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Evidence of pockmarks and seafloor gas
venting in the northwestern Arabian Sea

Check for updates
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Lamia M. Al Ali2 & Mohammed Y. Ali 1

Marine gas seeps are common along tectonically active margins, but they have not been previously
observed along the Arabian continental margin. Here we present evidence of gas escape structures,
pockmarks, and active gas seeps in the Gulf of Oman. Multibeam bathymetry, water column
backscatter and physical parameters, and two-dimensional seismic reflection data were used to map
active seafloor seeps and pockmarks. Circular and crescent-shaped pockmarks and complex
pockmark stringswere identified. These features are confined to regions shoreward of the shelf break.
Thirty-five active gasbubble trainswere observed,mostly not coincidentwith themappedpockmarks.
With progressive gas release, the gas seeps are anticipated to lead to development of pockmarks over
time.Bright spots on the seismicdata indicate shallow subsurfacegas accumulation alongsidenormal
fault and fracture conduits, strongly correlated to the presence of pockmarks. These findings suggest
an important carbon flux into the Arabian Sea and atmosphere.

Seafloor pockmarks are crater-like depressions that occur wherever fluid
or gas flow is focused in low-permeability, fine-grained sediments1,2. The
most common mechanism for pockmark formation is fluid or gas escape
from marine sediments. The escaping fluids may be thermogenic gas3,
biogenic gas4,5 (e.g., methane, hydrogen sulfide, or dissociated gas
hydrates6–9), interstitial water expelled during compaction10,11, or flowing
groundwater12–14. Pockmark formation depends on, among other factors,
seafloor sediment lithology and/or oceanographic setting3,15–18. Pock-
marks vary in size, shape, and distribution19–22. As seafloor obstacles or
irregular surfaces, pockmarks can be reshaped through scouring or
erosion by bottom currents and associated turbulence, especially in
hydrodynamically energetic oceanographic settings. The progressive
erosion of these features may result in depressions up to hundreds of
meters in length and tens of meters in depth18,23–29.

The eastern offshore region of the United Arab Emirates (UAE, Fig. 1)
within theGulf ofOman is called the Fujairah basin30. This basin is bordered
to the south by the Sohar basin, and by the Makran subduction zone and
Minab-Zendan-Palami strike-slip system to the east and northeast31–34. It is
bounded to the west by a major ~40–45° east-dipping major normal fault
representing the eastern edge of the Semail ophiolite35. The Fujairah and
Sohar basins lie adjacent to the northeastern margin of the Arabian Plate,
along the eastern flank of the Oman-UAE mountains. The origin of these
basins is traced back to the Late Cretaceous due to the Semail ophiolite
obduction and the resultant gravitational collapsing along the eastern flank
of the mountains35–39. The Semail ophiolite emplacement flexed down a

previously rifted continental margin, hence contributing to the subsidence
of flanking sedimentary basins, represented by the Fujairah and Sohar
basins to the east and the Aruma basin to the west of the mountain
belt35,36,39–42. The northeastern margin of the Arabian Plate is covered by
~10 km of Late Cretaceous to Quaternary sediments35,36,39. The Pleistocene-
Holocene succession reflects a shallowmarine shelf condition. It consists of
limestonewith calcareous claystone and siltstone30. The Pliocene succession
reflects the outer shelf of shallow marine deltaic conditions. It comprises
calcareous claystone,with calcareous limestone, siltstones,minordolomites,
and occasional igneous rock fragments30. The Miocene sequence was
deposited in shallowmarine to upper bathyal environments and consists of
calcareous claystone with shale, silt, and conglomerates (including igneous
clasts)30. The Oligocene sequence was deposited mainly in shallow marine
conditions with a slight outer shelf influence. It consists of claystone with
sand and occasional siltstones, marls, and minor conglomerates. The
shallow to open-marine Eocene section comprises limestones, calcareous
claystones, minor conglomerates, sands, silts, marls, and shales. The open-
marine Paleocene sequence consists of limestone and calcareous claystone.
The Upper Cretaceous sequence mainly comprises shales30. Radiocarbon
dating of two core samples from the Strait ofHormuz and theGulf ofOman
indicated that the surface sediments in this areahave anage rangeof~14,000
years (directly to the south of the Strait of Hormuz) to 30,000 years (deep
water of the Gulf of Oman)43.

