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Abstract This study investigates the temporal variations in methane concentration and flare activity in the
Hola trough (offshore Norway) during May 2018 and June 2022. Between these time periods, methane seep
activity exhibits 3.5 times increase, as evidenced by hydroacoustic measurements. As the seep area in the Hola
trough is constantly within the hydrate stability zone, the observed increase cannot be attributed to migration of
its shallow boundary due to temperature increase. However, a combination of low tide conditions resulting in a
lower sediment pore pressure and a bottom water temperature increase resulting in a lower methane solubility is
likely to explain the increase in the number of seeps observed in June 2022. The hypothesis of tide influence is
supported by data collected from a piezometer deployed and recovered during the cruise showing that the tidal
effect was observed 3 m below the seafloor. Despite the numerous methane seeps detected, methane
concentration and gas flow rates near the seafloor were low (<19 nM and <70 mL min− 1, respectively)
compared to other areas with methane seep activity. This is likely due to strong currents rapidly dispersing
methane in the water column. Sub‐seafloor investigations identified pathways for gas migration in methane seep
areas, influenced by topography. This study provides valuable insights into the temporal dynamics of methane
concentrations, flare activity, and gas distribution in the Hola trough, contributing to our understanding of
offshore methane dynamics in the region.

Plain Language Summary The Hola Trough, offshore Norway’s Lofoten‐Vesterålen (LoVe) area,
has been of interest for many years due to its rich marine life and potential oil and gas resources. There, coral
mounds thrive around methane seepage. The LoVe observatory network monitors this unique environment.
Using this observatory platform, associated data set and research expeditions at sea, the project EMAN7
(Environmental impact of Methane seepage and sub‐seabed characterization at LoVe‐Node 7) aims to
understand the environmental impact of methane seepage as well as its spatio‐temporal variability. The
comparison of methane seep activity during two summers with different environmental conditions revealed 3.5
times more seeps when a combination of warmer bottom water and low tide changes the sediment pore
properties. A sensor recording subseafloor pore pressure and bottom temperature supports these findings. Sub‐
seafloor investigations identified routes for gas migration in methane seep areas, influenced by topography.

1. Introduction
Methane (CH4) is the second most abundant greenhouse gas after carbon dioxide (CO2), yet it is 85 times more
potent than CO2 over a 20‐year period (Myhre et al., 2013). Methane therefore contributes directly to global
warming, but also indirectly because CH4 oxidation produces CO2. The Paris Agreement, signed by 196 Parties in
December 2015, aimed to limit global temperature rise to less than 2°C above pre‐industrial levels, and more
recently, the Global Methane Pledge was signed by 103 countries, including 15 major emitters to reduce CH4

emissions by 30% before 2030, compared to 2020 levels. Anthropogenic CH4 contribution to atmospheric level is
far greater than natural contribution; however, it is critical to better understand this natural input in order to
constrain models aiming at calculating the impact of various scenarios proposed to reduce global warming.

The ocean is a potential source of CH4 to the atmosphere, partly owing to CH4 leaking through the seabed
(Saunois et al., 2020). Methane seepages are widespread in continental margins worldwide (Judd & Hov-
land, 2007), and are major transport vectors of carbon from the Earth’s sub‐surface to the overlying ocean (Archer
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et al., 2009; Boetius & Wenzhöfer, 2013). Temporal constraints to seabed CH4 emissions and controlling factors
remain poorly known, as well as their fate in a changing ocean (Bindoff et al., 2019). Nonetheless, as CH4 traps
solar heat more efficiently than CO2, concerns exist if this CH4 reaches the sea surface and the atmosphere. In
response to climate‐driven changes in the physical environment, CH4 emissions from subsurface hydrocarbon
reservoirs may occur due to reduced stability in gas hydrates and marine permafrost. The release of CH4 is also
modulated by environmental parameters such as tide (e.g., Römer et al., 2016; Sultan et al., 2020), temperature
changes (Berndt et al., 2014; Ferré et al., 2012, 2020) and more sporadic events such as tectonic stress (Franek
et al., 2017). Methane is emitted from the sediment to the water column as free (bubble) or dissolved gas. Once in
the water column, it can be consumed by microbes (e.g., Damm et al., 2005), dispersed by ocean currents
(Silyakova et al., 2020), and transferred to the atmosphere (Shakhova et al., 2010)—a process that can be
modulated by water column stratification (Myhre et al., 2016). Bubble properties also play a role in the potential
CH4 transfer to the atmosphere, that is, larger bubbles and surfactant‐covered bubbles have a greater potential for
rising higher in the water column than smaller and cleaner bubbles (Leifer & Patro, 2002; McGinnis et al., 2006).

A leading question concerning CH4 release in the ocean is whether it affects carbonate chemistry at a regional
scale (Biastoch et al., 2011). This question is especially relevant in seep areas where CH4 is released due to
dissociating gas hydrates or permafrost, then oxidized to CO2 by microbial mechanisms. These perturbations in
carbonate chemistry may endanger marine organisms that build their shells and skeletons from calcium carbonate
(Orr et al., 2005) such as cold‐water corals (CWCs). Conversely, CWCs may benefit from additional nutrient
output from microbial productivity surrounding seeps (Hovland et al., 1998; Jensen et al., 2012). Furthermore, it
has been suggested that the formation of these habitats may be driven by both hydrodynamic processes and the
presence of authigenic carbonate substrate, indicative of past microbial activity at seeps (Becker et al., 2009).

