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Abstract A few thousand (2,612) seeps are releasing microbial methane bubbles from the seafloor at the
Aquitaine Shelf edge (Bay of Biscay) at shallow water depths (140-220 m). This methane contributes to the
formation of meter-scale subcircular carbonate structures, which are (sub)outcropping over 375 km?.
Based on in situ flow rate measurements and acoustic data, and assuming steady and continuous fluxes over
time, the methane entering the water column is estimated at 144 Mg/yr. Microbial methane circulation
has been ongoing for at least a few thousand years. This discovery highlights the importance of microbial
methane generation, disconnected from deep thermogenic sources and gas hydrates, at continental shelves. The
shelf edge may be viewed as a focus area for methane circulation and release and related diagenesis, all having an
impact on the shaping of continental shelves and potentially on the oceanic and atmospheric carbon budget.

Plain Language Summary At the Aquitaine Shelf of the Bay of Biscay (Northeast Atlantic
Ocean), the recent acoustic, chemical, and visual investigations of microbial methane release at the
seafloor have led to the discovery of a vast fluid system. This methane escapes as bubbles from the seafloor
into the seawater at 2,612 sites, all located at shallow water depths (140-220 m) along the edge of the
continental shelf. Methane-derived authigenic carbonates that are by-products of gas seepage cover the (sub)
seafloor over a large area of 375 km?. These carbonates form subcircular meter-scale pavements and
mounds, less than 2 m in height above the surrounding seafloor. Based on the growth rate of authigenic
carbonates, it can be inferred that methane circulation has occurred for at least a few thousand years. The
amount of methane released from the Aquitaine Shelf seafloor into the water column, estimated at 144 t/yr,
questions the fate of the methane in the ocean and its possible passage to the atmosphere with therefore
consequent potential contribution to the oceanic and atmospheric carbon budget over time.

1. Introduction

Methane releases at continental margins are occurring worldwide, from ultrashallow to deepwater areas
(Judd & Hovland, 2007). Continental shelves are important areas for organic carbon accumulation and for-
mation of microbial methane in organic-rich sediments. Emissions of gas bubbles and dissolved methane
into the water column contribute to modifying the oceanic and potentially the atmospheric carbon budget
if part of this methane is released into the atmosphere (Borges et al., 2016; Hovland et al., 1993).

To map the seafloor and the water column, multibeam echosounder surveys are not generally extensively
made in shallow waters as they are time-consuming. This is all the more true for wide continental shelves,
such as the Aquitaine Shelf (Bellec & Cirac, 2010; Cirac et al., 1997), which extends 60 + 5 km from the coast-
line toward the shelf break (~220 m water depth) (Figure 1). Moreover, detecting meter-scale seafloor
morphologies requires high-resolution seafloor mapping. The lack of seafloor seep-related morphologies
on bathymetric maps of many shelves (Rémer et al., 2017; Yun et al., 1999) may therefore simply be an
apparent absence due to data resolution. Surveys conducted along the continental margins of the U.S.
Atlantic (Brothers et al., 2014; Skarke et al., 2014), Cascadia (Johnson et al., 2019; Riedel et al., 2018) and
Black Sea (Naudts et al., 2006) have revealed numerous seeps and seep-related structures at the shelf and
upper slope domains.

Methane bubbles escaping from the seafloor at continental margins originate most of the time from a mix-
ture of gases from deep thermogenic and shallower microbial sources, often in connection with gas hydrate
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Figure 1. Bathymetric map of the Bay of Biscay (Northeast Atlantic Ocean) (Sibuet et al., 2004) indicating the surveyed
Aquitaine Margin area.

reservoirs (Brothers et al., 2014; Johnson et al., 2015; Skarke et al., 2014). This is not the case for Aquitaine
Shelf gas seeps as evidenced by molecular and isotopic (8D and §'>C) analyses of gases (Ruffine et al., 2017).
Gas bubbles are composed of pure microbial methane (>99.948% mol of the gases) originated from CO,
reduction, one of the main formation processes of microbial methane (Whiticar et al., 1986), and have no
genetic link with thermogenic sources from the underlying Parentis Basin. This microbial methane
contributes to the precipitation of Methane-Derived Authigenic Carbonates (MDACsS) (Pierre et al., 2017).

