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Abstract :

About a decade ago, a large field of pockmarks, covering an overall area of 36 km(2) was discovered in
water depths of < 30m in the central part of the Bay of Concarneau (Southern Brittany, France). This
field, composed of features from 5 m to 35 m in diameter and < 1 m in depth, is characterized by
unusual high densities of pockmarks, up to 5840 per square kilometre. Geophysical data correlated with
sedimentary samples acquired in 2005 and 2009 show that pockmarks and their immediate
surroundings are associated with dense tubes benches cover, built by a filter-feeding amphipod:
Haploops nirae, forming original benthic communities. Two complementary surveys were carried out in
April 2011 (Pock and Ploops) and April 2014 (Pock and Tide), on the Oceanographic Vedette (O/V)
Haliotis (Ifremer/Genavir), to map the limit of the pockmarks and Haploops fields with the maximum
accuracy. The link between the presence of the Haploops nirae communities and the occurrence of
pockmarks / gas was then established and the proposed hypothesis was that tidal cycles may provide a
good candidate for a short-term (monthly) triggering mechanism of fluid expulsion (Baltzer A, Ehrhold A,
Rigolet C, Souron A, Cordier C, Clouet H. 2014. Geophysical exploration of an active pockmark field in
the Bay of Concarneau, southern Brittany, and implications for resident suspension feeders. Geo-
Marine Letters, 34, 215-230). Due to the high-level precision (50 cm) of the positioning system
(Magellan Aquarius Ixsea Hydrins) coupled with the RTK attitude system, these new bathymetric and
imagery maps together with the sub-bottom Chirp profiles, allow us to compare the data sets from April
2011 and April 2014. The superimposition of the two data sets shows that the distribution of the
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pockmarks remains similar between these 2 dates (i.e. for 3 years), for the group of large, widely
scattered pockmarks, which are deeply rooted in the Holocene palaeo-valley infills and for the group of
pockmarks identified as the trawl-scour pockmarks, initiated by trawling action. Most of the pockmarks
present very recent shapes without any infilling but sonar imagery reveals that some of them have been
covered by a thin muddy layer, thereby reflecting, at least, a temporary cessation of expulsion or a
different activity. Chirp profiles indicate some acoustic flares above the pockmarks, revealing gas/fluid
expulsion. Different gas clues within the sedimentary column, such as acoustic turbidity, enhanced gas
reflectors (EGR), chimneys pipes, occur at exactly the same places on the chirp seismic profiles from
2011 and 2014. Therefore, contrary to most examples described in the literature, this pockmarks field is
still active.

Résumé

Un large champs de pockmarks, couvrant une surface de 36 km?, a été découvert il y a une dizaine
d'années, dans la partie centrale de la Baie de Concarneau (Bretagne sud, France), par moins de 30 m
de fond. Ce champs de pockmarks, composé de crateres mesurant de 10 a 30 m de diamétre pour des
profondeurs de 1 m maximum est caractérisé par une densité exceptionnelle, atteignant jusqu'a
5840 structures par km?® Des données géophysiques, corrélées et complétées par des prélévements
sédimentaires entre 2005 et 2009, ont montré que ce champs de pockmarks est associé a la présence
de colonies de Haploops nirae, petit amphipode filtreur benthique, habitant dans des tubes fixés sur le
fond et formant de larges banquettes. Deux campagnes complémentaires ont été réalisées en Auvril
2011 (Pock and Ploops) et Avril 2014 (Pock and Tide), sur la vedette océnographique Haliotis
(Ifremer/Génavir), afin de cartographier trés précisément la limite des champs de Haploops et des
pockmarks. Le lien constaté (mais non élucidé) de la présence des colonies de Haploops et de ces
pockmarks impliqgue une activité répétée des pockmarks, et la marée comme facteur déclenchant a
court terme constitue I'hypothése la plus robuste (Baltzer A, Ehrhold A, Rigolet C, Souron A, Cordier C,
Clouet H. 2014. Geophysical exploration of an active pockmark field in the Bay of Concarneau, southern
Brittany, and implications for resident suspension feeders. Geo-Marine Letters, 34, 215-230). Gréace au
systeme de positionnement RTK, les données d'imagerie, de bathymétrie et de I'échosondeur a
sédiments (chirp) ont pu étre parfaitement superposées et donc comparées entre 2011 et 2014. Les
premiers résultats montrent que la répartition des pockmarks reste similaire entre ces 2 dates pour le
groupe de grands pockmarks dispersés, enracinés plus profondément dans le remplissage
sédimentaire holocéne des paléo-vallées et le groupe de pockmarks plus petits, plus denses, alignés le
long des traces de chaluts de pécheurs. La plupart des pockmarks présente des cratéres sans
remplissage sédimentaire, bien qu'il existe dans certains, un fin drappage de vase révélé par I'imagerie
sonar, reflétant des arréts temporaires de l'activité d'expulsion des fluides ou bien un fonctionnement
différent. Les profils chirp montrent également des panaches dans la colonne d'eau, indiquant de
probables expulsions de fluides/gaz. Plusieurs indices de la présence de gaz sont systématiquement
visibles dans la colonne sédimentaire, tels que “la turbidité acoutisque”, les “réflecteurs acoustiques
marqueés”, les “chimneys pipes”. Ainsi, contrairement a beaucoup d'exemples cités dans la littérature, ce
champs de pockmarks est encore actif.

