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Abstract

Inactive and mostly elongated pockmarksd# 100200 m in dimension were recently
discoveredon the South Aquitaine Margin continental slopéey are distributedat water
depthsgreaterthan 350 m in both ietfluve and sediment wave areasnd are strongly
controlled by the sedimentary morphology and architecture. Water column and seafloor
backscatter and sub-bottgumofiler data do not exhibit preseday or past gas evidencege.
massive and continuous gas releases at the seabed and fossil rdethestkauthigenic
carbonatesilt is thusproposed thathe pockmarks originated from a shallow source and result
from relatively recent and shoduration gas or water expulsion events. Former-hettom

currents may have contributéo the elongation of tls® WNW-ESE oriented pockmarks
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whereaspreseriday weaker nedsottom currents may induce upwelling, contributing to the

maintenance athe elongated shapes of the pockmarks.

Keywords

Pockmark, fluid, seabed morphology, Aquitaine slope, GIS, currents

1.Introduction

Pockmarkswerefirst described bying and MacLean (1970s seafloomorphological
depressionsformed by fluid escage Pockmarksare commonly encounterecénd, are
worldwide, relatedto fluid migrating upward(Judd and Hovland, 2007)and triggering
sediment resuspension during leakagdsediment collapse. These depressions are observed
from shallow environmentgRise et al., 2015)o deep bathyal environmen(&ay et al.,
2006).Pockmark morphologies can be associated waitious types of fluideind processes
e.g. small scale pockmarks can be related tmiquelocal gas sourcéGay et al., 2007)}o
dewatering of the sediments upon compaction (Harrington, 188%)to freshwater seeps
(Whiticar, 2002)while pluri-kilometrescale pockmarks maindicate hydrate dissolution
(Sultan et al., 2010Pockmarls may occuras clustergHovland et al., 20109r asstringsof
pockmarks (Pilcher and Argent, 2007)Strings of pockmarks are commonly related to
geological feature®cusing fluid flows e. g. fractureandfaults (Gay et al., 2007) and buried
valleys(Baltzer et al., 2014)

The modification of original pockmark morphologies will depend on internal factors such
as successive fluid expulsion events (Judd and Hovland, ,20@7 presence of methane-
derived authigenic carbonatéSay et al., 2006andexternal factors sucas bottom currents
(Boe et al., 1998; Josenhans et B978; Schattner et al., 201&lumping andsedimentary

destabilizatioralong the slope directiofBrothers et al., 2014presence of benthic fauaad
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debris accumulatioiWebb etal., 2009) e. g. coarser sedimesiPau and Hammer, 2013)
Bottom currents may contribute to elongate pockmarks along the dire€tiba currents by
erodingsediments angreventing sedimentation over the pockmdpksdresen et al., 2008;
Dandapath et al., 2010Bottom currents may induce upwelling within the pockmarks that
would limit the sedimentation of fingrained sediments, therefore maintagn pockmark
morphology (Brothers et al., 2011; Hammer et al., 2009; Pau et al., 20Mdjeover,
coalescent pockmarks (merging depressi¢@gy et al., 2006jnay be a result of successive
fluid escapes or external processascited abovegventually fornng elongatedoockmarks.
Pockmark morphological characteristics, accessible through their acoustic signature, may be
used to determinpotential activity(Dupré et al., 2010; Hovland et al., 201@8)dthe nature

of fluids involved(Gay et al., 2006; Judd and Hovland, 20ai}lalsoto addresshe relative
timing of pockmark formation with regards to surrounding sedimentation (Bayon et al., 2009).
The present study mainlpcuses on thgeophysicalcharacterization o wide pockmark

field discoveredon the continental slope of the Aquitaineuldin (offshoreFrance)in 2013
during the GAZCOGNEL1 oceanographic expediti®ackmark activity and the nature of
fluids involved in pockmark formation are discussedartitular attention ispaid to the

pockmark reshaping related eéaternal factors such as bottom currents

2. The setting

Related to the opening of the North Atlantic Ocean, Bay of Biscay initially
corresponded ta V-shaped rift, initiated during theate Jurassi and aborted in thmid-
Upper CretaceoudRoca et al., 2011)ts extensionaphase was stopped during tBantonian
ageby the opening of the South Atlantic Ocedhe subsequentorthward drift of thdberian
plateand therelatedcompression phase léd Pyrenean orogerfRoca et al., 2011)TheBay

of Biscay issurounded bydifferent shelvesthe large Armorican Shelf, the Aquitaine Shelf,
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the Basque Shelf and the Iberiame8 (Fig. 1) with amgor morphological high, the Landes
Plateau The hydrocarbon ParentBasin created during the Pyrenean Orogemterds from
the onshore to theffshore domain, in the south part of the AquitairelS(Biteau et al.,
2006) (Fig. 1).