Here we focus on the Hola Trough offshore Norway’s Lofoten‐Vesterålen (LoVe) area, where CWCs thrive
around CH4 seepage. With its LoVe observatory network (see Text S1 in Supporting Information S1) that
monitors this unique environment, this area is an ideal location to study the influence of CH4 on CWCs. The main
goal of the project EMAN7 (Environmental impact of Methane seepage and sub‐seabed characterization at LoVe‐
Node 7) is to investigate the influence of oceanic conditions on CH4 seepage patterns at the Hola trough, the fate
of CH4 within the water column, as well as its potential contribution to ocean acidification and associated impact
on both CWC reefs and associated biological communities. In addition, we aim to quantify the release of carbon
from the seabed and reconstruct trends in CH4 emissions. In this present study, we evaluate influencing factors for
spatio‐temporal variability of CH4 emissions in the area by comparing hydroacoustic and oceanographic data
obtained during two research cruises (CAGE 18‐2 from 20–27 May 2018 and CAGE 22‐3 from 8–15 June 2022).
We also present the main observation of the seafloor, sub‐seafloor and the CWCs. The cruises were performed in
the frame of the CAGE Center of Excellence (Center for Arctic Gas Hydrate, Environment and Climate). Further
components of the project will be presented in subsequent publications.

2. Study Area
Lofoten‐Vesterålen, located on the Norwegian continental shelf, has been of interest for many years from
oceanographic, biological and economic standpoints. Warm Atlantic water is transported to the Arctic via the
narrow shelf and trough (Loeng, 1991), which is characterized by high turbulence and vertical mixing (Buhl‐
Mortensen et al., 2012). The vast spawning areas and fish stocks also provide highly productive fishery in this
region (e.g., Misund & Olsen, 2013).

The main study area is located in Hola, a ∼12 km wide trough between the banks of Vesterålsgrunnen and
Eggagrunnen (Figure 1). The trough was formed by the action of ice and later partly covered by fine‐grained
glaciomarine sediments. The seafloor is therefore mainly covered with sand, but also with gravelly sand,
sandy gravel and coarser sediment. Giant Barchan‐type sandwaves up to 3 km long, 7 m high, and up to 300 m
apart are formed by strong currents (Bøe et al., 2009).

Lofoten is known for its strong tidal currents resulting from the interaction of large tidal amplitudes with the
complex bathymetry of the region (Børve et al., 2021). These tidal currents are of great significance for marine
life, as they facilitate nutrient‐rich environments that attract various species of fish and other marine organisms.
Winds, large‐scale ocean circulation and local topography also influence the overall water movement in the
region. Water masses are dominated by the Norwegian Coastal Water (NCW) brought by the Norwegian Coastal
Current (NCC) flowing along the coast from the southwest and the Norwegian Atlantic Water (NAW) transported
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by the Norwegian Atlantic Current (NAC) which follows the continental slope. The NCW is colder (2–6°C) and
fresher (average of 34.5 PSU) than NAW (traditionally defined with salinity greater than 35 PSU with temper-
atures of 6–9°C when it enters the Norwegian Sea, Blindheim, 1990). Both these currents are strong (>1 m s− 1,
typically 0.2–0.4 m s− 1), and create a complex circulation pattern together with the strong local tides in the narrow
trough (Bøe et al., 2009).

The CH4 escaping the sediments at this site has a predominant thermogenic origin, as determined by isotopic and
molecular composition of the gas (Sauer et al., 2015), and U/Th ages of CH4‐derived carbonate crusts indicated
that this seepage system has been active for at least ∼11 ky (Chand et al., 2008; Crémière et al., 2016). Bottom
water CH4 concentration has been estimated to be 42 nM (Sauer et al., 2015) in the near vicinity of the seeps,
which is approximately 10 times higher than normal background concentrations and indicates that the anaerobic
CH4 oxidation (AOM) in the sediment provides a limited CH4 filter.

Microbial mats and tubeworms are typical of Arctic seep environments (e.g., Argentino et al., 2022) and are found
in this area in association with extensive pavements of CH4‐derived carbonates forming due to the high alkalinity

Figure 1. (a) Map of the area in the Hola trough, offshore Lofoten and Vesterålen islands (Norway, see green square in the inset map). The main map also shows the coral
reef locations (white triangles), the sub‐bottom profiles (SBP, black lines), the CTD casts (white crosses) and nodes 1 and 7 (large hexagons, node 7 being in the center of
the figure). The flares detected from multibeam echosounder during CAGE 18‐2 and CAGE 22‐3 cruises are shown by purple and light blue triangles, respectively. The
multibeam survey during both cruises is shown by the higher resolution of the bathymetry superimposed on the IBCAO bathymetry. The gray line shows the ship track
during CAGE 22‐3 that overlapped with CAGE 18‐2, with each line number as mentioned in the text and in Figure 8. The colored dots and merged dots represent the
flow rates from CH4 seeps calculated using the method described in Veloso et al. (2015) during CAGE 18‐2, using a new clustering method (Dølven, 2024, https://
zenodo.org/records/11214460). (b) High‐resolution microbathymetry obtained from the Remote Operated Vehicle (ROV), superimposed on the bathymetry obtained
from the vessel. The two piezometers (L01 and L02) are represented by the green stars and the ROV tracks are represented by the green lines. We performed a
photomosaic of the seafloor during dive two (pink line). SBP, CTD casts and flow rates from SBES during CAGE 18‐2 are also indicated with the same color code as
Figure 1a.
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generated by AOM (Crémière et al., 2016; Sauer et al., 2017). These carbonate features offer a unique habitat for
chemosynthetic ecosystems (Niemann et al., 2006) and they can be colonized by corals and sponges, bivalves and
chemosynthesis‐based communities (Sibuet & Roy, 2002). The Hola trough is indeed also known for a large
amount of CWCs Desmophyllum pertusum (Lophelia pertusa) immediately east of the sandwaves (Bøe
et al., 2009).