The Arabian/Persian Gulf is known for the occurrence of gas venting
from the seafloor3,44–46. However, similar vents have not been reported in the
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northwestern margin of the Arabian Sea (the eastern UAE-Oman con-
tinental margin of the Gulf of Oman). This area forms the northernmost
extent of the Arabian Sea Oxygen Minimum Zone (OMZ), generally con-
sidered an area of increased carbon flux to the atmosphere47,48. Most studies
of the Arabian Sea OMZ lack data in the northwestern-most waters, and as
such, satellite-derived and modeled greenhouse gas flux calculations may
not accurately estimate these fluxes for theGulf ofOman49,50. The absence of
reported gas seeps along this margin may be attributable to the limited
geophysical surveying conducted in the northern Gulf of Oman. Here, we
present geophysical data showing a giant pockmark field and the first evi-
dence of gas escape, to the best of our knowledge, from the seafloor along
this continental margin, using high-resolution multibeam bathymetry and
wideband echosounding data, as well as profiles of the physical parameters
(PPP) of the water column (e.g., salinity, temperature, and beam attenua-
tion), integrated with two-dimensional (2D) seismic reflection data.

Results
Multibeam bathymetry observations
The multibeam bathymetry data covers an area of 1097 km2 of the north-
eastern Arabian continental margin along the east coast of the UAE, from
the shelf area passing through the shelf break and continental slope to the
base of the slope (Fig. 1). The multibeam bathymetry indicates that the

seafloor depth ranges from 85m below sea level in the northwestern sector
to 1210m in the southeastern sector (Fig. 1). We identified three types of
pockmarks across the margin, namely circular, isolated crescent-shaped,
and pockmark strings. A total of 1013 circular pockmarks were identified
across the bathymetry dataset. These circular pockmarks occur at depths
ranging from 104 to 493m (Fig. 2a, b).We observed two clusters of circular
pockmarks in the Gulf of Oman. The pockmarks of the first cluster occur at
depths of 104–333m and are symmetric in shape with diameters of
25–120m. The pockmarks are 1.5–12m deep relative to the surrounding
bathymetry (Fig. 2b), and their rims have gentle slope gradients of 3–15°.
The second cluster of circular pockmarks occurs near the shelf break
(380–493m depth). These pockmarks have a similar diameter to those in
shallower water but are 10–20m deeper than the surrounding seafloor and
have slopes up to 45°. A total of 67 isolated crescent-shaped pockmarks
and 73 areas with complex pockmark strings (connected crescent-shaped
pockmarks) were identified at water depths of 130–235m. The isolated
crescent-shaped pockmarks have steep N-NW walls (average slope of 30°)
andgentle S-SE ends (average slopeof 11°) (Fig. 2c, d).The isolated crescent-
shapedpockmarks are 90–500m long and100–300mwide.Comparatively,
thepockmark strings have lengthsof up to9000m in theNEsector at depths
of 125–270m with widths of 150–600m. The pockmark strings exhibit a
similar slope pattern to the isolated crescent-shaped pockmarks, with very

Fig. 1 | Map of the seafloor bathymetry of the
eastern offshore of the UAE. The map covers the
continental shelf, shelf break, slope base, and locat-
ing the newly discovered gas seeps (cyan circles).
The yellow circles locate the water column physical
parameters profiles with their numbers, whereas the
gray lines refer to the seismic reflection profiles.
Inset: the eastern Arabian continental margin; the
light green area refers to the location of the acquired
datasets. BONF Batinah Onshore Normal Fault,
BOFNF Batinah Offshore Normal Fault, MuP
Musandam Peninsula.
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steep northern edges (up to 55°) and relatively less steep southern bound-
aries with 20° slopes typically (Fig. 2c, d).