FIG 1

The study area is locateth the French EEZ(Exclusive Economic Zone)on the
coninental slope of the Aquitaineh8lf, from 200 m to 1600 m water depths, with a mean
smooth slope of ~3° (Figs 1 and 2). This area i8®®&m westward othe coastline, between
the Cap Ferret Canyon (44°40’ N) and the Capbreton Canyon (43°30hblstug area can
be divided into two main morphologicdbmains. The northern part, from 44°35'50”N to
44°11'44"N latitude, is deeply incised by-W oriented canyons with heads rooted at the
shelf break edge. There, the intamnyon areas are kilometre wid®rad the NS axis (Fig.
2a) and are affected by slope instabilities within a context of silt dominated sedimentation
(Schmidt et al., 2014)The southern part, from 44°11°'44”N to 43°52’37”N latitude, does not
show any canyons, only some landslide scarps located at 230 m water depth and a wide
sedment wave field located between 250 and 1000 m water depth (FigitR)a surficial
sandy silt sedimentatiomxtending from the shelf break to the foot slope (Faugéres et al.,
2002; Gonthier et al., 200683ediment wave morphologies, with wave lengths between 800 m
and 1600 m and heights from 20 m to 7@mow crests slightlpriented at an oblique angle
of the main slope, between 010°N and 0359\e influence of bottom currents in the
formation proceses of sedimentary wavedong the Aquitaine slope has been indicated
(Faugeres et al., 2002; Gonthier et al., 2006 sedimentary waves are covered by a thin
homogenous layarorresponding to th&4 unit described by Faugéres et al. (2Q@hich is
12-15 metrs thick (Gonthier et b, 2006) and pinchesut on the upper slope between 400

and 300 m water deptihe surficial sedimentary cover of the Aquitaine Shelf is mainly
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composed of sand and silty sgi@irac et al., 2000)nactive pockforms and pockmarks have
been described on the Landes Plateau (Baudon et al., 2013; Iglesias et al., 2010) and on the
Basque Shelf (Gillet et al., 20Q8espectively. Recently, Dupré et al. (20Dscribed an
active cold seep system at the edge of the Aquitaine shelf without any pockmarks.

The hydrographyregime of the study area appis to be complex dueotthe sem
enclosedmorphology of the Bay of Biscagnd the interaction betwedlifferent currentsof
different time scalesmesatidal currents(Batifoulier et al., 2012; Charria et al., 2013; Le
Boyer et al., 2013), contour currents (Van Aken, 200@) some temporary currents related

to wind-forcedevents (Kersalé et al., 2016).

3.Data and methods

3.1. Geophysical data acquisition and processing

High-resolution marine geophysical data were acquired during BOBGECQ2
expeditionin 2010 andmore significantly duringhe GAZCOGNEL survey in 2013 covering
3200 km?2of the seafloor at water depths ranging from 130 m to 16Q@ign 2). During the
GAZCOGNEL1 survey multibeam bathymetrywater columnand seafloor backscattesind
seismic refection (subbottom profiler) data weracquired simultaneousliyultibeam data
were collectecbnboardthe R/V Le Suroit witha Kongsberg EM302 shiperne multibeam
echosounder operated at a frequency of 30 Wlth the celerity profile calibrated with
©Sippican shots Seafloor multibeandata were processed throughARAIBES software
(©IFREMER) with application ofbathymetric filters andaorrection ofposition, pitch, roll
and tide effect$or raw bathymetric data and withe generation of @ompensation cue to
harmonize values along the survey liries seafloor backscatter datBoth bathymetry and
seafloor backscatter processed data weaely exported tomosaicgrids of 15x15 m(with

some backscatter maps at 10x10 m geMgater column backscatter dabnly recorded



122 during the GAZCOGNE1 marine expeditiorwere processedin SonarScope software
123 (©IFREMER) and then interpreted in GLOBE/3DView@IFREMER) (Dupré et al., 2015).
124 The sub-bottom profiles were recorded with the ship-borne sub-bottonprofiler
125 ECHOES 3500 ©T7iXblue emittinglanear frequency modulated signal, rangfrgm 1.8 to
126 5.3 kHz,with avertical resolution of 10 crand amaximumvertical penetratiorof 100 m.A
127 2D sub-bottonprofiler insonifies a surface at the seafloor defined by Hresnel equation and
128 may record lateral reflexions from clebg 3D featuresas well asartefacts.These artefacts
129 may be displayed as diffraction hyperbdRupré et al., 2014band triplication pointsso
130 called 'bow ties" (Moss et al., 2012)Raw data were processed with SUBOP software
131 (©IFREMER before being exported in SEG and then interpreted in ©Kingdom so#ive
132 (Fig. 3). The water current data were acquired during the ASPEX2010A mooring uevey
133 Boyer et al., 2013with an Acoustic Doppler Current Profiler (ADCP) operated at a
134 frequency of 75 kHz and recording everynthutes The datadiscussed in this papeome
135 from mooring 10 located at 44°00.069'N - 02°08.6444t 450 m water deptin the sediment
136 wave field (Fig. 2a and c)Water current data were recordeger more than 6 monthg§"
137 July 2009 - 3t January 2010)Current velocities werdntegrated between 17 m and 33 m
138 above the seaflooand averaged every 20 minuté€3lassic harmonic tide analyses were
139 conducted on ASPEX curredata toextracttide-related signa from the raw signal(Lazure

140 etal., 2009).