3. Material and Methods
We performed CTD (Conductivity, Temperature, Depth) casts and water sampling as well as hydroacoustic
surveys during two research cruises in the Hola trough (Figure 1). The cruise CAGE 18‐2 was conducted with the
Research Vessel (R/V) Helmer Hanssen (HH) from 20–27 May 2018, and CAGE 22‐3 with R/V Kronprins
Haakon (KPH) from 8–15 June 2022. During CAGE 22‐3, we also performed close‐up work with the work‐class
Remote Operated Vehicle (ROV) Ægir6000 including video imaging and installation of two piezometers, as well
as gas, sediment and coral sampling. We combine methodological approaches, data from R/Vs, as well as sub‐
surface data to provide an improved understanding of the temporal (seasonal and long‐term) and spatial vari-
ability of CH4 seeps and their environmental implications. The different equipment and settings used during both
surveys are summarized in Table S1 in Supporting Information S1.

3.1. CTD and Water Column Sampling

On both R/Vs, an SBE 911plus CTD mounted on a rosette measures the vertical profiles of physical properties of
seawater such as conductivity, temperature and pressure, from which we can derive salinity, density, depth and P‐
wave (sound) velocity. Additional sensors measure the turbidity, the fluorescence/chlorophyll, and the oxygen
content. Twelve Niskin bottles of 5‐L (HH) and 10‐L (KPH) are attached to the rosette frame to collect water
samples from chosen depths. We collected 187 water samples during CAGE 18‐2 (15 casts, 9/12 levels) and 95
during CAGE 22‐3 (12 casts, 7/8 levels) (Figure 1).

We applied the conventional headspace gas extraction technique to prepare water samples for measurements of
CH4 concentrations. Water samples were collected air‐bubble‐free into 120 mL crimp seal bottles once the CTD
rosette was back on the ship and poisoned with 1 mL NaOH solution. Five ml of the sample were substituted with
nitrogen gas, and the bottles were vigorously shaken to facilitate the equilibration of dissolved and headspace gas.
The samples were kept in the refrigerator (5°C) until further analysis with the Gas Chromatographer—FID
(ThermoScientific Trace 1,310). Dissolved methane concentrations in seawater samples (nmol L− 1 or nM)
were calculated from the atmospheric equivalence of the headspace concentrations (ppm) using Henry’s law and
Bunsen solubility coefficients as a function of temperature and salinity which corresponds to the atmospheric
equilibrium concentration of 3.2 nM at 34.8 psu and 6°C (Wiesenberg & Guinasso, 1979).

3.2. Hydroacoustic

Both R/Vs are equipped with Teledyne RD's “Ocean Surveyor” Acoustic Doppler Current Profilers (ADCP) that
operate at narrowband and broadband frequencies, specifically at 150 and 38 kHz. The ADCP 150 kHz version is
installed in a flush‐mounted configuration. Data collection is facilitated through a deck unit that communicates
with the device, and a standard computer located in the Instrument room. Only data from CAGE 22‐3 are pre-
sented here.

R/V HH (used during CAGE 18‐2) is equipped with a Kongsberg Simrad EK60 scientific singlebeam
echosounder system (SBES). The high frequencies of SBES are sensitive to gas bubbles in the water column, and
the rising bubbles appear as high amplitude anomalies (acoustic flares) in the water column. CH4 flare flow rates
were estimated from the SBES echograms at 38 kHz obtained during CAGE 18‐2 using the mathematical relation
between target strength (TS; a function of the acoustic backscatter intensity) and gas flow (Veloso et al., 2015,
2019), assuming spherical CH4 bubbles. We used the software ESP3 (Ladroit et al., 2020) to process the
echograms by selecting the TS of discernible acoustic flares (disregarding fish‐like signals) within a 5–10 m layer
above the seafloor to limit noise from seabed reverberation. We calculated the flow rates using the Virtual Bubble
Analysis Lab (VBALab) pluggin, which follows the method of Veloso et al. (2015) implemented in ESP3.
Because seeps can be insonified multiple times during hydroacoustic surveys, we clustered acoustic flares whose
acoustic footprints overlap to avoid overestimating flow rates by double‐counting flares. Flow rates of these
clusters were calculated with gridded averaging (Dølven, 2024, https://zenodo.org/records/11214460). Briefly,
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this method first calculates the flow per unit area for each clustered flare observation. In areas where flare ob-
servations overlap, the average flow per unit area of the overlapping observations is used. The total flow rate is
then obtained by integrating over the total area. All flare observations within 1.9 times their average radius of two
adjacent flares were clustered (Figure 1). A wrong setting on the singlebeam during CAGE 22‐3 prevents us from
comparing both data sets, and we could therefore only calculate the flow rates during CAGE 18‐2.