The Mesozoic Aquitaine Basin located in the Bay of Biscay (Northeast Atlantic Ocean) is composed of sev-
eral subbasins, including the offshore Parentis Basin (Biteau et al., 2006; Bois & Gariel, 1994) (Figure 1). The
Aquitaine Shelf located partly above the Parentis Basin and Landes High is situated between two major can-
yons, the Cap Ferret Canyon in the north and the Capbreton Canyon in the south. The Aquitaine Shelf was
mainly built by successive westward sedimentary progradations during the Oligocene, Miocene, and
Pliocene (Bellec & Cirac, 2010; Cirac et al., 1997; Winnock, 1973). The uppermost sedimentary cover (1 to
2 m thick) of the Aquitaine Shelf was deposited during the Late Holocene and lies on top of soft
Pleistocene sediments (Cirac et al., 2000).

For the first time, we present here the spatial distribution and geophysical signatures of the microbial
methane seeps and seep-related structures of the Aquitaine Shelf, previously suspected but only in a few
places (Dupré et al., 2014). The sedimentary control, the organic matter sources, and the volumes of methane
emitted into the water are discussed.

2. Data and Methods
2.1. Geophysical, Sedimentological, and In Situ Data

The marine exploration expedition GAZCOGNE1 was conducted in July-August 2013 to investigate
2,100 km” of the Aquitaine Margin covering the external shelf and slope (Figure 1). The geophysical data
set was acquired with ship-borne echosounders simultaneously providing acoustic images of the water col-
umn, seafloor (Figure 2), and subbottom sediments (Figure 3). Subseafloor material was collected with a
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Figure 2. The 3-D views of a seeping area at the Aquitaine Shelf edge (Figure 4). Processed polar echograms of the water column are superimposed on
high-resolution (a) shaded bathymetry and (b) seafloor backscatter. The seafloor is densely populated with carbonate mounds characterized by high-amplitude
seafloor backscatter. Among the 161 seeps evidenced by water column acoustics in this area, a few tens of them were investigated during the GZ2-ROV535

dive (Figure S2).

grab sampler and a box corer (20 to 50 cm long core) to characterize the nature of outcropping rocks
previously interpreted to be MDACs (Dupré et al., 2014). Thus, 27 locations distributed between 134 and
1,100 m water depths from the shelf to the slope were sampled (Figure Sla in the supporting
information). During the second marine expedition GAZCOGNE?2 in September 2013, the ROV (remotely
operated vehicle) Victor (IFREMER) was deployed to provide ground-truth data, including in situ
observations (Figure S2), samplings (gas, sediment, and carbonates), and methane flow rate
measurements with the use of the Pegaz system (Lanteri & Bignon, 2007).

2.2. Data Processing and Interpretation

Bathymetry and seafloor backscatter data acquired with the Kongsberg EM302 (30 kHz) and EM2040
(200 kHz) multibeam echosounders were processed using Caraibes and Sonarscope software
(OIFREMER). These data were combined to produce maps of morphostructures and seep-related features
along the continental slope and shelf edge of the Aquitaine Margin (Figure 4). Bathymetry and backscatter
resolutions of the echosounders are crucial in seafloor morphology detection. Thus, on the shelf, although
the vertical resolution of the EM2040 is twice better than that of the EM302, slight depressions and reliefs
(<30-40 cm) cannot be detected. Best along track bathymetric resolution on the shelf edge ranges from
1.2 to 3 m for incidence angles <50°, while across-track resolution decreases from 2.4 m vertically below
the ship to 10 m at a 50° incidence angle. Seafloor backscatter maps, with a better across track resolution
(increasing with the incidence angle) than that of bathymetry maps, are very well suited to complete the
bathymetric mapping. They are particularly efficient in identifying carbonates outcropping at the seafloor
and those slightly buried (<1 m below the seafloor) within the sediment (Dupré et al., 2010). The carbonates
are characterized by high-amplitude seafloor backscatter providing a strong amplitude contrast with sur-
rounding sediment (Figure 2b), facilitating their identification (Text S1). MDACs were reliably mapped
using acoustic signatures of ground-truth features (Figure S2). Indeed, near-bottom observations and sam-
pling with the ROV have confirmed their authigenic origin and their relation with the microbial methane
seeps, inferred from their mineralogical and isotopic compositions (Pierre, Demange, et al., 2017).