Keywords : geophysics, pockmarks, tide, turbidity, gas, chimneys pipes, Concarneau

Mots clés : géophysique ; marée ; failles ; gaz
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Introduction

Pockmarks are crater-like features found on thbes#tavhich occur in deep marine environments
(King and MaclLean 1970; Josenhans et al. 1978; Fea) in lakes, shallow bays, estuaries and
fiords (Hovland and Judd 1988; Kelley et al. 1994; Rogeed. 2009. They may be classified
according to three criteria: (1) their morphologycular, elliptical, asymmetrical, composite
(Hovland and Judd 1988; Judd and Hovland 0(2) their state of development: new, growing,
decaying Pickrill 1993; and (3) their mechanisms of formation: e.qg. tfatilike pockmarks, iceberg-
scour pockmarks, current modified pockmarkgdher and Argent 200.7They can also be induced
by anthropogenic activities such as trawling arig ahchoring llarrington 1985; Fader 1901They
often form in muddy sediments, large deltas, araméll basins and along irregular topographic

highs (Hovland and Judd 20).°Deep sources exist for thermogenic hydrocarlomggs hydrates



85 (Scanlon and Knebel 1989; Rogers et al. 2006; Metexl. 201}, but they may be related to pore

86  water expulsion by compactiohlgrrington 198)or may develop above buried paleo-channels that

87 are rich sources of organic materiak(/ et al. 2006; Pilcher et al. 2017; Leon et @02 Leon et al.

88 2014. However, as active fluid flux is rarely obseniagpockmarks, the trigger mechanisms can be

89  difficult to identify and may result from naturakdsters (earthquakes, tsunamis, storms) or occur

90 more continuously over longer-term everitsl{ey et al. 1994; Hovland et al. 2002udd and

91 Hovland (2009hypothesized that most pockmarks discovered aré¢ ofitise time inactive, which

92 was confirmed byrothers et al. (2012This paper presents the results of a study coadunt a field

93  of shallow-water pockmarks (< 30 m of water deficpted in the eastern part of the Bay of

94  Concarneau, Southern Brittany, Frangerfiold et al. 2006; Baltzer et al. 2014; Reynand Baltzer.

95  2014). This area is characterised by a high densifyookmarks (an average of 3500 structure$fkm

96 associated with dens¢aploopstube benches covering muddy environments. Thediofithe

97  pockmark field coincide with the expansion of thaploopscommunities Eouron 200} revealing

98 specific link(s) between therReynaud et al. (2014roposed 3 hypotheses for this link, a food lak,

99 constructional link (fine sediments supplied bystspension is used for tubes building) or a
100 reproduction/dispersion link (the pockmark activitgy keep the larvaes inside a limited area with
101 specific geochemical conditions. Each of theseslislpposed that pockmarks are active, at least
102 sometimes.
103 In order to explore the potential activity of tipigckmark field, this paper presents the resultsvof
104  surveysPock and Ploops (201andPloops and Tide (2014¢onducted at the same season (April),
105 and using the interferometric sidescan sonar @8)chirp tools of the O/V Haliotis, characterisgd
106 a very accurate positioning system, coupled to K Bdacon. Thus it was possible to compare the
107 state and the space-time evolution of this pockrfialtt between April 2011 and April 2014 using
108 these high-level resolution tools. The analysethefdata sets from 2014 allow to determine the
109 evolution of the acoustic clues of ascending gash s blank columns and gas chimneys, and thus
110 will indicate the state of the vertical connectidmesween the sources and the pockmarks (surface gas
111 expression) over a 3 year time-frame. These obsSengabetter constrain the gas availability of the

112 system and eventually provide some clues for teéepential pathways used for gas recharge and gas
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expulsion. The only known fact is that gas is bidgenethane Kaltzer et al. 2014; Dubois et al.
2015. The questions addressed here are: 1) Is thegatauous activity for these pockmarks? 2) If

not, what is the rhythm of expulsion? 3) Where dbesgas come from?