141 3.2. Pockmark m orphometr y

142 All pockmarks werananually delimitated, identified by their rim on the slope grid
143 (processed at 1@ and calculated with Slope function in Spatial Analyst toolbox from
144 Arcmap 10.2,©ESRI). It is worth noting that below the bathymetry resolution (15 m)
145 detectioncannot be performed effectively. In other words, small pockmarks of diameter

146  <30m, if present, could not have been mapped.
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Elevenmorphologicalattributeswereextracted from GlSor each pockmarkts area,
perimeter, aredperimeter ratio, internal depth(from the rim down to the apex of the
pockmark) minor and major axis lengths, major axis direttelongation (major/minor axis
length ratio), bathymetry, slopwithin the pockmark and morphological domainhe
morphologicalattributesof the Aquitaine slope pockmarks are available ordim@ SEANOE
public database with information on pockmark location and seafloor backscattéMitziel

et al., 2017)

FIG 2

4.Results

4.1. Pockmark spatial distribution

606 pockmarksvere discoveredexclusivelylocated on the continental slope, from
350 m water depth in the upper slope down to 1150 m water depth, covering 8F0gkra}
The oceanward extension of the pockmarks is limited by the survey acquisition (Fig. 2). The
mapped pockmarks arelatively large, with regards to known pockmarks (Judd and Hovland,
2007; Pilcher and Argent, 2007), withraugh diameter from Bto 330 m andan intemal
depth up to 42 nfior the largest pockmarkig. 4a) The majority of the pockmarks (80%)
have a rough diameter between 100 and 200for an average internal depth of 15 m
(Appendix B).

72% (434 units) of the pockmarks occutthe intercanyonareas(574 km3j and 25%
(153 units) in the sediment wave field (374 krfR)gs. 2 and 5)Pockmark densityn the
inte-canyon domain is twice as high as in the sediment wave fléld.3% (19 units)
remaining pockmarks are located deepéhatfoot slopgFig. 2). In the northern part of the
studied area, the pockmarks are completely absent from the ca@anfgied within the

inter-canyons, the pockmarks spread along an Hirection.The pockmarks are distributed
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both at the summits of the antifornseée. g the second northern inteanyon inFig. 2) and

at the borders of the canyorseée. g. the southerborder of the intecanyonat 44°17'Nin

Fig. 2). The majority of the pockmarks do not form alignments or so called pockmark trains.
Their distribution is more diffuse within each intmanyon areainless the intecanyors are

narrow (see e. g. the inteanyon at 44°13'N ifrig. 2) A few pockmark clusters are also
observed (Fig. 2) with densities up to 12 pockmarks per kwéally, a few coalescent
pockmarksappear to drm elongated pockmarks (FigbR In the sediment wave field,
pockmarks are located both on the wave crests (36%) and between the cresisa$48%)
noticed by Baudon et al. (2018)r similar pockmarks lodad on the upper slope of the
Aquitaine slope south of the studied area. The 16% remaining pockmarks are located on
relatively flat areas without any spatial organisatidherefore, he main regional pockmark
repartition in the sediment wave domain followhe sediment wave’s crests and Huests
direction between B0 andNO035 (Fig 2a, c)rather than an #V direction Locally, a few
pockmark strings (maximum 8 depressions along 2 km), only concerning less than 13% of the
153 pockmarks mapped in thedseent wave field, are observed related to sediment wave
orientation (Figs 2andc). From the northern part of the sediment wave field to the southern
part the pockmarkdensity increases angockmarksare also located deeper in the slope.
Pockmarks are dwever absent from two main corridors crossing the sediment wdde fie
with a convergence and narrowin§ the pockmark field downslope (see uppermost part of

Fig. 2¢).

4.2. Pockmark characterization

4.2.1. Acoustic signature of water column andsurficial sediments
The EM302 water column backscatter data fthe@GAZCOGNE1 marine expedition

do not exhibit any amplitude anomaly in the water coluelatedto gasbubble escapesnd
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this throughout the pockmark fieldand over thé daysof the acoustic survey (¥#8ulyto 2
August 2013).