Both vessels are equipped with Kongsberg EM‐302 Multibeam echosounders (MBES) operating at a frequency of
30 kHz and providing high‐resolution bathymetric data up to a water depth of 7,000 m. The system was used with
a 60°/60° opening angle during CAGE 18‐2 and 45°/45° during CAGE 22‐3. The ping rate depends on the water
depth and opening angle and switches frequently between 0.5 and 2 Hz. Throughout the surveys, the MBES
consistently delivered uninterrupted bathymetric data, offering insights into the seafloor morphology in the
research area. However, to prevent any disruptions with the acoustic instruments of the ROV, the MBES was not
logging during ROV surveys. Another application of the MBES is to monitor the water column. The acquired data
were analyzed using the QPS FMMidwater software. The analysis of water column data allows the detection of
acoustic flares indicating gas seepage from the seafloor and the spatial distribution of detected flares on top of the
bathymetry. To avoid counting flares multiple times, we removed flares within a radius of 10 m from each other
(Figure 1). This buffer was chosen based on the flares observed in Fledermaus after selection in FMMidwater. The
EM‐302 also houses the Kongsberg SBP300‐6 sub‐bottom profiler (SBP) imaging the upper 10 s of meters of the
sediment column. The SBP during CAGE 22‐3 was set with a chirp pulse length of 50 ms and frequency
bandwidth of 2.5–6.5 kHz (see Figure 1 for profile locations).

3.3. ROV Ægir6000

The ROV Ægir6000 is a work‐class ROV 150 Hp equipped with samplers and sensors. It is deployed with a
750 m+ tether management system (TMS) and has seven cameras recording the environments from different
angles. Positioning data for the ROV dives were obtained using the HIPAP 501 USBL (Ultra Short Base Line)
high‐precision underwater system. Using its manipulators, the Ægir6000 can retrieve specific samples from the
seafloor and gather sediment samples with push and blade corers. It can also carry out various technical oper-
ations. Additionally, this ROV is equipped with coring tools, gas and water samplers, as well as oceanographic
and geochemical sensors. During CAGE 22‐3, the ROV was involved in several operations near node 7. Besides
directly collecting samples from the seafloor, the ROV was used for high‐resolution mapping of seafloor envi-
ronments through MBES and photogrammetry. The ROV was equipped with the high‐frequency EM 2040
(Simrad Kongsberg) MBES. MBES data were acquired along seven 250 m long transects flying 40 m above the
seafloor, obtaining a microbathymetric image of an area of ∼90,000 m2 around node 7, including two coral
mounds, with a 0.4 m/pixel resolution (Figure 1b). Data acquisition was planned and managed with EIVA
NaviSuite® software, and raw MBES data were then processed and cleaned using EIVA NaviModel Producer®.

In addition, four specific areas were chosen for mapping using ROV photogrammetry with an ultra‐high reso-
lution. For this purpose, the ROV was fitted with a specialized photogrammetry tool containing an HD camera
aimed directly downward at a 90° angle to the seafloor. Additionally, two extra strobes were installed to provide
more than 2,500 W of illumination to the seafloor, ensuring uniform coverage. Finally, two deep‐sea lasers were
positioned 15 cm apart to complete the setup. The data were then imported and processed in Agisoft Metashape
1.8 Professional Edition® and processed following a well‐established photogrammetric workflow (Fallati
et al., 2020; Lim et al., 2020; Price et al., 2019) obtained Digital Elevation Models (DEMs) and orthomosaics,
scaled and with a millimetric resolution (Fallati et al., 2023; Panieri et al., 2024).

3.4. Sub‐Seafloor Pore Pressure

By definition, permeability sets the Darcy velocity of fluid flow subjected to a given pressure gradient.
Permeability thus exerts a very strong modulation on the matter and heat fluxes associated with fluid circulation,
as well as on venting velocity and temperature. The piezometers (i.e., pore pressure sensors) complement node 7
(Keller pressure sensor) to record sub‐seafloor pore‐water pressure and temperature within the sediment near the
seeps over time. The objective is to investigate the pore‐water pressure and thermal response to tidal loading and
in combination with further poroelastic and thermal modeling to infer on the permeability structure and associated
fluxes (Barreyre et al., 2018) of the sediment‐hosted system at Hola. Ultimately, we aim at characterizing the
distribution of outflow and quantifying the energy fluxes through the extrapolation of instrumental acquired time‐
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series data (e.g., velocity, temperature) combined with the surface area estimated from the photomosaic (e.g.,
Barreyre et al., 2012). This will provide us with two independent methods to estimate fluxes, one model‐driven
and another one data‐driven. We have performed three piezometer deployments, one short‐term (L01) in 2022
(during CAGE 22‐3 cruise) and two long‐term (L01 and L02) in 2022–2023. Piezometer L01 was deployed at 14°
17′09.6″E and 68°55′04.3″N, for both short‐(about 3.5 days during CAGE 22‐3, 2022) and long‐term deployment
(about 11 months, 2022–2023), and piezometer L02 at 14°17′07.8″E and 68°55′04.8′N, for long‐term deploy-
ment (about 11 months, 2022–2023) (Figure 1b for location). The standpipes of the piezometer were installed via
an installation rig of∼6.3 m and 4 tons for guided penetration of OD 45 mm pipes using a 2.2 T deadweight. Once
the rig was deployed on the seafloor, the deadweights were unlocked by the ROV, and re‐locked after complete
standpipe penetration. The rig was then lifted back to the vessel. The 3 m long piezometer standpipe consists in a
filter tip (50 micron sintered), 45 mm OD steel pipe and hydraulic receptacle on top. During handling and
installation, the hydraulic receptacle was protected by a dummy plug. The top part of the steel pipe was outfitted
with anodes to minimize corrosion on vital parts. The loggerheads, which contain total pressure sensors, data
logger and battery for standalone operation of the piezometer, were docked by the ROV to the hydraulic
receptacle on the installed standpipe after recovery of the installation rig. Only the data from L01 will be presented
here, and we compare them with data obtained from the Keller pressure sensor at node 7.

