict shells ofCalyptogenasp.
(family: Vesicomydae) with growth of worm tube; (e)
shallow gas hydrate deposit recovered from the dia-
piric zone; (f) shallow hydrate recovered from the
toe-thrust area.

m below the seafloor (Fig. 5e and f).
5. Discussions
5.1. Geophysical evidences of gas migration through the seafloor

Water column images show twenty-two gas flares from the conti-
nental slope regions of KG basin at water depths ranging from 638 to
1960 m (Figs. 1-4; Table 1), indicating fluid/gas migration across the
seafloor. Sediment samples from flare locations show chemosynthetic
communities and shallow methane hydrates (Mazumdar et al., 2019,
Fig. 5). The presence of hydrates suggests that the primary constitution
of gas flares is methane. In addition to water column images, the flares
are also observed in the PHF data; however, they are not detected in
other low-frequency seismic data like sparker, G-gun and 12 kHz single
beam echosounder. The density of methane gas is significantly lower
than that of seawater, resulting in a large impedance (a product of
density and velocity) contrast. Strong backscattering is generated from
this contrast and facilitates the detection of gas bubbles by multibeam
echosounders (Greinert et al., 2006). Detection of gas flares also depends
on the bubbles’ resonance frequency, which varies with the radius and
depth of the bubble (Guinasso and Schink, 1973; Vagle and Farmer,
1992). The dominant frequencies of sparker, G-gun and 12 kHz
echosounder might not be suitable for detecting gas flares at these water
depths.

A significant amount of biogenic methane is produced in marine
sediments below the sulfate-methane transition zone via CO5 reduction
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Fig. 6. Cross plot between seafloor depth and height of gas flares showing
excellent correlation with an R? coefficient of 0.9369.

in the presence of methanogenesis archaea (Reeburgh, 2007). Methane
in excess of solubility limit occurs as bubbles, which rise due to positive
buoyancy and may even rupture the seafloor through faults/fractures or
other permeable pathways. As bubbles rise, methane dissolves in the
water column. The dissolution rate depends primarily on bubble size and
surface contaminants like oil/gas hydrate on the bubble (McGinnis et al.,
2006). The map of GHSZ suggests that hydrates are stable beyond
700-720 m water depths in the KG basin (Rastogi et al., 1999). The
observed flares lie within the GHSZ; therefore, methane bubbles are
expected to be coated with a hydrate skin that will significantly decrease
the rate of methane dissolution. The protection of bubbles due to hy-
drate skin is primarily responsible for the occurrence of tall flares in the
Guyamas basin (Merewether et al., 1985), Hydrate Ridge (Heeschen
et al., 2003), the Black Sea (Greinert et al., 2006), offshore West Sval-
bard (Biinz et al., 2012), Opouawe Bank, Cook Strait, New Zealand (Law
et al., 2010), Gulf of Mexico (Leifer and MacDonald, 2003; Romer et al.,
2019), Nile Deep-sea fan (Romer et al., 2014), Sea of Okhotsk (Obzhirov
et al., 2004), Lower Congo basin (Wenau et al., 2015) and North Sea
(Hovland, 2007). In the present study, we observe that the height of flare
is dependent on the seafloor depth, and most of the bubbles rise to 700
m, i.e., up to the boundary of GHSZ (Fig. 6). As the bubble crosses the
GHSZ, hydrate coating dissociates, and methane dissolves rapidly,
leading to abrupt truncation of gas flare at the boundary of GHSZ. A
similar fate of bubbles was reported from Monterey Bay (Rehder et al.,
2002).

5.2. Methane emission and formation of chemosynthetic ecosystem

The proliferation of chemosynthetic community is observed near gas
flares. Hydrogen sulfide (H2S) and methane (CH4) in the sediment pore-
fluid fuel the sustenance of cold-seep ecosystems. High methane con-
centrations within the sediments are responsible for driving intense
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sulfate reduction in the sediments via anaerobic oxidation of methane
(AOM: Knittel and Boetius, 2009) pathway as represented by the
equation,

S0,*” + CH,—~HCO;” +HS™ + H,0 eq. (1)

The sulfide and methanotrophic bacterial load within bacteriocyte
cells in the body cavities of the chemosynthetic organisms carry out the
oxidation of the H»S and CHy4 imbibed by the organism from the ambient
sediment pore-fluid (Duperron et al., 2013). The energy produced via
the oxidation process is used for the growth of the organisms. On the
other hand, the associated heterotrophs consume chemosynthetic or-
ganisms, algal mats, or other organic detritus for survival. The average
613CCH4 (—73.7 £ 0.7%0 VPDB) of the methane hydrates from the studied
cold seep sites (Mazumdar et al., 2019) indicate biogenic methane
source and the hydrates are typically fractured filling types. At the diapir
region (Fig. 5b,d), the abundance of large relict shells of chemosynthetic
(thyrotropic) clams of Callyptogena sp. shells suggests reduced flux of
hydrogen sulfide across the sediment-water interface likely caused by
depleted vertical methane flux. The drop in methane flux may indicate
the plugging of an active fault system, possibly due to the growth of
massive gas hydrate or carbonate crust.