1 General setting

Situated in Southern Brittar{{fig. 1) the Bay of Concarneau covers an area of appraéglyna

200 knf above the 50 m isobath. It corresponds to a tectepression with a width of 5-6 km and a
length of about 15 km. The bay is bounded by mstjarctural features associated with the Kerforn
fault system (N160)Kechennec et al997) which controls the incised valley of Concarne@aw(ist

et al. 200). Middle Eocene sandstone and calcareous formatioonformably overlap the crystalline
basement rocks. These Eocene series (e 5-6),dauitkfolded, are incised by paleo-valleys that
preserve sparse marine calcareous infillings ofifiger OligoceneHouysse et al. 19)4Two paleo-
valley systems, oriented N120, parallel to the ls@umorican fault system and N160 (Kerforn
system) respectively, were deepened from the etttedEocene to the beginning of the Oligocene
(Pinot 197. These relatively narrow and sinuous palaeo-yal{@00-500 m in width for lengths of
20 and 18 km) converge to form a large and unigaedge system (4 km wide) in the South of the
Pointe de Trévignon (Fig. 2). Fluviatile and estuaipleistocene deposits infill this drainage syste
An holocene sedimentary layer, characterised Iyclriess of 3 to 5 m, covers the entire area
(Menier 2003, except for some plateaus like the Maérl Terrdgtereen Concarneau and Trévignon
(Ebrhold et al20089.

The hydrodynamic conditions of the study areacasracterized by their close dependence on the
geomorphological context. The strongest swellgyarerally associated with westerly gales. To the
South of Belle-lle, waves are of a height rangirmyrf 4 to 6 m (Hs), a mean period of 6 to’gand
mainly come from the W-NWTessier 2006)The Bay of Concarneau is relatively protectednfro
swell dynamics, due to the presence of shallow rsated rocky platforms like the Pourceaux, and the
Glénan Islands Rinot 197). The tide is semi-diurnal with a range of 5.5an4 tidal coefficient of
120. Tidal currents are moderate with a mean val@e25 m/g, integrated on the water column, for a

tidal coefficient of 90 (unpublished data from Riil du Bois, IRSN). Surface currents can reach a
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141  velocity of 15 - 30 cm/Swhereas under-water velocities range from 0 - Eéior a coefficient of
142 100 (Tessier 200§ Tidal currents describe a clock wise movemantfSouth to South-West during
143  ebb to North to North-East during floods. Locatlye intensity of the current is lower than 30 £m/
144  between Concarneau and Trévignon.

145

146 2 Data and methods

147 2-1 Acoustic measurements acquisition

148

149 The data used in this study is the result of tweamographic sea surveys. The Pock and Ploops survey
150 was conducted in April 2011 aboard the Oceanogvaybdette O/V Haliotis (Ifremer/Génavir). This
151 vesselis equipped with a hull-mounted interferagioetonar (GeoAcoustics GeoSwath, 250 kHz)
152  which allowed simultaneous acquisition of bathymeednd sonar images. 1250 km of profiles were
153 acquired, with 96 profiles obtained in four non-ttiguous areas, area 1, area 2, area 3, area 4L(Fig.
154 & 2). The Pock and Tide survey in April 2014 abotre O/V Haliotis complemented the 2011 data
155 set with the acquisition of 205 additional profilghaded lines on figure. 1); additionally, some

156 profiles acquired in 2011 were exactly replicate@014 (shaded lines within the areas 1, 2 , 34and
157 onfigure 1).