4. Results and Discussion
4.1. Observation From the ROV

The ROV performed a range of activities, such as mapping the area, collecting sediment and coral samples, and
observing seeps. The seafloor predominantly consisted of bioclastic sediments, which originate from marine
organisms like dead corals and shells. The grain size of surface sediment is heterogeneous, ranging from sands to
boulders (Figure 2). Carbonate crusts form large pavements covered by a thin veneer of sediment, and are
sporadically colonized by sponges, anemones and corals (Figure 2). White microbial mats are thinly distributed
around the edges of carbonate crusts or in carbonate‐free spots, indicating a limited sealing capacity of the
carbonates which impedes the sulfide‐rich fluids released by AOM to reach the seafloor and to sustain mat
growth. The general lack of tubeworms in this seepage site is likely related to the coarse sediment composition,
that is, the tubeworm species dominating the benthic community of nearby seeps from canyons on the lower
continental slope off Lofoten–Vesterålen (Sen et al., 2019) require soft sediment settlement and continued
growth. While cnidarians and sponges are common at node 7, no cnidarians and sponges were observed in the
seeps studied by Sen et al. (2019), possibly due to the high sulphide concentration in bottom waters which makes
the environment too toxic for non‐endosymbiotic organisms. As expected, the most frequently observed coral
species at node 7 was Desmophyllum pertusum (Lophelia Pertusa), forming a coral patch of approximately
50× 30 m2 across, dominated by living coral polyps and an associated soft‐coral community (Figure 2c). During a
maintenance cruise that occurred in March 2023, a second coral patch (10 × 6 m2 across) was discovered in the
northern corner of the node 7 study area. Further studies within this project will elucidate the plausible nutritional
link between D. pertusum at the CH4 seepage and the plausible impact of elevated CO2 concentrations near the
seepage areas on D. pertusum calcification rates.

One of the objectives of CAGE 22‐3 was to measure the size and rising speed of bubbles using a system
comprised of two perpendicular checkerboards that were intended to be placed in front of bubble streams. Despite
extensive exploration over many hours, we only encountered small and sporadic bubbles that were challenging to
detect from the ROV. Notably, bubble streams observed during our explorations would cease for a minimum of
30 min (the longest duration we waited for their return) and were of diminutive size. Bubble streams also seemed
not to be constant, as the exact escape location could switch a few meters away after this time. This inconsistency
of CH4 source could explain the reduced microbial mats that lack time to fully develop before the release stops. To
enhance the operation with the checkerboards, we disassembled the system and retained only one checkerboard,
which we held steadily using the ROV's arm whenever we would see bubbles. Although this approach provides a
preliminary assessment of bubble sizes, we estimated the bubbles to be smaller than a few mm in diameter
(Figure 2d).

Gas composition and isotopic signatures were measured from gas collected using a bubble catcher held by the
ROV. The δ13C values of the different hydrocarbons provide insights into the source and processes involved in
their formation. More negative δ1³C values typically suggest microbial sources, while less negative values can be
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associated with thermogenic sources (Whiticar, 1999). Here, bubbles were mostly composed of CH4 (99.7%),
ethane (0.15%) and propane (0.06%). Our δ13C values for different hydrocarbons (c1 to c4) are between − 46‰
for CH4 and − 23.5‰ for butane, which tends to thermogenic signature as previously found (Crémiere
et al., 2016; Sauer et al., 2015) (Figure S1 in Supporting Information S1).

4.2. Comparison of Water Column Conditions and CH4 Concentration

During both research cruises, we observed a relatively homogeneous water column yet with noticeable differ-
ences between the 2 years (Figures 3 and 4). The temperature in the study area exhibited a range of 5.5°C at the
seafloor to 7.1°C near the surface during CAGE 18‐2. The average temperature during this cruise was 6.5
(standard deviation SD, 0.18) °C. In CAGE 22‐3, the temperature ranged from 6.7°C near the seafloor to 8.0°C at
the surface, with an average of 7.7 (SD, 0.07) °C. In CAGE 18‐2, salinity levels varied between 34.28 and
35.05 psu, with an average of 34.52 (SD, 0.14) psu. During CAGE 22‐3, salinity exhibited a slightly wider range
of 34.12–35.10 psu, with an average of 34.96 (SD, 0.076) psu. The water column was mostly composed of NCW
(low salinity) during CAGE 18‐2 and of NAW during CAGE 22‐3 (Figure 4) which is the most commonly found
water mass in the area (Buhl‐Mortensen et al., 2012). NCW flowed over NAW during CAGE 22‐3 (Figure 3). The
differences in water column characteristics between the two cruises, while occurring two to three weeks apart in
2018 and 2023, confirm the high oceanographic variability of the area.

Figure 2. Snapshots of the seafloor taken by the ROV: (a) node 7 where the ADCP (center, three yellow beams) and the echosounder (red beam) are visible, (b) seafloor
with carbonate crusts andmicrobial mats near node 7, (c) corals from the south coral mound, (d) checkerboard (grid 3× 3 cm) showing the small bubbles rising, on top of
a carbonate crust, (e) and (f) example of seafloor sediment.
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These oceanic conditions did not seem to affect the methane distribution in
the water column, as both cruises exhibited low methane concentrations.
However, methane concentrations were more localized and condensed during
CAGE 18‐2 than during CAGE 22‐3 with a concentration range of 0.8–19 nM
(average 3.5 (SD, 1.6) nM), whereas a more widespread distribution of
methane was obtained during CAGE 22‐3 varying from 0.8 to 7.5 nM
(average 4.3 (SD, 1.4) nM) throughout the study area. Nevertheless, con-
centrations were low compared to other hydrocarbon seeps in the Arctic
Ocean (e.g., offshore Svalbard) where it can reach up to a few thousand nM
concentrations (Dølven et al., 2022).