The averageseafloor backscatter amplitude withthe pockmarks (excluding 57
pockmarks located at the vertical of the ship track where the data are worthlessjraanges
34.5 to -21.8 dB in the interanyons with a mean value €17.2 dB (Fig. 4b)The seafloor
backscatter amplitude values vary from -31.6 to -22.6 dB with a mean value of -27.1 dB in the
sediment wave field (Fig. 4b). The seafloor backscatter of surrounding sedualentated
within a 100 m buffer around the pockrkarm, vary from -34 dB to -23 dBvith a mean
value of -27 dBThe EM302 ®afloor backscatter valuestime majority of the pockmarks are
similar to the onesf surficial sediments aroungthereverpockmarksare located in inter
canyon or sediment wave fiteHomainsOnly a small percentagef the pockmarks exhilst
within part of the depressiohigh or low seafloor backscatter amplitudes t@itrastwith

the surrounding seafloor.

4.2.2. Seismic investigation at the seabed and inside the sediment pile

The acquied sub-bottomprofiler lines only cross 38 pockmarkshe profilesdo not
exhibit any high seafloor amplitude anomalies, e. g. enhanced refleotorsgh amplitude
anomalieswithin the uppermost 100 nof sediment(Fig. 3) Only triplication pointsdue b
geometry artefactbelow pockmarksare observedThe sedimentaryecord below and
besidesthe pockmarks areot disturbedMoreover, no distinct draped sediment layers are
observed within the depressions witgardsto the ten centimetresesolution from the sub-

bottom profiler.

FIG 3

4.2.3. Pockmark morphometry
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The pockmarksurface ranges from 0.29xX1®2 to 7.4%10* m2 at the intercanyon
areaand from 0.25x10m2 to &10* m2in the sediment wave fieldrea. The mean value of
pockmarksurface is 1.8x10mz in the intercanyon and 1.7x¥m2 in the sediment wave field
(Fig. 4a). The variations in pockmark size are similar in both morphological domAins
general increase ipockmark surface is observed at shallower water ddyihno linear trend
is observed(regression line, R2= 0.1259 in the int@myon area and R2=0.1895 in the

sediment wave field)Appendix B.

FIG 4

The pockmark internal deptllangesfrom 4 to 42 mwith a mean value of 15 m
(Appendix B. The ceepest internal depth values correspond to the largest pockmarks
(>200 m in diametenyith a mean value of 2.

The pockmark elongatioranges from 1 to 5.7 with a mean value of lo# the inter
canyonareaand from 1 to 2.7 with a mean value of 1.4he sediment wave field (Fig. 4c)
Most of thepockmarks(88%) are elongated with an elongaticssuperior to 1.1 while only
12% are sulzircular (elongationbetween 1 and 1.1(Fig. 2) Elongationvalues <1.1 are
considered as sutircular shapes in order to take into account potential mapping biades a
calculation approximation. Among the elongated pockmark®ajority hae an elongation
between 1.1 and 1.5 (66%) while 19% haveelmgationbetween 1.5 and 2.2. The most
elongated pockmarks with alongation>2.2 are less common (3%) and mainly espond
to coalescent pockmarkBig. 2b, most soutkastern pockmasj.

Themajor axisdirectionof the pockmarks withelongationvalues >1.5§134 units) has
been compared to the surroundsigpe valug(Fig. 5). These pockmarksorrespond to 92
depressiong the intercanyon domain and 48 the sediment wave fieldh the intercanyon
domain, local slope orientation around the pockmarks is mostly &R the pockmark

major axis is mostly N\ASE, with 40% of themorientedN150-330and 35% othersriented

10
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N120-300. In the sediment wave field, the local slope around the pockmarks is oriented
aroundN300 and the pockmarkajor axes are mostly oriented WW-ESE, 40% of them

oriented N100-280 and 22% oriented N120-300.

FIG 5

4.3. Bottom currents in the sediment wave field

Current direction and amplitude distributions are displayed in current {eise$) with
E-W and NS currentcomponerg (Appendix Q. Current velocities derived from the raw
signal are mostly lowehan 10 cm/s90% of the recordfor the EW compnent and 81% for
the NS component (Fig. 59 with the maximum amplitude reaching4 cmé during two
events 10 days apart, ovehe 6 months ofthe acquisition. Currents vary on different time
scales, associated with different forcing factéxdarge-anmplitude semidiurnal tidal signal
(current vector period close to 12 hourgrrent amplitude period close to 6 hgureexists
with weakersignals that havéonger periodgapproximately one week)he idal signalis
mostly oriented E-Wand exhibits aignificant crossslope componentThe longetperiod
component(red curvesin Appendix G is orientedalongslope due to the geostrophic
constraint, as evidenced by the red dots in Fidts crossslope component is always smaller
than 5 cm/s. Thalong-$ope componenis almost alwaysveaker than the tidal curre(for
81 % of the recordg but can reach high instantaneous values during specific ghegtier

than 15 cm/s, 6% of occurrence).