Seismic and water column backscatter observations
The 2D seismic reflection data comprises 20 profiles, covering a distance of
922 km on the eastern continental margin of the UAE. The seismic reflec-
tions exhibit linear discontinuities representing fault surfaces. Several nor-
mal faults dissect the seismic profiles with minor displacements ranging
froma fewmeters to a few tens ofmeters (Fig. 3a–d, f, g). Someof these faults

reach the seafloor (Fig. 3c, d), while others are deeply buried, i.e., blind faults
(e.g., Fig. 3a, b). Several high-amplitude reflection anomalies or bright spots
exist on the seismic profiles (Fig. 3a–d). A large area with polarity reversal is
also noticed (Fig. 3e). The seismic data also show acoustic turbidity or
seismicdisturbances in several areas (Fig. 3a, d–g). There are depression-like
features, i.e., pockmarks, at the top of some of the seismic profiles (e.g.,
Fig. 3a, d, e–g). However, other profiles do not show these features, but the
bathymetric profiles show them as they are smaller than the seismic reso-
lution (Fig. 3, insets 1 and 2). The acoustic turbidity areas are usually located

Fig. 2 | Slope gradient maps of the eastern offshore of the UAE. aA slope gradient
map derived from the multibeam bathymetry, showing the locations of b–d. The
light blue circles represent the discovered gas seeps, the red dots refer to the circular
pockmarks (CiPM), and the solid green and blue polygons refer to the crescent-
shaped pockmarks (CrPM) and complex pockmark strings (PM strings),

respectively. The dashed blue and red polygons represent areas containing most of
the complex-shaped pockmarks and the simple circular pockmarks, respectively.
b–d highlight the different pockmark geometries with inset 1–3 as bathymetric
profiles across these pockmarks.
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Fig. 3 | Seismic reflection profiles show how the pockmarks relate geometrically
to the faults and the effect of erosion on the pockmark base. a A seismic profile
illustrates the seismic disturbances (SD) or acoustic turbidity (that indicate fracture
conduits), seafloor pockmarks, and fault conduits (black dashed line). b, c seismic
profiles show several bright spots (BS), with insets 1 and 2 representing bathymetric

profiles that show seafloor pockmarks across the same profiles. d Seismic profile
shows the same features as b, c, in addition to inset 3, which illustrates the vertical
displacement of the seafloor. e Inset 4 shows polarity reversal (PR). f, g Show several
faults and fracture conduits below seafloor pockmarks, with inset 5 illustrating the
erosional truncation of the seismic reflections by the seafloor.
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below the pockmarks (e.g., Fig. 3a western sector, 3d eastern sector, and 3e
middle sector). Similarly, the pockmarks are located above normal faults
(e.g., Fig. 3b–d middle sectors and Fig. 3g). In some areas, there are several
truncations of the seismic reflections by the seafloor (Fig. 3, inset 5).

The backscatter of thewater column fromwideband echosounder data
(Echograms) shows the seafloor as having veryhigh-backscattering strength
(Fig. 4). There are also columnar features above the seafloor (Fig. 4), exhi-
biting higher backscattering strength than the surrounding water body.
They are extended from <50m to >100m above the seafloor. A total of 35
locations of these columnar high-backscattering features have been identi-
fied, occurring at 236-538m water depths and mostly over flat areas (Fig. 4
and Supplementary Fig. 1).