Processing and interpretation of the multibeam water column data were performed with Sonarscope and
Globe/3DViewer software (Augustin, 2011; Dupré et al., 2015; Poncelet et al., 2015) and have led to provide
the first accurate spatial distribution of the gas-bubbling sites over the Aquitaine Shelf and slope (Figure 4a).
In echograms, gas bubbles form so-called acoustic gas “plumes” (Merewether et al., 1985) or gas “flares”
(Obzhirov et al., 2004), resulting from the impedance contrast between gas and seawater. Gas bubble echoes
have very high amplitudes, a few tens of dB higher than the background seawater (Figure 2). Near-bottom
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Figure 3. Subbottom profile across seeping sites at the Aquitaine Shelf edge (Figure 4a). Grab sampling along this profile
(GZ1-BH24) recovered authigenic carbonates (Pierre, Demange, et al., 2017). Gas emissions, along the profile and within
its close vicinity (less than 20 m), are reported.

visual surveys with the ROV confirmed gas bubbles escaping from the seabed at these locations (Figure S2).
Gas emission mapping is based on the complete EM302 water column data set with the exclusion of acoustic
signatures of biomass (shoals of fish, plankton) (Dupr¢ et al., 2014).

The sedimentary facies map of the Aquitaine Shelf edge and slope (Figure 4b) was based on EM302 seafloor
backscatter classification (Figure S1b) calibrated with sediment samples. The sediments were analyzed and
classified based on nomenclatures from Folk (1984) and Lesueur and Klingébiel (1986).

Subbottom profiler data recorded along 2,771 km with a hull-mounted Echoes 3500 (1.8-5.3 kHz) were vali-
dated, processed, and replayed with Subop-Acquisition and QC-Subop software (QIFREMER) (Figure 3).
The vertical resolution of these seismic data approximates 30 cm with a horizontal resolution of 15 m in
the shelf area.

3. Fluid Systems Offshore the Aquitaine Margin

The Aquitaine continental slope (3°) is cut off north of latitude 44°10’N by several canyons clearly exposed in
the bathymetry by major incisions (e.g., Arcachon Canyon). The southern part is characterized by sediment
waves (Faugeres et al., 2002) and the Capbreton slide (Figure 4).

3.1. MDACs (Sub)outcropping Over 375 km? of the Shelf Edge

The seafloor backscatter signature of carbonates corresponds almost exclusively to meter-scale subcircular
patches primarily arranged in clusters (Figure 2). They consequently form (sub)outcropping structures from
a few tens to 120 m long. The carbonates are exclusively located along the shelf edge with the majority (98%)
between 140 and 220 m water depths (Figure 4a). The (sub)outcropping carbonates, accounting for 30 km?,
are spread over a 375 km? area that extends over a distance of 80 km between the Cap Ferret and Capbreton
canyons. The western spatial limit of the MDACS coincides with the shelf break. Where the shelf edge is
indented by canyons (north of latitude 44°10’N), their eastern limit varies significantly. Thus, in the inter-
canyon domain, the carbonates extend further east (up to ~8 km) than in front of the canyon heads where
only a small number of carbonate structures is present (a few hundreds of meters eastward). In contrast,
where the shelf edge is not disturbed by canyons (south of latitude 44°10'N), the MDAC distribution is much
more extensive, with a carbonate area 3 times larger than in the north and gathering more than 80% of total
identified carbonates.