5.Discussion

5.1. Pockmark inactivity and nature of the fluids involve d

Free gas leakage produces clear watdnmn backscatter anomaliesmmonly used

to attest seepagactivity (Dupré et al., 2015)During the GAZCOGNEL1 survey, nowater

11
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column acoustic anomak correspondingo gas bubbles were detectedthe whole slope
area. Although théemporal variability of seepage activity may be invokéd,6 daysof the
acousticsurveyare sufficientto cover the time window for the tidal cycle which couldabe
possibletriggering mechanism(Baltzer et al., 2014)Thus pockmarks along the Aquitaine
slope are interpreted as currently inactive in terms of free gas seepage.

Considering the sediment cover, ethhanederived authigenic carbonates are
considered siconfident indicators of longgrmgas circulation(Bayon et al., 20090utcrops
and suboutcrops of carbonate structures are easily detected on seafloor backscatter data as
occurrence ohigh amplitude anomalgatchegDupré et al., 2010)The lack of highseafloor
backscatter valuewithin the pockmarks and the similarity of seafloor acoustic signature
between the pockmarks and the surroundiegimers clearly provide evidence fothe
absence fomethane-derived authigenic carbonates along the Aquitaine slope.

Within the uppermost 100 m of the sedimenih)-bottomprofiles acrosspockmarks
do not exhibit angnhancedeflectorsand diffracting poirg at the seabeglile that carbonates
would seismically produce if presefDupré etal., 2010). No acoustic blanking, blank
chimneysor any other samic evidence of gas accumulatgowithin the vertical resolution
limit of twenty centimetresare observedAt the presentday, theabsence of acoustic
anomalies within sedimentary recerekcludesthe occurrence of layers charged with free
gas 2) buried pockmarks and &prbonates underlying or disconnected from the pratant
seafloor pockmarks.

Based onhiese observations and interpretations, the pockmarks along the Aquitaine
slope may have been formed by dewaterifigarrington, 1985) freshwater exgdsion
(Whiticar, 2002)or shortduration gas escapeassociated with aelatively shallow source
level (the pockmarks being rooted a femetresto maximum a few tens of metréglow the

seafloo) (Judd and Hovland, 1992ndeed gas releasesver along period of time (order of

12
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kyears) would have led to authigeniccarbonateprecipitation (Andresen et al., 2008)
Although the pockmarks along the Aquitaine slope are located away from the hydrate stability
zone,it is unlikely with regards to the absence of fluid evidence thatwleegformed bygas
hydrate dissociation as suspected along the U.S. Atlantic continental margin (Brothers et al.,
2014) Moreover, the morphology and acoustic signature of the stpdigdmarks do not fit

those of hydrateébearingpockmarks(Sultan et al., 2010)The latter are generalkilometre

large depressions with internal filing of disturbed sediments caused by hydrate
destabilization A few smaller pockmarks may be associated with these mega structures but
exhibit disturbed sediments underneath (Davy et al., 2010).

Based on subottom profiler data displayed in Gonthier et al. (20@6)d in
accordance with the seismic signature of pockmarks from our dataset, we suspected the
occurrence ofpockmarkswithin the recent sedimentary cover, which corresponds in the
sediment wave field mainly tthe soecalled U4 unit(Faugéeres et al., 200ZJhis view is
strengthened bthe fact thaabove the pinch out of this unit U4 on the upper slopgghly at
water depth of 350 mpockmarks are abseithis reinforces the shallow character (a few tens
of metres maximum) of the Aquitaine slope pockmarks. The formation of the pockmarks
appears therefore to postd#te sediment wave formation (U3 unit). Based on the age of the
base of the 125 m thick U4 unit, which depends on the sediment ra@sm/ky(Winnock,
1973) or 100 cm/ky(Schmidt et al., 2014, 2009%he pockmarks along the Aquitaine slope
may have been initiated aftd20-150 ky BP or 12-15 ky BPrespectively Within this
context, sea level falls may have triggered fluid escapes and initiation of poskmainle
Aquitaine Basin as evidenced e. g. in the Gulf of LidR#&oulot et al., 2014and offshore
West Africa (Plazdaverola et al., 2011But without any detailed seismic data and dating of

long cores through the Aquitaine slope, it is impossible to conclude.

13



316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

With regards to the available data dhd inactivity, morphology and repartitioof the
studied Aquitaine pockmarkshere is no similaritiesvith the other known, buihot much
documentedfluid systems of the Bay of Biscay) the Capbreton Canycereawheresize
differentiatedpockmarks are related to different migration pathw@audon et al., 2013;
Gillet et al., 2008), 2)leepemffshoremegapockformson the Landes Plateau (Baudon et al.,

2013; Iglesias et al., 2010) anddéls emissionat the Aquitaine Shelf (Dupré et al., 2014a).