4.3. Ocean Currents During CAGE 22‐3

The ADCP data from the ship during CAGE 22‐3 revealed a complex ocean
circulation in the area, including eddies and tidal currents. The surface cur-
rents primarily flow in a northward direction with an average of 20.9 (SD,
16.3) cm s− 1, while the deeper currents exhibit more variability (Figure 5).
The current average less than 5 m above the seafloor is 34.3 (SD, 72.6) cm s− 1

and can reach up to 1 m s− 1, which is a very strong current that could disturb
the seafloor. These strong currents might therefore also explain the limited
number of microbial mats and low water column concentrations despite the
continuous seeping of CH4 compared to other seepage areas (e.g., offshore
Svalbard (Dessandier et al., 2019), Hikurangi Margin (Ruff et al., 2013),
Hakon Mosby Mud Volcano in the Barents Sea (Niemann et al., 2006)).

Figure 3. Temperature (left), salinity (center) and CH4 concentration (right) along the transect of CTD 83 to 89 shown in Figure 1. The first line shows the measurements
during CAGE 18‐2 and the second line the measurements during CAGE 22‐3. The color dots on the right figures are individual sample measurements at each depth,
superimposed with the interpolated CH4 concentrations.

Figure 4. Temperature/Salinity (TS) diagram for both surveys (CAGE 18‐2
in blue, CAGE 22‐3 in orange). Isopycnic lines are indicated.
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4.4. Comparison of Flare Abundance, Locations and Properties

The complete overlap of MBES surveys, taking place at similar seasons of the year (end of May and beginning/
mid‐June), revealed a clear difference in activity, with CAGE 22‐3 exhibiting 3.5 more flare observations
compared to CAGE 18‐2 (Figures 6 and 7, Table S2 in Supporting Information S1). We did not observe any flare
reaching the sea surface, and the tallest flare observed reached 35 m below the sea surface. However, it is
important to note that the acoustic signal could have been cut due to the opening angle of the MBES. Most of the
flares were found at depths below 215 m depth. Specifically, the median depths for flares in CAGE 18‐2 and
CAGE 22‐3 were approximately 219 and 215 m, respectively. The flare locations were primarily concentrated in
three main areas, namely west of 14.263 E, east of 14.334 E, and an area in between as illustrated in Figure 1.

We also observed a large increase of seeps in water depths shallower than 150 m during CAGE 22‐3 (Figures 6
and 7). The combined effect of a larger temperature increase at shallow depth (between 1.4 and 1.8°C increase
near the seafloor at the northernmost and southernmost CTD stations vs. 0.8°C increase in the center of the
Trough), and a decrease in hydrostatic pressure, will have a stronger effect on the sediment pore water at shallow
sites (Römer et al., 2016).

Although the MBES were not calibrated and we can therefore not compare the signal amplitudes, this variable can
inform on the amplitude distribution of the flares. Notably, it was predominantly within the range of − 22 to
− 38 dB for both research cruises, mostly around 230 m depth (Figure 8, Table S2 in Supporting Information S1).

The different opening angles of the MBES during both cruises might influence the number of flares as a narrower
opening angle during CAGE 22‐3 implies a higher resolution. However, this resolution mainly concerns the outer
beams and could only result in a better separation of potential overlap of flares, or a better detection of weaker
flares. Here we combine flares that are less than 10 m away from each other, and Figure 8 clearly shows an
increase of both strong and weak flares. Although a few weak flares might have been missed during CAGE 18‐2,
we can still consider our comparison of the two data sets robust despite the different settings.

Figure 5. Current velocity near the surface (top) and less than five m above the seafloor (bottom).

Figure 6. Flare density for both cruises with median depths of the flares.
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The SBES survey performed during CAGE 18‐2 revealed 43 clusters with flow rates ranging from 0.2 to
64 mL min− 1, an average of 14.4 (SD, 19.9) mL min− 1 and a median of 6.4 mL min− 1 (Figure 1). These values are
smaller than other areas such as, for example, in the shallow Dutch Dogger Bank in the North Sea (from 0.43 to
2,148.5 mL min− 1, Römer et al., 2017 corrected after Veloso et al., 2019), near the gas hydrate stability limit
offshore Svalbard (2.3–1,852 mL min− 1, Ferré et al., 2020), or in the South China Sea (94.8 mL min− 1 in average
per flare, Zhang et al., 2023). Flares were emitted in the three main areas from an average depth of 206 m (median
depth of 216 m ranging from 82 to 244 m), in agreement with the MBES data. The differences between the flares
observed by the MBES and the SBES during CAGE 18‐2 are explained by a larger observation angle from the
MBES. Due to the narrow angle of the SBES (∼7°), the distance between two adjacent line footprints ranged
between approximately 60 m in the deepest areas (250 m depth) to around 20 m in the shallowest areas (80 m
depth), whereas the MBES lines usually overlapped. In addition, the source of the flare is determined by the last
coordinates the flare was observed, which can be different in both instruments.