Physical parameters of the water column
Profiles of the physical parameters of the water column (salinity, tem-
perature, and beam attenuation) exhibit vertical layering along the UAE’s
eastern margin (Fig. 5). The profiles show three main water column layers.
The shallow layer has a salinity of 37 PSU (Practical Salinity Unit), a tem-
perature of 28 °C, and a beam attenuation coefficient of 0.25–0.36m−1. On
the other hand, the second (middle) layer has low salinity, temperature, and
beam attenuation of 36.25 PSU, 21–22 °C, and 0.1m−1, respectively. The
deepest layer has high salinity, temperature, and beam attenuation of 38–39
PSU, 25–28 °C, and 0.25–0.36m−1, respectively (Fig. 5a–c). The deep
layer thickness is about 25m over the gently SE-sloping shelf bath-
ymetry (Fig. 5a, b (between PPP 3 and 4)). However, when reaching the
northern edge of the pockmark areas, this layer thickness increases up to
98m (average of 64m) (Fig. 5b at PPP 4). The depth limit of the seafloor
where this layer detaches from the seafloor is around 230m (see the
bathymetry and PPPs in Fig. 5b between PPP 4 and 5, as well as Fig. 5c
between PPP 8 and 9). The deep layer is extended to ~20–30 km after
detaching from the seafloor (Fig. 5b between PPP 4 and 14, and Fig. 5c
between PPP 8 and 14).

Discussion
The pockmarks are widespread across the UAE’s eastern continental
margin and limited to the shelf break; no pockmarks occur oceanward from
the shelf break (Fig. 2a). Similar features were reported in the northwestern
Arabian/Persian Gulf and the Strait of Hormuz at depths <100m3,45. These
pockmarks of the northwestern Arabian/Persian Gulf and the Strait of
Hormuz were associated with thermogenic gas release3,45. However, these
pockmarks are wider and shallower, which might be related to lithological
differences46.

All the observed pockmarks occur within an area that is curved but
mainly oriented NE-SW (Fig. 2a). This trend is likely linked to a major
normal gravitational fault, i.e., gravitational collapse with an inclined plane,
occurring south of the study area (Fig. 1 inset). Levell et al.36 initially iden-
tified the fault on seismic reflection data in the Sohar basin, located south of
our study area. We hereby designate this fault as the Batinah Offshore
Normal Fault (BOFNF). The fault reaches the seafloor, creating escarpment
relief of ~245m at its southern limits (based on regional bathymetry, Fig. 1,
inset). The escarpment relief decreases to the north, reaching around 160m
in themiddle portion of the fault to 30mat its northern limit (southern edge
of our area). The curved trend of the pockmark field possibly represents a
damage zone as a northern extension of the BOFNF. This damage zone
contains extensive normal faults with minor displacements and fractures
(acoustic turbidity). In some areas, the fault displacement extends to the
seafloor, creating a vertical seabed relief (e.g., 24m vertical relief above the
fault inFig. 3dand inset 3).Thedamage zone structures acted as conduits for
the gas, allowing it to escape from deeper to shallower levels, followed by
further escape through the seafloor and the formation of pockmarks.
Observing the regional trend of the BOFNF, this regional gravitational fault
might represent a nucleation for a new shelf break in themouth of the Strait
of Hormuz. Further sediment loading on the hanging wall of the BOFNF
may triggermore slip across the fault, generating earthquakes and forming a
new shelf break in the Gulf of Oman.

Fig. 4 | Water column backscatter data (echo-
grams) with the discovered gas seeps in the Gulf
of Oman. a An echogram from the wideband
echosounder data (at 18 kHz) showing evidence of
fluid escaping from the seafloor, gas bubbles, over
almost flat bathymetry. b An echogram showing
several gas seeps over rugged bathymetry.
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Several shallow bright spots, polarity reversal, and acoustic turbidity
are identified on the seismic reflection profiles (Fig. 3). These seismic fea-
tures represent evidence for subsurface gas accumulations in shallow levels.
Shallow bright spots with reversed polarity in the seismic data usually
suggest shallow gas accumulations51–53. Enhanced reflections exhibit high
amplitude or reflectivity due to gas or fluid content in shallow sediments,
and it is also called gas brightening or bright spots3. The studied shallowpart
of the sedimentary section is dissectedbynumerousnormal faults, especially
below themapped pockmarks. This part also has acoustic turbidity in some
areas that may be related to fracture conduits and gas escape (Fig. 3a, d–g).
In seismic reflection data, acoustic turbidity, or gas chimneys, usually
indicates uprising gases in the subsurface layers54–56.