5.2. Origin of pockmark elongation : slope, coalescence, currents?

As it is assumed that pockmarks initidiigve a sufzircular shape (Judd and Hovland,
2007), why are the majority of the pockmarks (88%) located along the Aquitaine slope
(deeperthan 350 m water depth) elongatedVith regards to inactivity and the absence of
present and pasditiid evidenceit is unlikely thatsuccessive fluideleasefiave occurred, and
even lessunlikely that this was able to reshape the pockmarks. The slope along which
pockmarks may become elongated and open downslope (Brothers et al., 2014) may be another
explanation for pocknmé elongation.This mayapply to some pockmarks in the sediment
wave field area but cannatcount forall the depressionsas the directions of the slope and of
the elongated pockmarks are not compatiGlealescence of several pockmarks may in places
expdain some of the mostlongated pockmarks observa@dng the Aquitaine slope, especially
in the northern part.

The influence of the bottom currents opockmark morphology,namely their
elongation,has been evidenced across other continental shelves (Schattner et algn2016)
slopes(Tallobre et al., 2016)ard is questioned here for the pockmarks along the Aquitaine
slope.Currentinduced processdhlat can produce strong shear stress on the seadlodr as
high density flow on the slope (Kuhnt et al., 20ABd internal tide impacting the seabed
(Pingree et al., 1986), may influence seafloor morphology. Along the Aquitaine slope, indirect

evidence of benthic material resuspension has been observed (Durrieu De Madron et al.,
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1999; Kuhnt et al., 2013)The hypothesis put forward by Durrieu de Madron e{X899)
regarding the resuspension mechanism is an intensification of internal tidal current shear close
to the seabed, which happens to be tangent to the internal tide rays (Pingree et abvelr986)
extensive areas of this region (Kuhnt et al., 20D&)ct observations of this proces®e still
lacking however and it is thus hard to ascertain if this process is reaiginantand if its
intensity is sufficient to have an impact on seafloor morphology along the Aquitaine slope.

The presentlay bottom current direction does not correspondhi® ¢longabn
direction of thepockmarks along the Aquitaine slope. Two main current regimes are
evidenced, one driven by the sedmirnal tide and mostly oriented eastst, and a second
long-period (period of a week) current mostly oriented north-sdntbontrastthe pockmark
elongation varies in direction from NA®E to WNWESE for the intecanyon area and
sediment wave domain, respectively. Moreover, the 12% pockmdrich are sukxircular
occurring randomly amidst elongatedes are not coherent with the influence of a regional
bottom current.

Independently from the current direction, the velocities of the bottonents, mainly
lower than 10 cm/s are not compatible with erosion. Current velocities of 10 cm/s are indeed
sufficient to limit sedimentation for silt and mud (Migniot, 197Rerefore preventing
pockmark filing. On the other hand, in order to remobilize consolidated silt, velocities higher
than 30 cm/s are necessary (Migniot, 1977). Thus, most of the pdeseide velocity and
N-S current velocity are not strong enough to remobgediment along the Aquitaine slope.
However some stronger current events associated with higher velocitiesasutie ones
observedeaching up t84 cm/s in the alonglope S/N direction along the Aquitaine slope,
may contribute over short tirmealesto remobilize sediments within the pockmarket the
direction of these stronger bottom currentsn@ compatible with the direction of the

elongated pockmark#long the Aquitaineslope, these stronger events are clearly associated
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with westerlywind pulses occurring along the Cantabrian Slope (Batifoulier et al., .2012)
And the range ofvelocities recorded along the Aquitaine slope may induegularly
upwelling within the depressions preventing fine sediments from being deposited (Brothers et
al., 2011; Hammer et al., 2009). This would not exclude the accumulation of coarser
sediments within the pockmark as inferred from the high seafloor backscatter of some of the
pockmarks.

Considering thatircular pockmarks along the Aquitaine slope wdoemed at the
same time, the po$brmation processes that have reshaped elongat the pockmarks
alongthe WNW-ESE axismay be related to a former current regithat differs fromthe
preserdday one At presertday, upwelling induced by nedsottom currentswithin the
pockmarks may contribute to mainteig the depressions, preventing sedimentation by
winnowing out the fine grained sedimef@others et al., 2011; Hammer et al., 2009; Pau et
al., 2014) Relatively weak neabottom currents along the U.8tlantic continental margin
(<20 cm/s), aswith those along the Aquitaine slope, appear sufficient to induce such
upwelling (Brothers et al., 2011Yhe fewslightly elongatedpockmarkg12%) corresponding
to subcircular pockmarks may be explained by subsediiléng -in possibly caused by
collapse within these former elongated pockmatkscan bealso considexd that these
subcircular pockmarks may have been formed after the formation and subsequent elongation

by bottom currents of the initial majority of pockmarks

6.Conclusion
The geophysical surveyxonducted on the Aquitaine slopevealed numerous
pockmaks (606)over 800 kmdccurring on canyomterfluves and irthe southernsediment
wave field from water defhs of 350 mwithin the upper slope tgreaterdepths westwards