158

159 2-2 Acoustic measurements processing

160

161 The 2011 and 2014 survey sidescan sonar dataraesssed witlGeoTexture (GeoAcoustic) and
162 bathymetry data with CARAIBES software, developgdftemer. The bathymetric and sidescan

163 sonar resolutions are respectively 80 and 50 cris. d¢oustic data was exported and interpreted in
164 ESRI ArcGIS. Sidescan sonar data gives a pictueeofistic backscatter properties of the seabed
165 whichisillustrated by a grayscale imagei{ustin et al. 199 Acoustic backscatter varies depending
166 on the angle of incidence of the acoustic wavetftothe seabed, the impedance contrast across the
167 sediment-water interface, surface roughness, attyrpatry and volume reverberation. Grey tones of

168 the sonar image will depend on the nature anddhgaction of the sediment, as well as on the
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topography of the seabed. Light tones generallyesgnt low backscatter, such as relatively finer-
grained and underconsolidated sediments and daes tepresent high backscatter, such as relatively
coarser-grained or compacted sediments, whiletagi@pe gradient will appear darker. Seventeen
Shipeck core boxes were sampled during the seagrndysto identify and confirm thidaploops
acoustic facies on sonar images.

The picking of the pockmarks was realised manualtyArcGIS Reynaud and Baltzer, 20)L4

providing an accurate map (resolution of 50 cnthefpockmark distribution. Tidal corrections and
centimeter precision positioning of data were maalgsible thanks to an Aquarius Thalés GPS, an

RTK beacon located on the coast and a tide-gaugg-bu

3 Results

3-1 Bathymetry maps

For each of the areas (large black frame), of #taymetry map, 1 focus zone (small white frame)
was selected within areas that were surveyed na2011 and 2014 (Fig.1). The global bathymetry
map, grouping data from 2011 and 2014 acquisitisnshown on Figure Zhe exceptional density of
the pockmarks (5 840 features/Rnis much higher than the usual descriptions faurttie literature
(Garcia-Garcia et al. 1999; Ferrin et al. 2)Presenting a sub-circular to circular shapgairticular
aalong the palaeo-valleys, and the diameter optiskmarks varies from 5 m (exceptionnally less
than 1 m-limit of the sonar resolution) to 35 mhwiinly a few decimetres in depth. Pockmark depths
are difficult to measure as chirp profiles do nité exactly pass through pockmarkshe

comparison of bathymetry sets for the 4 focus z@Ries 3) clearly shows that almost all the
pockmarks occurred at the same location in 2011284d, without any substantial change between
these two dates, except a trend towards more méeldares in 2014. This may be explained by the
data processing : the same resolution was usetlotbrdates but not the same colour code, which
explains the different aspect of the 2011 mapg. 8. On all the focus zones, the global distiimut
remain similar with some very few changes in podlkmaocations: the black circle or oval covers the

same area sample, and reveals a new pockmarkbdigtn



197 On focus 1, trawl-scour pockmarks appear, perfedsijple and aligned, in 2011 and in 2014.

198 On focus 2, a third pockmark seems to have occlumrétk right circle, and two pockmarks appear
199 more marked in the black oval, on the left.

200 On focus 3, a new pockmark occurred in 2014, uirdstlby the circle on the right (Fig. 3).

201 On focus 4, the black circle on the right desigadle occurrence of new pockmarks.

202  Eventually, Focus 5 shows an extract of the battgnzequired in 2011 (location on Figure 2), where
203 itis possible to distinguish small pockmarks (an@& meters), large pockmarks (around 25 meters)
204  and within the large ones, some deeper pockmalilsgdype), with a net crater shape or shallower
205 pockmarks (beta type) with a smoothy crater shape.

206

207 3-2 Sidescan imagery

208

209 Sidescan imagery has revealed that the limitseof#ttlements dflaploopscolonies (Fig. 2) coincide
210  with the presence of a field (36 Krof pockmarks §altzer et al. 2014 This field extends to the

211  South of Trévignon, up to the nort-east of the Giétslands (Fig. 2)The main result of the

212  comparison of the sonar images from 2014, confirtmedirect-field observations with scuba-diving,
213 s that the distribution of thdaploopscolonies is related to the pockmark field limitsaabund the

214 studied area. To the south, tubes benches havenketiscontinuous and have begun to be more and
215 more fragmented, to finally disappear just after pockmark field boundarie&lirhold et al. 2006;

216 Baltzer et al. 2014

217 The comparison of the two sonar mosaics reveatdahaome pockmarks, located along the east edge
218 of the area 2, there is some thin layer of mud di¢io 2014 which was not there in 2011.