Four distinct seafloor backscatter facies associated with specific seafloor morphologies characterize these
carbonates. The dominant facies corresponds to meter-scale patches of high-amplitude backscatter that
are outcropping from the surrounding sediments by only a few tens of decimeters, just below the threshold
detection of the echosounders. Nevertheless, some meter-scale carbonates sufficiently outcrop from the sedi-
ments to be detected in EM2040 bathymetry (second facies). These morphological structures are described
hereafter as carbonate mounds, and there are 2,724 of them in total. The majority (90%) are 0.5 to 1.5 m high
and do not exceed 2 m above the seafloor. The carbonate mounds have the highest seafloor backscatter
amplitude of all the carbonates, with a mean relative value of —16 and —14 dB in EM302 and EM2040 data,
respectively. These mounds, located between 141 and 223 m water depths, cover only 15% of the total carbo-
nate area. Most of the carbonate mounds are located in the southern Aquitaine Shelf (south of latitude 44°10’
N) and are mainly distributed in the northern half along a 22 km long NS oriented band within which
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Figure 4. Detailed (a) shaded bathymetric and (b) subseafloor sedimentological maps of the Aquitaine Shelf edge area with indication of methane emissions,
seep-related features, and seafloor morphological structures.

mound density reaches 180/km?>. The third acoustic facies corresponds to smaller subcircular backscatter
patches, mainly isolated from each other, and ranging from a few to 10 m in diameter. They are not
associated with detectable morphology and are mainly observed north of latitude 44°10’N. The fourth
acoustic facies characterizes the carbonates with meter-scale patches of irregular contours and
medium-amplitude backscatter. This facies most likely corresponds to carbonates that are either partially
covered by sediments or slightly buried within the uppermost sediments. These features are present only
in the southern Aquitaine Shelf and mainly in the most eastern part of the carbonate field.

Subbottom profiles exhibit strong amplitudes at the seabed and in the sedimentary strata down to 20-30 m
maximum below the seafloor (Figure 3). The strong amplitudes at the seafloor are the acoustic signature of
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(sub)outcropping carbonates, as was evidenced through in situ observations (Figure S2), samplings (Pierre,
Demange, et al., 2017), and the inability to conduct coring due to the presence of buried carbonates. Due to
the similarity in acoustic facies (amplitude and shape) between the anomalies at the seafloor and within the
sedimentary strata, the high-amplitude reflections in-depth are interpreted to be caused by buried carbo-
nates. The presence of local gas accumulations cannot however be ruled out and could contribute to the
enhancement of the amplitudes. A maximum penetration of 80 m is observed in undisturbed sedimentary
areas, while the penetration does not exceed 40 m in the fluid-disturbed area.

3.2. Two Distinct Families of Pockmarks in the Slope and Shelf Domains

Two distinct families of depressions are present in the Aquitaine Shelf and slope differing in location and size
(Figure 4a). The first group comprises 826 depressions of 100 to 200 m in diameter and 15 m in depth on aver-
age. These large pockmarks are exclusively located along the continental slope mainly below 350 m water
depth (Michel et al., 2017). A second group of 696 depressions, mapped by means of high-resolution bathy-
metry, is present on the shelf, with small dimensions of less than 5 m in diameter on average with a depth of
less than 30-40 cm. However, it cannot be excluded that small-scale pockmarks are present in the slope
domain. Only a few meter-scale pockmarks were detected in the upper slope where the data resolution per-
mits. The small-scale pockmarks on the shelf are almost exclusively (99.4%) located north of latitude 44°10'N
at water depths ranging between 151 and 224 m. The majority of these pockmarks are not detectable in sea-
floor backscatter data because of amplitudes similar to those of surrounding sediment. Although a few of
these depressions are located at the edge of carbonate structures, most of them are isolated features.