These pockmarks are relativéyrge with the majority having a ra@h diameter between 100
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and 200 mandan average internal depth of &b Pockmarks along the Aquitaine slope are
divided into sukeircular (12%) and mostlelongated (88%) pockmarks including some
coalescent. The slope and the coalescence of pockmarks, as the primary controlling factor,
only constrains the elongation of part of the pockmarks. But the majority of elongated
pockmarks are not aligned along the presiaytprevailing current direction as it is the case
across other continental shelves and sl¢Be® et al., 1998; Schattner et al., 2016; Tallobre
et al., 2016)Pockmarks along the Aquitaine slope are naotdomly distributed with regards
to the water deptand surrounding morphology. Slopelenting submarine canyons are
pockmark free zones as observed aleng. shelindenting canyongBrothers et al., 2014)
In the north of the studied area, pockmarks are constrained byWwhertented inteicanyon
morphology while in the southern area, they are geneomignted NNE-SSW along the
direction of the crests and interests from the sediment wave syst@thereis no positive
correlation between the dimension of the pockmark and water dapttes been observed
elsewherdGafeira et al., 2012; Schattner et al., 20183tead pockmark size appeansore
often influenced by the nature and thickness of sediments (Baltzer et al., 2014; King and
MacLean, 1970; Rise et al., 201thlan the water depthAlong the Aquitaine continental
slope, the thickness of the upper most sedimendgeyr, the unit Udas defined by Faugéres
et al. (2002) and Gonthier et al (200&ppeas indeedo drive the occurrence of pockmarks
Thus, the pockmark distribution sedimentologically controlled by 1he presence and the
thickness of the uppermost sedintary coveryhich isa few metes to a few tens of metres
thick, with 2) a secondary influence of inherited sedimentary structures such as the sediment
waves.

The history of the Aquitaine slope pockmarkséasent with regards to the Aquitaine
margin history and can be described as three main stages. Fluid migratioa shallow

source level, a few metres to a few tens of metres below the pdeseseaflogrand fluid
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expulsion at the seabed have led to the formation of cirpalekmarks. These pockmarks
were initiated not before the Holocene timasd possibly within the last 10 kyeaihese
pockmarks were most likely formed by past sithntation fluidrelease events associated
with microbial gas (methane)or possibly water without major associated diagenesis, as
methane-deriveaduthigenic carbonate precipitatiohhen nearbottom currents, different in
orientation and velocity than preseatdy ones, have modified the pockmaitksn circular to
elongated ones in the WNAAESE direction This was possibly followed by a second but
minor formation of pockmarks unless th2% ofsubcircular pockmarks are former elongated
onesthat weremodified later on bysediment infilling or collapseAt preseniday, the
Aquitaine slope is dominated by weaker meettom currents which may induce upwelling
within the inactive pockmarks, contributing to thmintenance otheir shape as proposed,
observed and modelled for other studied cases (Brothers et al., 2011; Hammer et al., 2009;

Pau et al., 2014).
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619 Figure captions

620

621 Fig. 1: Synthetic mamf the Bay of Biscawvith indication of the main current regimes (see references
622 therein)and main isobaths (Sibuet et al., 200f)e study aredred rectangle)coversthe western
623 extension of th&arentis Basi(Biteau et al., 2006) and the easteamdes Plateau

624

625 Fig. 2: a) Detailed shaded bathymetramof theAquitaine Margin with main seafloor morphologies:
626 pockmarks, canyornendsediment waveBackground bathymetry fromNEODnet Bathymetry portal
627  (http://www.emodnet-bathymetry.elASPEXcurrent mooing 10 is located at a water depth of 450 m
628 in the sediment wave fiel&lope focuon b elongated pockmarks in the northern inter-cangiea

629 and c) sulzircular pockmarks in the sediment wave field.
630

631 Fig. 3: Processed subottom profiler line displayedin envelog in ©Kingdom Software X axis
632 corresponds t&hot Point (SP)and Y axis to depth in seconaisTwo Way Time TWT). Theprofile
633 s displayed with &/ertical Exaggeration (VE) of, Zalculated with a seismic wave velocity of 1500
634 m/s with indicaton of slope angleThis subbottomprofiler line crossesvo pockmarks (see location
635 in Fig. 2a) without any fluid evidencand exhibits only triplication points, so-called 'bow ti€'
636 artefacts.