219

220  3-3 Seismic profiles

221
222 A total of 98 seismic chirp profiles were acquidkding the sea surveys realised in 2011 in 4 areas
223 (Fig. 1 & Fig. 2), and 205 profiles were acquirad2D14 to complete the survey. In each area, some

224  profiles acquired in 2011 were exactly replicate@014. Figures 4, 5, 6 and 7 present one
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characteristic profile realised for each ards $edimentary infilling of the Bay of Concarneas h
been studied for decades and the interpretatibaged on the four seismic units described/lbyier
(2003)and used baltzer et al. (2014 )Above the bedrock composed of paleozoic granite and
oligocene sandy limestone (Unit 0), three seismitsunfill the incised palaeo-valley (Figs. 4,8,&

7). Unit 1, not observed in the area because obgesrrence, is a relict unit, only preserved as
patches in the deepest parts of the valley, caeel@ braided fluvial sediments aged from middle
Pleistocene by Laurent (1993)Jnit 2 is composed of low amplitude flat paralleflectors, which

onlap the valley sides and locally downlap the hasg interpreted as inner mud flat facies. Unit 3
occurs above Unit 2 and presents a surface chasstdy a smooth sided U-shaped channel. The top
of this Unit corresponds to an erosional surfaakrapresents tidal flat deposits with coarser lag
deposits within tidal channels. Unit 4 extends dherwhole of the valley system, except on the
terrace situated between Concarneau and Trévigviaoh is covered by rocky shoals and maerl beds
(Fig. 2) Ehrhold et al. 2007 Most of this unit is composed of flat-beddedaating deposits,
characterised by low seismic amplitude reflectord eorresponds to unconsolidated Holocene muds,

rich in turritelids Bouysse et al. 1974; Ehrhold et al. 2206

The limits of the pockmark field correspond to thteral extension of seismic Unit Bltzer et al.

2014). This unit is cut by different acoustic anomalieslled “acoustic turbidity”, “acoustic blanket”,
“acoustic curtain”, “acoustic column” or “pillar aped” and chimney pipesdepending on their lateral
extension, lovland and Judd 1988; Garcia-Gil 2002; Baltzeale2005; Akulichev et al. 2015

While the pockmark distribution is related to théstence of Unit 3, the size of the pockmarks tends
to correspond to the thickness of this unit. Thalspockmarks are correlated with a maximum
thickness of 3 ms (4,5m) for Unit 3, with a gassijector situated around 2 ms (1,5m) below the
seabed. The larger pockmarks correspond to a téskof up to 12 ms (9 m) for Unit 3, with a gassy
reflector observed from 4 ms (3,5 m) to 8 ms (6 Wiithin this large pockmark group, some of them

appear to be aligned along the palaeo-valley edgkged to the sedimentary infilling of these pale

valleys @Baltzer et al. 201%
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Figure 4 presents profile 82 (2011) and profilg2@14), revealing 3 branches of the palaeo-river
along the Kerforne fault (Fig. 3). Gas facies odaouhe two eastern branches and cross through unit
2 and 3 up to the surface. The seabed surfacespomds to a serrated (saw-shaped) reflector, due to
the presence dflaploopstubes and pockmarks, clearly visible between sh@@sand 1600. It is

framed by a continuous sea bottom reflector, witlHaploopsbenches, visible from shot 0 to 100
and from 1650 to 2100. Profile 72, (the poor qyatitdue to the weather), shows that gas was still
present in 2014, confined exactly to the same plaeaching the surface via the same acoustic
columns.

Figure 5 shows profiles 68 (2011) and 32 (2014 )cWliiross the Kerforne paleo-valley and the
western branch (Fig. 3). Bench tubes colonizewthele seabed surface (serrated seabed reflector)
and some large pockmarks occur above the maingakiey, especially along the valley edges,
connected to the gas ascension seen in the acoaktions or chimney pipes. The blanket acoustic
facies correspond to the infilling of the westerarizh, characterized by smaller pockmarks issued
from the interfluve. The same pathways crossingsuhand 3 were used, with three chimney pipes
(red circles) reaching the seabed.

Figure 6 reveals large pockmarks on the surfacaexed with subjacent acoustic blanket facies. The
seabed topography underlines the interfluve betwleepalaeo-valleys. The top of Unit 2 presents a
discontinuous surface, slightly hummocky, with Eeand irregular depressions. These depressions are
connected with the acoustic blanket underneathreseimble to the actual surface pockmarks, but
larger in size. Note that the he density of surfa@ekmarks reflects the proximity of the sub-bottom
gas blanket.