5.3. Structural control on the occurrence of methane seeps

We observed that prevalent shale tectonism in the KG basin governs
gas flares’ spatial distribution in offshore regions. The toe-thrust zones
(Figs. 1-3), identified as sedimentary ridges on bathymetry data, pro-
vide a favorable compressional regime for the migration of fluid/gas.
The bathymetric mounds (Fig. 4a—d) and diapiric zone (Fig. 4e and f),
representing shale diapirism regions, also provide a conducive envi-
ronment for methane seep. In the present study, we imaged a couple of
subsurface shale diapirs at 1800 m using HRS data (Fig. 4f), and four gas
flares are observed over one of the diapirs. Sediment sampling in toe-
thrust and diapiric regions show the presence of chemosynthetic com-
munities and shallow hydrate deposits within 2-3 mbsf (Fig. 5;
Mazumdar et al., 2019). It is interesting to note that the diapiric and
toe-thrust regions favor the formation of gas hydrate in the KG basin
(Dewangan et al., 2010) and also provide a conducive environment for
the evolution of gas flares and active cold seep.

The compressional forces resulting from shale tectonism causes
folding and faulting of overburden sediments. In some cases, the over-
pressured strata are mobilized as shale diapirs. Faults generated from
the movement of shale diapir may facilitate the migration of gas from
deep-seated reservoirs. The focused fluid flow toward the crest of anti-
cline may yield a local overpressured regime, which may develop an
extensive fault/fracture system through hydro-fracturing (Frederick and
Buffett, 2011). Such a mechanism is proposed for the genesis of methane
seepage at hydrate ridge, offshore Oregon (Crutchley et al., 2013), the
Central and Cinarcik basins, Sea of Marmara (Dupré et al., 2015) and
Hikurangi margin, offshore NewZealand (Law et al., 2010).

Several studies worldwide show structural and/or stratigraphic
control on gas hydrate and methane flares (Hovland et al., 2012). For
example, giant pockmark off West Africa (Olu-Le Roy et al., 2007),
Central Nile deep sea fan (Romer et al., 2014), offshore Korea (Haacke
et al., 2009), the Calabrian accretionary prism, Ionian Sea (Loher et al.,
2018), mud volcanoes in the Black sea (Bohrmann et al., 2003),
Southwest Barents sea (Chand et al., 2014), Sea of Marmara (Dupré
et al., 2015), Sea of Okhotsk (Obzhirov et al., 2004), Black Ridge diapir
(Brothers et al., 2013; Paull et al., 1995), Vestnesa Ridge offshore
Svalbard (Biinz et al., 2012), hydrate ridge offshore Oregon (Crutchley
et al., 2013), eastern Nankai accretionary margin (Henry et al., 2002),
Hikurangi margin, offshore NewZealand (Krabbenhoeft et al., 2013; Law
et al., 2010), Nile deep-sea fan (Loncke and Mascle, 2004), Tommeliten
in the North Sea (Schneider von Deimling et al., 2011), and Lower Congo
basin (Wenau et al., 2015). Therefore, we propose that the deformation
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structures formed due to shale tectonism govern the spatial distribution
of gas flares in the deeper regions of KG basin.

Widespread seepages are reported near the boundary of GHSZ from
the Arctic sea (Andreassen et al., 2017; Westbrook et al., 2009), the
northern US Atlantic margin (Skarke et al., 2014), Cascadia margin
(Johnson et al., 2015), Amazon deep-sea fan (Ketzer et al., 2018) and
Black Sea (Naudts et al., 2006) either due to increase in bottom water
temperature or increase in salinity. In contrast, isolated seeps are
observed along the boundary of GHSZ in the KG basin. Therefore, the
bottom water temperature and salinity might be stable in the deep
waters of KG basin. However, an extensive survey is required to confirm
other gas seepages along the boundary of GHSZ. A conceptual figure
explaining various shale tectonism processes governing gas migration in
the KG basin is shown in Fig. 7.

5.4. Role of seismic chimneys/faults in the migration of methane gas

Methane migration in gaseous form should be arrested in GHSZ due

to gas hydrates; however, we observed twenty-one gas flares within
GHSZ from the KG basin. In the toe-thrust region, HRS data analysis
suggests a chimney-like structure in the subsurface beneath the gas
flares (Fig. 2c). Signatures associated with BSR are observed around
2.79 s TWT. Some high amplitude zones, which may be related to free
gas, are detected below the BSR. Therefore, seismic chimney provides a
conducive pathway for the migration of deep-seated fluid/gas through
GHSZ.