637

638 Fig. 4: Box plos ofa) pockmarkareawith indicationof diameterwith regardso pockmark surface (a
639 circular pockmark with a diameter of 200 m correspotws surface of 38L0* m?, b) pockmark
640 seafloor backscattermplitudefrom the 30 kHz EM302 multibeawhata andt) pockmark elongation.
641 Red curves in maps stafar the contour of pockmarks. The legend of the box pitisplayed in
642  Fig. 4c, with representation of the minimum, maximum, first quartile (Q25), second quatrtile (Q50 or

643 median), third quartile (Q75) of the series and series outliers.
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644

645

646

647

648

649

Fig. 5: Rose digrans of the pockmarkmajor axis direction andocal slope direction around
podkmarksfor a) inter-canyonand b) ediment wave areagrrow and shapéengtls are proportional
to the number of pockmaskinvolved.Recorded velocityand orientation oturrens from ASPEX
mooring 10 areshownin black and red dot®r raw and tiddiltered datarespectively ¢) Diagramof

spatial distribution of current velocities and orientations of raw sgnal
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650

651 Supplementary Material

652 Appendix A. Morphometric methods

653 Threemethods to map pockmarks were tested, two -senumated and one manual to check

654 the validity of the two previous. The Fill method (Gafeira et al., 2012) involves pockmark
655 extraction based on a succession of Geographical Information System (GIS) operations
656 focused on the numerical filling of depressions and then the subtraction of filled bathymetry.
657 The second method called the BPI (Bathymetric Position Index, Wright et al., 2012) is based
658 on the calculation of differential bathymetry cells side by side seafloor roughness

659 analysis. Both sermautomated methods map a large number of depressions which are not
660 pockmarks. Around 500 times more features than manually mapped pockmarks were detected
661 with the Fill method and 300 times more with the BPI meties. both semiautomated

662 methods, the detected features were filtered with correction based on the pockmark surface
663 and the surface/perimeter ratiéeatures with small ratio are more likely to be an artefact
664 (Gafeira et al., 2012)The number of remaining dures is 10 and 20 times higher than the

665 number of manually mapped pockmarks, with Fill and BPI methesisectivelyand most

666 likely corresponds to spurious pockmarks and artefacts which have not been filtered.
667 Therefore, in order to minimize the biases observed with -aatomatic methods, all

668 pockmarks were manually delimitated

669 Pockmark internal depths were calculated in two ways, using the Fill method
670 developed in Gafeira et al. (2012)d by calculating the difference between the maximum
671 and minimum bathymetric values over the delimitated pockmark suifaeecalculation of

672 pockmark internal depth based on the method by Gafeira et al. (B to strongly

673 minimize the internal depth of the studied pockmarks with results showing that most of the
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pockmarks (82%) have an internal depth <1 m and 8% have an internal depth loktead,

the method based on the difference between maximum and minimum bathymetry provides
realistic valueslt is clear from our results that the Fill method is not able to calculate the
effective infilling of the studied pockmarks, most likely because of their irregular morphology
(e. g. collapsed flank) and regional slope of 3°. Thus, this method suits uniform areas with
well-shaped pockmarké§Gafeira et al., 2012; Geldoft @l., 2014)but does not fit with
complex morphologies with slopes. In the latter case, it is more appropriate to calculate the
internal depth by subtracting the maximum bathymetry over the entire pockmark from the
minimum one.

Both semiautomatic mtéhods and manual picking show advantages and drawbacks.
Semtautomatic methods are based on a succession of quick numerical calculations, but most
of these latter have to be manually checked to limit the number of artefacts. 5433 features
were detected as demsions with the “Fill” method (Gafeira et al., 20820 10437 with the
BPI method (Wright et al., 201®hereas the manual picking only gives 606 pockmarks. The
elimination of a large amount of artefacts is timmsuming, hence defeating one of the main
advantages of semautomatic methods. Although manual picking is considered -time
consuming, it is much more appropriate in the case of complex seafloor morphologies due to
the human capability to focus on features of interest. Indeed, along the Aquitaine slope, there
is the superimposition of different scale morphologies such as slope, canyons and sediment
waves that prevent the seautomated detection process from being accurate. Thus; semi
automatic methods should be used in relatively flat bathyme&gsato obtain successful
results, e. g. at continental shel\{&afeira et al., 2012pays (Andrews et al., 201@pd in
basins(Geldof et al., 2014)For large extents and huge densities but of similar features, the
automatic methods are cleasfficient (Andrew et al., 2010; Gafeira et al., 2012; Geldof et

al., 2014) Semiautomatic methods to map pockmarks are not appropriate in the study area
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because of the complex bathymetry inherited from several orders of morphologies, the slope
angle and the presence of features suchcasyons and sediment waves. Pockmark
morphometry was therefore based on manual mapping.

Andrews, B.D., Brothers, L.L., Barnhardt, W.A., 2010. Automated feature extraction and
spatial organization of seafloor pockmarks, Belfast B&gine, USA. Geomorphology
124, 55—-64. doi:10.1016/j.geomorph.2010.08.009

Geldof, J., Gafeira, J., Contet, J., Marquet, S., 2014. GIS Analysis Of Pockmarks From 3D
Seismic Exploration Surveys, in: Offshore Technology Conference. Houston USA,
OTC 25088.

Wright, D.J.,