Figure 7 shows a clear bulge corresponding to ¢cheahinterfluve superimposed on a paleo bulge,
together with depressions (similar to large pocls@y. The occurrence of large pockmarks on the
left part of the bulge seems to be related to teegnce of a gas “diapir”, which is connected to
reflectors underneath. Does this reflector represgmeferential conduit for gas circulation, down-

lapping the bulge? Each time gas is close to tHase, large pockmarks occur.

10
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All the seismic profiles, within each of the diféeit areas, present very similar profiles in 201d. an
2014, with the same visible gas column ascensitmyzgys (chimney pipes), occurring at the same

places with the same connections to the surfacarttsithe pockmark features.

Discussion

The first question is whether these pockmarks liestive, just dormant or fossil features?dd and
Hovland (200 hypothesized that most pockmarks discoveredrateed inactive androthers et al.
(2011), (2013have shown that pockmarks may be self-scouriniyfes after initial formation.

In the Concarneau’s pockmarks field, bathymetrpsrehow that most of the pockmarks seem to be
empty craters like the pockmark Alpha (Fig. 3 —U0B), except some pockmarks with unclear crater
limits like the pockmark Beta (Fig. 3 — focus 5gfRctivity images present white backscattering
inside some of these pockmarks, attesting thatdheynfilled with muddy deposits, whereas most of
them appear to be free of infillingiirhold et al. 2006; Souron 200¥ideo images confirm the
presence of fluid mud inside some pockmarks, wisenaast of them are empty and surrounded by
Haploopscolonies Reynaud and Baltzer 20)L4The occurrence of several “flares” on the chirp
profiles (Figs. 4, 5 and 6) together with flareseatved in the water column during mid-current
flowing tides for spring tide&alizer et al. 2014indicate the activity of, at least, some pockmarks
Moreover, turbidity was observed by divers dur2@j.1 explorations for biologists works (Dubois et
al., 2015) and significant turbidity was observedhie global area in summer 2015 during a SHOM
(Service Hydrographique et Océanographique de lnlpoceanographic cruise (com. pers. from E.
Marshes). Two more direct observations tend toigarthe activity of this pockmark field: 1) the
persistance of “nude” pockmarks, without any hapktubes inside, in contrast to the density of the
surrounding colonies and 2) the existence of fragetktubes in some pockmarks, revealing recent
gas/fluid expulsion. All these arguments attestitesence of active pockmarks in this field butweit
discontinuous activity. Eventually, the presenselitof Haploopssettlements confirm this

observation.
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Thus, the second question addressed here where¢rgogas come from ?

Chirp profiles analyses have highlighted the atdlit and depth of gas sourcess(izer et al. 201)}
which will, in turn, control the pockmark distribab. Then, the pockmark distribution on the seabed
represents the spatial arrangement of individualaug-seepage drainage-conduits connected to the
deeper sediment layers and sources. Gas migrattaeepage to the surface are usually relatecto th
existence of two geological features, a gas mignagource and a preferential route for gas motion
(fewer resistance pathways). The comparison oflttie sets of 2011 and 2014 reveals that the global
distribution of the pockmarks remains similar, &mat only a few new pockmarks occurred in 2014.
The permanence of this pockmark pattern observétei?014 bathymetry (Fig. 3) tend to attest the
presence of permanent preferential pathways.

Chirp profiles show these preferential pathwagsealed by enhanced reflectors and chimneys pipes
(Figs. 4, 5, 6 and 7). Moreover, the comparisothefchirp profiles, from April 2011 to April 2014,
revealed that the gas pathways occurred at the dapth, in the same location, without any or very
few vertical or horizontal fluctuations. This obgation confirms the stability of the system which
supplies, at least for 3 years, gas from palaeleyébor sources to the surface.

The distribution of the pockmarks related to thiapa-valleys is in agreement with several scientifi
papers Garcia-Gil et al. 2002; Ussler et al. 2003; Rogral. 2006; Brothers et al. 2012;
Weschenfelder et al. 20)6Enhanced Gas Reflector identified on chirp pesfiFig. 4, 5, 6 and 7)
correspond to gassy sediment levels issued frogebio gas, methan84{ltzer et al. 2014Dubois et

al. 2019, generated by bacterial activity buried undegwa fmetres in sediment rich in organic matter
along the paleo rivers (at least 7% fréinodgate and Judd (1992); Garcia-Gil ef{2002). Different
authors describe such gassy sediment levels &i¢igtocene/Holocene interfacel(ronis et al. 1991;
Gontz et g12002; Weshenfelder et al. 201as being related to the significant organic mmatte
degradation in the infilling transgressive deposiealed by thin Holocene muds. The combination of
the permeability of this sealing layer and itss&sice to stress build-up controls the rate offlgass/
leakage from the reservoir to the surface. Oneaitiward pressure decreases, a pockmark will form
a circular shape_athles et al. (2011Have shown that when a gas chimney reaches haffaanythe