The columnar high-backscattering features identified on the water
column backscatter data are interpreted as gas bubbles/seeps coming out of
the seafloor. Several of these features occur within pockmarks (Fig. 2a).
However, most are located on un-pockmarked seafloor; likely, over time,
with increased or higher volumes of gas escape, these areas may become
pockmarked. The gas accumulated in the shallower parts of the sedimentary
sectionpossiblymigrated fromthedeeper levels across thenormal faults and
fracture conduits. A recent study conducted on the Fujairah basin by
Abdelmaksoud and Ali30 indicated that the area has an active petroleum
system. They stated thatmost of the source rocks are gas-prone, and the gas
maturation window has been reached within the sub-basins. They also
identified several low-velocity anomalies thatmight indicate the occurrence
of hydrocarbon accumulations. Biogenic origin for the escaping gas may
also be considered. The Biogenic origin is supported by the high subsidence
rate of the area in the last fewmillion years30, and hence the rapid burial and
preservation of organic matter. The origin of the escaping gases might also
be a mixed source of biogenic and thermogenic gases. However, sampling
and analysis of the escaping gases are required to determine their exact
origin.

Interestingly, there are conduits or evidence of gas accumulations
below most of the identified seafloor pockmarks (Fig. 3). Consequently, a
direct relationship exists between the pockmarks, subsurface conduits, and

gas accumulations. Some of the conduits reach the seafloor or just below it
(Fig. 3c, d). However, other conduits do not reach the seafloor but possibly
deliver gas to the shallower levels (e.g., Fig. 3a, b, f). Some of the trapped
shallow gas accumulations are probably stationary (Fig. 3a, b, f, g). The
trapped gaseswould remain sountil enough gas builds up for thepressure to
cause abreak through the sealing layer57.A similar situationwas found in the
NorwegianTrench,where very shallowgas blankets have holes immediately
below most of the pockmarks. It was indicated that the gas below the
pockmarks has probablymigrated up through them57. Similarly, shallow gas
accumulations (and gas chimneys) were correlated with seafloor gas
escaping features in the western offshore areas of the Egyptian Nile Delta54.
However, consistent with previous observations1,58, pockmarks are not
spatially correlated with active gas seeps.

Another interesting feature of the pockmarkfield is the arrangement in
a curved trend, occurring parallel to the shelf break (Fig. 2a). The presenceof
pockmark strings and elongated and eroded pockmarks characterize the
northern limit of the pockmarks. Moving towards the shelf break, con-
sidering the curved trend, the next area is characterized mainly by circular
pockmarks (Fig. 2a), with less or no impact of erosion, indicated by the
uniform circular shapes of these features. The discovered gas seeps in this
study are located shelf-ward from these pockmark areas. This succession of
occurrence of pockmarks and gas seeps possibly indicates that the northern
pockmarkfield represents the oldest gas seeps that are likely no longer active
and had sufficient time to enlarge, followed by the second area with the
circular or unit pockmarks, which is followed by the active gas leakage area
which we assume will be pockmarked in the future after releasing sufficient
volumes of gas (Fig. 2a).

The deep-water layer identified on the sections of the PPPs of the water
column(Fig. 5) is interpretedas adeepflowof theArabian/PersianGulf (here,
referred to as theArabianGulfOutflow,AGO). TheAGOhas higher salinity,
water temperature, and beam attenuation than the overlying water column,
with nearly similar physical characteristics to the surface water layer. Arabian
Gulf water is known for its high salinity and temperature59. This water stra-
tification has also previously been reported in the Strait of Hormuz60–63.