The strong association between temperature fluctuations and seep activities at the gas hydrate stability zone
(GHSZ) boundaries was previously shown (Ferré et al., 2020). Here, the increase in seep activity between CAGE

Figure 7. Flare representation in the water column from the MBES during CAGE 18‐2 and CAGE 22‐3 on top of the bathymetry. The flares are indicated.

Figure 8. Histograms representing the flare numbers with regards to acoustic amplitude versus depth for both cruises.
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18‐2 and CAGE 22‐3 could be linked to the temperature difference between these cruises, with bottom water
temperature 1.2°C warmer during CAGE 22‐3 compared to CAGE 18‐2. However, based on the gas composition
presented above and the water properties, our study area is always within the boundaries of the GHSZ. Indeed, we
estimate the hydrate stability limit to fluctuate between∼312 m (at 5.5°C during CAGE 18‐2) and 356 m (at 6.7°C
during CAGE 22‐3), both deeper than our study area (max ∼250 m depth) (Figure S2 in Supporting Informa-
tion S1). In addition, temperatures recorded at node 7 from September 2019 to June 2020 show a minimum of
6°C, indicating that the boundary of the GHSZ is most likely constantly below 312 m depth. Although we can
conclude that the increased number of flares during CAGE 22‐3 is not associated with a switch in GHSZ, the
increase in bottom water temperature could lead to changes in gas solubility in sediment pore fluids which in turn
could trigger methane release in the water column.

Pore pressure could also be indirectly affected by tidal changes, explaining different seep activities between the
two cruises. Previous studies have shown that CH4 release is influenced by tidal cycles due to the decreasing and
increasing hydrostatic pressure (e.g., Boles et al., 2001; Römer et al., 2016; Sultan et al., 2020). We extracted the
tide elevation during each MBES line from the TPXO tide model (Egbert & Erofeeva, 2002) at node 7, and
compared it with the different flare locations during the two surveys. The tidal range during the study period was
∼1 m. The tide was low during 3 out of 9 survey lines during CAGE 18‐2 whereas it was low during 8 out of 9
lines during CAGE 22‐3. Figure 9 provides insight into the number of flares observed on each line (cf. Figure 1 for
line numbers) during both surveys, specifically during high and low tide. The data suggest a potential correlation
between flare numbers and tidal conditions. Lines 1 to 6 show more flares during CAGE 22‐3 which were
performed at low tide, while line 8 exhibits a similar flare number during high tide in CAGE 22‐3 and low tide in
CAGE 18‐2. Notably, line 7 stands out as an exception, with a much higher number of flares during CAGE 22‐3
compared to CAGE 18‐2 when the tide was low during both cruises. Line 9 presents a similar pattern at a lower
extent. No clear pattern was observed when looking at increasing or decreasing tide.

Overall, these findings highlight the dynamic nature of CH4 seepage in the study area, influenced by changing
environmental conditions and seepage sources. It seems likely that the difference in seepage activity between the
two cruises results in the combination of both temperature and tide, since they both influence the pore pressure
and therefore the release of methane in the water column.

4.5. Surface and Sub‐Seafloor Pore Pressure and Temperature

Data collected from the piezometer L01 short‐term deployment are shown in Figure 10, that is, temperature (T)
and pressure (P) at the surface sediment (index 1) and 3 m below the seafloor (index 2). In addition, we present the
temperature and pressure extracted at node 7. Temperature variations are identical in all 3 temperature sensors
(Figure 10b) and reflect changes in bottom water temperature. Note that T1 and T2 sensors record temperature at

Figure 9. Histogram of the flare numbers at each line for each survey (blue for CAGE 18‐2 and orange for CAGE 22‐3), with
the corresponding tide (full for high tide, striped for low tide). See Figure 1 for lines location.
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the pressure sensor ports that are both mounted on the instrument head, on top of the standpipe, hence the
similarity. The 0.1°C offset with temperature data from node 7 likely reflects a sensor calibration issue.

The pressure variations differ by almost 15 kPa (Figure 10c) between the two data sets, that is, between the
piezometer pressure P1 and P2 data and the node 7 pressure data. This is likely attributable to a sensor calibration
issue as well for node 7 that needs further investigation. On the other hand, both piezometer P1 (seafloor bottom
pressure) and P2 (compensated pressure in sediments, at 3 m) pressure recordings show similar variations
(Figure 10c). The initial and final pressure fluctuations seen in P1 (black) and P2 (red) (Figure 10c) are the ROV
handling of the sensor head before mating with the standpipe. It stops immediately for the surface sensor P1 once
the mating is complete; the response of the down port (P2) is slower due to the long standpipe but gradually
building up to slightly higher (compensated) pressure than measured at the surface, that is, slightly excess
(positive) pore. This is also reflected when calculating the in situ pore pressure, that is, the differential pressure
between P1 and P2.

The in situ pore pressure record comprises three distinct components (Figure 10d). The early part of the recording
is dominated by the decay of the pressure pulse associated with the standpipe penetration. The rate of decay of this
pulse can be used to estimate in situ permeability (e.g., Fang et al., 1993; and references therein). The record also
exhibits periodic oscillation that is associated with tidal pressure variation on the seafloor. The amplitude and
phase of these oscillations, when compared to the tidal forcing function, can be used to derive in situ permeability
(e.g., Van Der Kamp & Gale, 1983; Wang & Davis, 1996). The last component is the ambient equilibrium
(baseline) pore pressure, which for the L01 record is positive with respect to hydrostatic reflecting an over pore
pressure (in excess) in the sediment.