3.3. A Few Thousand Microbial Methane Emissions at the Shelf Edge

Up to 2612 gas emission sites were acoustically identified (Figure 4b). Acoustic “flares” formed by escaping
gas bubbles are mostly subvertical, sometimes deviated by currents (Figure 2). Clearly originating from the
seafloor, these acoustic “flares” rise from a few tens of meters above the seafloor up to the
seawater-atmosphere interface. The methane flow rate, measured at the seafloor with the inverted funnel
of the Pegaz sampler at nine locations, varies from 35 to 368 ml/min (Ruffine et al., 2017). These volumes
are normalized to standard atmospheric conditions for comparison purpose of gas discharge at different
water depths. These measured methane flow rates are positively correlated with the intensity (amplitude)
and height of the acoustic water column anomalies, allowing to estimate the total volume of methane
emitted into the water at 212 x 10° L/yr (normalized to standard atmospheric conditions) assuming steady
and continuous fluxes over time (corroborated by acoustic water column records back to 1998, Dupré
et al., 2014). This estimation takes into account the flux variability and corresponds to an annual methane
flow rate of 144 Mg/yr. The majority of seeping sites coincide with areas of strong seafloor backscatter.
Emission sites are located either within these high-amplitude patches (24%) or in their close periphery, 10
to 150 m distance from them (54%). Slightly more than one third of the carbonate mounds are active sites
(980 structures). One third of gas emissions occur through carbonate crusts, while the other two thirds are
located in the very close periphery of the carbonate mounds, within a 20 m distance from their borders.
In contrast, only 12% (48 depressions) of the pockmarks are active. With no indication of the presence of
MDAGsS, inactive and active pockmarks on the shelf could be recent and nascent, respectively. Almost all
(99.5%) gas emissions are located along the edge of the continental Aquitaine Shelf between 139 and
220 m water depths. The seepage area is quasi-exclusively comprised within the MDAC-scattered (sub)sea-
floor. Both areas roughly coincide in the north where the shelf edge is indented by canyons, whereas the car-
bonate area is larger than the seeping area in the south where present-day inactive carbonate structures are
present a few kilometers west and east from the seeps. Seep density is higher south of latitude 44°13.96'N
with up to 88 seeping sites per square kilometer. Canyons indenting the shelf edge and the Capbreton slide
are both free of seeps with only a few exceptions in one of the canyon heads (latitude 44°14.9'N) and along
the northern border of the Capbreton slide.

4. Discussion and Conclusion

Unprecedented high-resolution acoustic data have confirmed the existence of persistent gas releases and
MDACS only at the Aquitaine Shelf edge (Dupré et al., 2014). This has made way to the discovery of an
unknown widespread active and fossil fluid system exclusively associated with microbial methane (Pierre,
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Demange, et al., 2017; Ruffine et al., 2017). MDACs are present over an area of 375 km? extending from the
Cap Ferret to the Capbreton canyons and are associated with more than 2,600 gas bubble streams.

The spatial distribution of seeps and seep-related features does not evidence any tectonic control and no pre-
ferential localization along preexisting regional faults (e.g., W-E oriented normal faults, Ferrer et al., 2008;
Roca et al., 2011). The microbial methane system is not delineated by specific structural features but overlays
both the Parentis Basin and the Landes High (Dupré et al., 2014). The microbial methane has neither a
genetic link with thermogenic hydrocarbons from the Parentis Basin beneath nor is it linked to gas hydrate
dissociation (Ruffine et al., 2017). With the chemical composition of this gas, the temperature, pressure, and
salinity conditions from the shelf (12.3 °C and a salinity of 35.1 PSU at 150 m water depth), the slope (11.4 °C
and a salinity of 35.4 PSU at 475 m water depth), the deeper part (8.8 °C at 1200 m water depth) (Marié
et al., 2019), and a geothermal gradient of 24 °C/km, calculation using a well-proven model (Sun &
Duan, 2007) shows that the shelf and upper slope along the Aquitaine Margin is clearly outside the gas
hydrate stability zone.

Seeps and MDACS are absent from the slope, the shelf-indenting canyons, and the Capbreton slide and are
restricted to the Aquitaine Shelf edge with no other evidence detected or reported so far, for example, along
the Armorican Shelf. The sedimentary levels containing the organic matter from which microbial methane
is generated could be located beyond the shelf break with methane possibly rising along the slope or at the
shelf level below the seepage and carbonate area. The microbial methane could originate from the
Plio-Pleistocene and Holocene deposits in relation to the high sedimentary and organic supplies recorded
during these periods (Cremer, 1983) that would have favored microbial methanogenesis. These deposits
are well preserved at the shelf. However, based on the temperature range for microbial methane genesis
(Katz, 2011) and the regional geothermal gradient (Biteau et al., 2006), it cannot be excluded that the emitted
microbial methane originates from deeper sedimentary levels. Offshore Japan, microbial methane genesis by
CO, reduction has been identified in lignite coal beds between 1.5 and 2.5 km below the seafloor (Inagaki
et al., 2015). Seepage activity is more intense south of latitude 44°10’N where seeps and suboutcropping car-
bonates are much more numerous and widespread. These differences could reflect the presence of sedimen-
tary source levels that may be thicker and/or richer in organic matter in the south than in the north.
Investigations in seismics, coring, and drilling are required to precisely characterize the source levels of
the emitted microbial methane.