Fig. 5 | Sections of the water column physical parameters of the eastern offshore
of the UAE. aAn E-W section of the water column physical parameters showing the
bottom Arabian Gulf Outflow (AGO), exhibiting mainly a uniform thickness over
flat shelf bathymetry. The AGO is characterized by high salinity, temperature, and

beam attenuation. b, c represent mainly N-S and E-W water column physical
parameters sections, respectively, where the AGO has an almost uniform thickness
over flat shelf bathymetry and exhibits reworking or generation of secondary cur-
rents, hence increased thickness, within the seafloor irregularities, i.e., pockmarks.
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In the northernmost area of mapping (Figs. 1 and 2a), several pock-
marks are elongated, and many crescent-shaped pockmarks are also inter-
connected, indicating the possible effect of erosion. The crescent-shaped
pockmarks result from the erosion by currents of the circular pockmarks64,65.
Additionally, the seismic sections crossing some of the pockmarks show
evidence of erosion with truncation of seismic reflections by the pockmark
walls, where the uppermost sediment layer is absent, and the older ones are
exposed within the trough of these features (Fig. 3g inset 5). The presence of
several pockmark strings (connected pockmarks, Fig. 2a, c, d) indicates the
effect of currents and erosion in removing the sediment between pockmarks
to create an interconnected string of pockmarks. Many pockmark strings
end in a single pockmark much larger than those forming the string3.

The increase in the AGO thickness at the northern edge of the pock-
mark field indicates the turbulence or reworking of theAGOcurrent caused
by the seafloor obstacles or irregularities, i.e., pockmarks and slight seabed
vertical relief (Fig. 3d middle sector, 5b at PPP 4). These irregularities led to
steeper slope gradients and subsequently increased the AGO current velo-
cities, generating secondary erosional currents or large eddies. Large eddies
were suggested tobe formeddue to seafloor bathymetry changes in the Strait
of Hormuz channel66. The AGO secondary currents are likely responsible
for the erosion of the relatively deeper areas represented by the pockmarks.
The high beam attenuation of the bottom water layer within the pockmark
strings (Fig. 5a–c) possibly indicates the higher turbidity within the troughs
of these features and, hence, the effect of the AGO current turbulence.
Generally, along the regional current pathway, the seafloor irregularities
modify the velocity; the higher the slope gradient, the higher the velocity67,68.
A scarcity of late Holocene deposits near the Musandam Peninsula and the
Strait of Hormuz is attributed to erosion by the bottom water exiting the
Arabian/Persian Gulf via the Strait of Hormuz46.

On the continental shelf, the AGO is extended farther south across the
Omani margin60,63. This may indicate fewer seafloor irregularities or
obstacles that could prevent the outflow from traveling farther south across
the smoothcontinental shelf.On theotherhand, around thepockmarkfield,
the secondary/reworked AGO currents are then detached from the seafloor
and extended through an intermediate depth layer of the water column to
around 20 to 30 km southward of the northern limit of the pockmarks
within the deep Gulf of Oman water. The AGO possibly has a very low
negative buoyancy over the continental shelf area, allowing it to flow over
the seabed. However, the detaching of the AGO from the seabed southward
of the northern limit of the pockmark field indicates the effect of water
mixing within the pockmarks and increasing the buoyancy of the AGO, i.e.,
reaching neutral buoyancy. This neutral buoyancy allows the AGO to flow
at an intermediate water level.