reservoir to the seabed, liquefaction of overlaygadiments initiate pockmark formatiéfiuesner et
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al. (2013)shows that gas migrates upwards through condugsfé@ults) and intra sedimentary
discontinuities, along the valley edges, (e.g.l@#s is blocked by a sealing layer). The figure 8
shows on the left-hand side, the pockmark distidimubbtained by hand made plottirigglynaud and
Baltzer, 201). On the right-hand side, the superimpositiorhefpockmark density map with the
geological BRGM map, shows that the limits of tleekmark field is restricted almost exactly to the
eocene calcareous outcrop in (e 5-6), a nummlilitiestone (Lutetian to Bartonian age). This
formation is strongly faulted, faults belongingtie Kerforne faults system, and underlined by black
lines on the Figure 8. The pockmark density appeeb& exceptional, with densities up to 5840
features/ krfy when faults are combined with the presence d&eguavalleys junctions. Patches
without any (or very few) pockmarks (<290) do nlebw specific distribution, probably related to the
sedimentary cover itself and the different permi@glzind resistance to stress of the intrasedinmgnta
sealing layer. Thus, the preferential pathways kg large pockmarks, situated along the palaeo-
valley edges and within the palaeo-valley infilliitgelf, were initiated during seismic events which
have shaken the faulted Eocene, creating migratdimvays into the sedimentary column (U2,
U3,U4) for escaping methan@athles et al. (201(ointed out that once a pockmark forms, depletion
of the gas reserve can occur as quickly as withenyear. After this period, the pockmark will
become dormant and during dormancy, shallow gasvess can rechargéudd and Hovland (2007)

noted that vertical stacking of pockmarks in setsddta points to episodic reoccurrence of discharge

Then, the last question is related to the dormaecipd of the pockmarks of Concarneau and the
rhythm of the gas/fluid/ expulsion. Baltzer et §014) proposed as triggering mechanisms that shor
term pressure controlled by the tide could be sogersed on longer term temperature controlled
processes and episodically on earthquake occurrence

The results presented in this paper reveal theltrparks activity is discontinuous but sufficiently
frequent to keep chimneys pipes and intra sedimgptthways permanent (visible) for 3 years into
the sedimentary columns. Combining these obsenativo models are proposed in Figure 9,

illustrating two cases: the “bottom-up” and theg4down” preferential pathways for gas migration.
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The first one illustrates the natural migratiortl# gas stored in the valley sedimentary infilling
through the units U2, U3, and U4 and the secondshoe/s the anthropogenic induced migration,
through the trawl-scours pathways. For both modiésgas (biogenic methane) is issued from the
bottom of a paleo-valley, deep enough to allowrtfaguration of buried organic matter. If the
thickness of the sedimentary infilling is not sciiint (palaeo-valley on the left of the block demi),
there is no clue of any gas discharge (no pocknparks

The “bottom-up” model supposes that the initiatkpoark craters were formed during seismic events
which have shaken the faulted Eocene, creatingmaefial pathways in the sedimentary column (U2,
U3,U4). The shifting of the gas horizon (EGR), mialésed by red arrows on Figure 9, illustrates the
shifting of methane solubility due to the sprindgli pressure{iez et al. 200). This shifting would
enable the gas horizon (EGR) to reach the chimpipes, possibly at different levels, like at thesda

of estuarine muds of U3 or at the base of intetedlatorm deposits of U4. Thus, each time the tidal
pressure is high enough, during spring tides amspthe tidal pumping effect connects the “bottom-
up” pathways to the chimney pipes and pockmarkseaeetivated: flares may be observed in the
water column.

The “top-down” model illustrates the case of a greftial pathway originated from the seafloor and
descending to reach the gaz horizon (ENG). Indasge, these preferential patways have been created
by the trawling action and result in trawl-scouckmarks, a process similar to the iceberg-scour
pockmarks one . As for the first model, the conioecis realised and the pockmark is active when

spring tide overpressure is sufficient.