The seafloor morphology of the Aquitaine Shelf edge is strongly dominated by thick suboutcropping
MDACSs, whose formation is driven by moderate and long-term continuous methane fluxes. Far less abun-
dant and of much smaller size, the pockmarks highlight locally focused fluid outlets. Considering the max-
imum carbonate thickness (from 2 to 8 m inferred from in situ observations and seismic data, respectively)
and the possible range for carbonate growth rate (from 4 to 1,200 mm/ky, Bayon et al., 2009; Liebetrau
et al., 2014) and assuming continuous fluxes over time, they may have formed at least a few thousand
years ago.

On the Aquitaine Shelf, despite numerous MDACS, microbial methane is not totally consumed by anaerobic
oxidation of methane as evidenced by gas emissions in the water column. The methane concentrations are
high enough to form gas bubbles which are emitted into the water column at an annual methane flow rate
estimated at 144 Mg/yr. This methane flow rate is within the range (~4 to 500 Mg/yr) of other estimates at
shallow water seeping sites of similar tectonic setting (Table S1) (Greinert et al., 2010; Riedel et al., 2018;
Romer et al., 2017; Schneider von Deimling et al., 2011; Skarke et al., 2014; Veloso-Alarcén et al., 2019).
The seep distribution over 375 km? gives an advective flux of 0.38 CH, g/m?/yr. To estimate the total volume
of microbial methane generated, the volume of methane entering the water column by advection and diffu-
sion, the volume of methane required for carbonate precipitation via anaerobic oxidation of methane, and
the volume of methane potentially trapped in depth in the sedimentary strata have all to be considered.
Further investigation involving new acquisitions (samples and seismics) would be required to reasonably
assess these volumes.

The discovery of widespread and persistent methane emissions at shallow water depths along the edge of the
Aquitaine Shelf (140-220 m water depth) also questions the fate of methane in the water through dissolution
(Olsen et al., 2019), aerobic oxidation via microbial processes (Kelley, 2003), and transfer to the atmosphere
(Romer et al., 2017) with potential contribution to the global atmospheric methane budget.
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Although the Aquitaine Shelf microbial methane system presents some similarities with other shallow water
sites (Baraza & Ercilla, 1996; Garcia-Garcia et al., 2007; Johnson et al., 2019; Jones et al., 2012; Naudts
et al., 2006; Prouty et al., 2016; Schattner et al., 2012; Yun et al., 1999), it represents a unique case at conti-
nental shelves with regard to (1) the nature and origin of the fluids (pure microbial methane not related to
gas hydrates); (2) the presence of seeps and related MDACS over a large area (375 km?) with a good state of
preservation over time, attesting to the persistence of methane circulation through time; (3) and the amount
of released methane at the seafloor (144 Mg/yr). The discovery of the Aquitaine Shelf microbial methane sys-
tem identifies and highlights the edge of the shelf as a privileged area for microbiogeological processes.

In light of our study and recent discoveries in particular along the U.S. Atlantic and Cascadia margins, con-
tinental shelf edges around the world may be seen as primary outlets for microbial methane releases, inde-
pendently of the prevalent tectonic regime and the presence of gas hydrates (Johnson et al., 2015; Prouty
et al., 2016). Microbial methane circulation might play a predominant role in the shaping and evolution
of the shelf edge in interactions with offshore groundwater discharge (Hong et al., 2019; Pierre et al., 2017;
Pierre, Demange, et al., 2017) and possibly but not necessary with gas hydrate dissociation (Johnson
et al., 2019; Skarke et al., 2014).
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