Figure 10. (a) Deployed piezometer—the logger head, hosting the sensors, with handle is plugged onto the standpipe. (b) Temperature for piezometer sensors T1 (black)
and T2 (red), and for node 7 (blue). (c) Pressure for piezometer sensors P1 (black) and P2 (red), and at node 7 (blue). Note that P2 reflects pore pressure at depth (3 m).
(d) Differential pressure (P2‐P1). Deployment of the piezometer loggerhead is shown with the vertical blue line.
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Overall, these preliminary results from the short‐term deployment confirm, as hypothesized, both the over‐
pressurized (excess pore pressure) sediments, likely due to the presence of gas, and the time‐dependent pore
pressure perturbation resulting from the tidal forcing. We aim at using the latter in combination with the long‐term
deployment data to constrain phase lag between pore pressure and the tidal loading signal, the present study is
outside of this scope. Long‐term deployment data will be favored for this analysis as more data (i.e., more tidal
cycles) will strengthen the phase estimate stability. Ultimately, because the magnitude of these phase lags de-
pends upon the system’s poroelastic parameters, we will constrain the associated effective permeability of the
system.

4.6. Gas Accumulation and Migration From Sub‐Bottom Profiler

The bathymetry and SBP data show that node seven is located on the eastern slope of a subtle ridge structure that
is extending in N‐S direction deepening toward the North (Figures 1 and 11). Two large CWC mounds are located
at the top of the ridge and hydroacoustic data show high intensity of gas seepage between CWC mounds and node
7. The SBP data shows several high‐amplitude anomalies in the subsurface varying from 1 to 15 m below the
seafloor (Figure 11). They form an irregular patchy pattern along almost the whole of both lines (cf. location in
Figure 1). Sedimentary reflections are visible toward the eastern part of the lines in what appears to be a small
basin structure. Any coherent energy is absent beneath the high‐amplitude reflections. The acoustic character and
distribution of high‐amplitude anomalies suggest that they are a consequence of the presence of gas in the shallow
subsurface. The observation of gas accumulations at a few meters below the seafloor corroborates the existence of
overpressure from pore‐pressure measurements. The patchy occurrence and depth distribution of gas accumu-
lations also appear consistent with varying depths of the sulfate–CH4‐transition zone (SMTZ) between 80 cm and
>250 cm indicating spatially heterogeneous CH4 ascent (Sauer et al., 2015). The presence of gas causes all
acoustic energy to attenuate, creating a blanked, transparent zone underneath, where no subsurface structure is
visible.

Gas accumulations are arranged in a way that indicates gas migration (light blue arrows) from depth updip and
laterally toward the shallowest point of the seafloor (Figure 11). The seafloor reflection of the SBP data is broken
up or reduced in areas where gas seepage has been detected. Here, the gas column reaches all the way to the
seabed and gas seeps into the water column diminishing acoustic impedance contrasts at the seafloor. Gas
migration shows a topographical control focusing toward small local highs in the seafloor morphology. Also, gas
seeps identified outside of SBP coverage show a correlation with small positive structures in the seafloor
morphology indicating that topography is a dominant mechanism for gas migration in the shallow subsurface
(Figure 1b).

5. Conclusions
We presented some findings from the EMAN7 project, comparing data obtained during two research cruises
(CAGE 18‐2 in May 2018 and CAGE 22‐3 in June 2022). Our findings highlighted.

1. a substantial variability in CH4 activity between the two cruises (3.5 times more during CAGE 22‐3) that
occurred at a similar period of the year (May/June). A combination of temperature and tide conditions seems to
be linked to our observations, since the bottom temperature was 1.2°C higher and the tide mostly low during
CAGE 22‐3 where we observed the highest activity. In addition, tide in the area is felt up to 3 m below the
sediment, which corroborates with a strong effect on the short‐term variability of CH4 release.

2. the presence of microbial mats on the seafloor, although these were not as extensive as in other study areas
(e.g., Dessandier et al., 2019). This could be explained by intermittent seep activity which prevents the for-
mation of microbial mats, or potentially by a strong local current that disturbs the seafloor. This strong current
also explains the low methane concentration in the water column during both research cruises.

3. the presence of gas and gas migration pathways toward the surface sediment at locations where CH4 seeps
were found, as revealed from sub‐seafloor observations. This gas migration is steered by topography in the
area.

The large difference in CH4 activity, exceeding 110% between two research cruises conducted during the same
season but four years apart, precludes us from proposing annual flow rates for the area. Long oceanographic and
geochemistry time series obtained at node 7 should help elucidate this.

Journal of Geophysical Research: Oceans 10.1029/2024JC020949

FERRÉ ET AL. 13 of 16

 21699291, 2024, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JC

020949 by U
niversita M

ilano B
icocca, W

iley O
nline L

ibrary on [14/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Data Availability Statement
All data used in this manuscript is available on the platform Open Research Data at the University of Tromsø—
The Arctic University of Norway (https://doi.org/10.18710/FCINC0) (Ferré et al., 2024). The clustering code can
be found here: https://zenodo.org/records/11214460 (Dølven, 2024). The tides were extracted via request on the
website https://tpxows.azurewebsites.net/ (Egbert & Erofeeva, 2002).

Figure 11. Sub‐sediment profiles obtained from the SBP along the lines 01–8 and 01–11 during CAGE 22‐3 as indicated in
Figure 1. Line 01–11 crosses the northern coral mound as well as CH4 seeps.
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