Bathymetric mounds (M1 and M4 in Fig. 4a-d) and diapiric zone
(Fig. 4e-f) are also associated with gas flares. The HRS data show
intensive faulting, and acoustic blanking beneath some flares. The
analysis of 3D seismic data from the KG basin suggests two distinct fault
groups oriented in NNW-SSE and ENE-WSW directions related to passive
tectonism (Mandal et al., 2014;Mishra et al., 2019; Riedel et al., 2010).
Further, the AVO analysis of 2D seismic data indicates gas migration
through active faults (Gullapalli et al., 2019). The velocity model
derived from 3D seismic data suggests that gas is being supplied from a
deep-seated reservoir (Mishra et al., 2019). Worldwide, gas flares
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associated with cold seeps are reported in the vicinity of intrusive
structures like a shale/salt diapir (Hovland and Curzi, 1989; Hovland,
1990; Liidmann and Wong, 2003; Romer et al., 2012) or mud volcanoes
(Foucher et al., 2010; Gaynanov et al., 1998; Greinert et al., 2006; Loher
et al., 2018; Loncke and Mascle, 2004; Milkov et al., 2003; Pape et al.,
2011; Paull et al., 2008). Drilling/coring data acquired during
NGHP-Exp-01 in the KG basin shows that overburden sediments
comprise of low-permeability clay. The clay sediments cannot support
vertical migration of gas; therefore, geological structures like faults/-
fractures (e.g., Dupré et al.,, 2015), seismic chimneys/pipes (Loseth
et al.,, 2011) or high permeable strata (Crutchley et al., 2010) are
required for gas migration. In the present study, we show the fault-
s/chimneys formed due to shale tectonism are responsible for mobilizing
deep-seated gas to the seafloor.

5.5. Mechanism of methane migration through the GHSZ

The present study established the migration of methane through
GHSZ via seismic chimney/fault zones. The methane can migrate
through GHSZ by modifying the methane + seawater phase curve due to
an increase in temperature and salinity or decrease in pressure. The
perturbation of the phase curve due to high-temperature deep-seated
fluids is observed in the Cascadia margin (Wood et al., 2002) and
Hikurangi margin (Pecher et al., 2010). However, such a mechanism is
not likely in the KG basin as seismic data analysis does not reveal a
significant upwarping of BSR (Dewangan et al., 2011; Mandal et al.,
2014). Alternatively, the perturbation in salinity due to salt diapir or
evaporate deposits may cause local upwarping of the base of GHSZ.
However, salt deposits are not observed in the stratigraphy of KG basin;
therefore, such a mechanism is not feasible. Most of the gas flares are
observed in ultra-deep waters (>1000 m). A significant fall in sea level,
like the one observed during last glacial maximum (Lambeck et al.,
2014), cannot destabilize the seafloor’s gas hydrates; therefore, pressure
drop due to the fall of sea level cannot explain the observed gas flares.

Other mechanisms to explain the methane migration through GHSZ
are short-range methane diffusion, focused fluid flow (methane in dis-
solved phase) and advection of free methane gas (Meyer et al, 2018,
2020; You and Flemings, 2018; You et al., 2019). The short-range
methane diffusion (Malinverno and Goldberg, 2015) can explain the
migration locally, but it fails to explain the methane migration
throughout the GHSZ. Focused fluid flow is a mechanism in which
methane migrates in the dissolved phase, leading to excess pore pressure
beneath structural high and induce hydro-fracturing generating fault/-
fracture network (Frederick and Buffett, 2011). Another possibility is
the migration of methane as a gaseous phase through the fault system
(Haacke et al., 2009; Liu and Flemings, 2007). In regions of high
methane flux, the continuous formation of hydrates increases the
salinity of surrounding pore water; thereby, perturbing the methane +
seawater phase curve and supporting the coexistence of all three phases
(gas, hydrate, and liquid). Further, the formation of a hydrate shell
around the advancing gas front may limit methane diffusion allowing
the migration of methane gas through GHSZ (Meyer et al., 2020). The
most likely mechanisms for gas flares in the KG basin might be the
focused fluid flow or the local perturbation of GHSZ due to increased
salinity owing to hydrate formation. However, additional geo-
physical/geochemical investigations are warranted to resolve the
mechanism.

6. Conclusions

Geophysical investigations show twenty-two flares in the KG basin at
water depths ranging from 638 m to 1960 m. All flares except one
originate at depths, where the gas hydrates are stable. Majority of flares
rose from the surrounding seafloor to a depth of 700-720 m, which
represents the boundary of the GHSZ. The following observations are
noted for the gas flares in the KG basin:
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1) Gas flares are only detected in high-frequency echosounders (>14
kHz) and are not observed in low-frequency SBP, air-gun and sparker
datasets.

2) Structural elements of shale tectonism, like toe-thrust faults and
shale diapirs, govern the spatial distribution of gas flares.

3) Sediment sampling from the flare regions shows diverse chemosyn-
thetic communities and shallow methane hydrate within 2-4 mbsf.

4) Seismic chimneys and fault/fracture system provide a conducive
environment for the migration of deep-seated gas up to the seafloor.

5) Focused fluid flow and salinity increase due to hydrate formation are
likely mechanisms for methane migration through GHSZ.
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