Based on this study, the pockmark occurrence is restricted to the sea-
floor, and there are no pockmarks identified in the shallow subsurface sedi-
mentary sequenceup to2 kmdepthbelowthe seaflooron the seismic sections
(Fig. 3). This observation, togetherwith the active gas seeps, indicates that the
pockmark field possibly started ejecting gas into the Gulf of Omanwater <14
thousand years ago after the deposition of the surface sediments. Owens
et al.47 reported high surface water methane concentrations and fluxes to the
atmosphere in theArabian Sea, including theGulf ofOman. They stated that
methane production is associated with high phytoplankton biomass and
monsoon-driven upwelling of nutrient-rich water. The Arabian Sea repre-
sents only 0.43% of the total surface area of the oceans47, however, Owens
et al.47 noted that it can contribute >1.3%of the total oceanic flux ofmethane.
Therefore, they added that the current oceanic flux should be revised
upwards, and other potential oceanic sources should be evaluated. The high
methane concentrations in theirmaps correlate with the northern part of the
Gulf ofOman (our study area),wherewe found thepockmarks andgas seeps.
The active seafloor seeps may contribute additional methane to the atmo-
sphere. Since thearea is a low-oxygencontinentalmargin69, thismayallowthe
escaped gases from the seafloor to continue to the atmosphere; if these gases
are mainly methane. The low-oxygen concentrations and shallower water
conditions in theGulf ofOmanwill slow theoxidationprocess likely resulting
in methane venting to the atmosphere increasing greenhouse gas flux out of

the sea in this area. However, further research is needed to understand the
volume of gas accumulated in the subsurface on theUAE-Oman continental
margin and how much is seeping and reaching the atmosphere to improve
our flux estimates to the atmosphere.

Methods
Seismic data and interpretation
Amarine geophysical dataset was acquired in the eastern offshore region
of Fujairah and Sharjah emirates of theUAE using SeaBird Exploration’s
M/V Hawk Explorer in July 2014, under the sponsorship of the Petro-
leum Institute, now known as Khalifa University. The seismic dataset
comprises 20 2D reflection profiles in the depth domain with a positive
increase in acoustic impedance represented as red. The total length of the
seismic profiles is 922 km. PetrelTM Schlumberger software was used to
visualize and analyze the seismic data and interpret the structural fea-
tures/conduits and the bright spots. Faults were visually identified by the
displacement of seismic reflections, where acoustic turbidity was used as
a possible indication of fracture conduits. The high-amplitude reflec-
tions in a low-amplitude background were used to indicate gas
accumulations.

Multibeam bathymetry
The high-resolution multibeam bathymetry was acquired using the
OceanXplorer vessel (owned byOceanX) inDecember 2023. The data were
acquired with an average speed of 7.5 knots (kn). KongsbergTM EM712
echosounderwithKongsbergTMSeafloor InformationSystem (SIS)was used
for data acquisition, whereas Qimera QPSTM software was used for data
processing onboard the OceanXplorer vessel. Qimera was also used for 2D
and 3D data visualizations. Bathymetric profile data were extracted from
Qimera and plotted. The slope gradient and curvature were calculated for
the bathymetry data using ArcMap ESRITM.

Water column backscatter
The water column backscatter data (wideband echosounder data) were
acquired using the KongsbergTM Simrad EK80 split-beam echosounder of
theOceanXplorer vessel inDecember 2023. The systemuses a wide range
of frequencies (18, 38, 70, 120, 200, and 333 kHz). The processed data
were replayed and visualized in EchoviewTM software. The gas bubbles
were more apparent on the 18 kHz display; therefore, this frequency was
used to detect the gas bubbles across the entire dataset. The gas bubbles
were identified by their higher backscattering volume strength than the
surrounding water and distinguishable columnar shapes/plumes origi-
nating from the seafloor.

Water column PPPs
PPPs of the water were measured using OceanXplorer CTD Rosette, which
includes a multi-channel logger capable of measuring temperature, salinity,
and beam attenuation throughout the water column. Fifteen PPPs/CTDs
were acquired and used in this study. The temperature, salinity, and beam
attenuation were plotted as 2D sections using Ocean Data View (ODV)
software70. The sections were then used to interpret the water stratification
and distribution of the different PPPs and their implications.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Multibeam bathymetry, water column PPPs and backscatter, and seismic
reflection data are available at [https://doi.org/10.6084/m9.figshare.
28068422]. The regional topography/bathymetry dataset is publicly avail-
able (GEBCO grid 202471) at [https://download.gebco.net/].
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