These observations give an intermittent patteqmoskmarks activity, which will be a function of the
EGR depth, the water depth and the tidal (or stpowerpressure conditions. The proposed
hypothesis is that during each spring tide, sommmaeent pockmarks are re-activated, depending on
their water depth and the spring tide coefficer@wi\bockmarks may be created only during storms or

earthquake events, which would explain their smaiher.
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These observations imply that the quantity of gagpBed in the water column may be substantial and
that the gas recharge is continuous. Such obsengatiere made byasiotis et al(1996)who

described such acoustic turbidity in the Gulf ofraand suggested that there is a continuousysuppl
of gas towards the pockmarks from below, and tasediments within the migration path are loaded
with gas.

To undertake further study in this area, the objeawill be to record gas/fluid expulsion in thetesr
column, and to understand the rhythm of these signs. To do so, one long piezometer and a
special monitoring tool for gas/fluids and turbydiheasurements (from SHOM/IFREMER), will be

implanted for longer term observations in this poekk field.

Conclusion

The pockmarks of the Bay of Concarneau appear txtige, probably due to combined trigger
processes occuring at different time scales. Eagkemovement (common in this area) may be
relayed or added to short-term controlled tidakpuge (spring tide) processes, thereby triggerasg g
escape along preferential pathways. These pockmaagksonnected to the paleo-valley infillings,
along intra-sedimentary and structural discontiesjtcontinuously supplying gas to the upper
sedimentary layer. The expulsion process is aetiathen connection between the gas horizon
(ENG) and preferential pathways is realised. Blyitem appears to be stable, at least for a shhat t
scale (decades) revealed by the constant distibat pockmarks. An intermittant regular pattefn o
expulsions is proposed here, which is functiorheftidal overpressure, the water depth, and ththdep
of the ENG. It is suggested that exceptionnal aesgure induced by storms or earthquakes may
create new pockmarks. Neverthless, the rhythm pfilsion together with the nature itself of the
expulsed gas/fluid need to be explored. Future wolifocus on the above water column study with
the implantation during at least 6 months of a cana@d a piezometer. This next research projett wil

allow the measurement of the volume of gas prodacekinjected into the water column of this bay.
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Figure captions:

Figure 1. Location of the profiles acquired during the taaeanographic sea surveys realised with the
O/V Haliotis in 2011 (Pock and Ploops) and 2014ciPand Tide) between Concarneau estuary,
Trevignon spur and Glénan Islands. For each prdfdéhymetric, sonar images and chirp data have
been acquired. Four areas were delimited (blackés) during the 2011 sea survey and were
completed during the 2014 sea survey (dashed gres)! White frames delimit 5 focus zones. For
focus zones 1, 2, 3 and 4, profiles were renew@di4 (figure 2). The black line limits the extiems

of theHaploops niraemats.

Figure 2: Bathymetric map of the area compiled from datguaed in 2011 and 2014. Palaeo-valleys,
determined from chirp profiles, have been supersedaon the map (dark blue). Red lines show the
location of the profiles selected in figures 465nd 7.

The white line represents the Haploops area lintite&as been drawn on the side scan imagery, where
black grey facies correspondsHaploopstubes (see photos) and light grey facies corredptmmud

with noHaploopstubes present. The white frames represent thesfoooes from 1 to 5.

Figure 3: For Focus 1, Focus 2, Focus 3 and Focus 4 z@mbkie frames in figure 1), an extraction
of bathymetric maps was realised in 2011 and 20kd.comparison of the two bathymetric
extractions reveals the almost perfect superimipositf pockmarks from 2014 and 2011. Focus 5
shows a detailed bathymetry map with large andlgpoakmarks. Large pockmarks (> 20 m) usually

occur very clearly on the bathymetry, such asAipha pockmark indicated, but may sometimes
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present smoother contours.

Figure 4: Area 1: chirp profile 82 was realised in 2011awas replicated in 2014 (profile 72), exactly
at the same location (see location on figure 2grpretation of Profile 82 reveals the presencgesf
intercalated in the different valley branches. @athways issued from the bottom of the palaeo-
valleys occurred at the same places in 2011 and @Miereas the 2014 data quality is poor, because
of the weather).

The sea-bottom reflector appears to be continundstaghly reflective in the absencetdééploops

tubes, whereas it presents a serrated shape Mdgnopstubes are present.

Figure 5: Area 2: chirp profile 68 was realised in 2011 aras replicated in 2014 (profile 32), exactly
at the same location (see location on figure 2grpretation of Profile 68 reveals the presenogesf
within the main valley. Gas issued from the bottfithis paleo-valley followed the same pathways in
2011 and 2014, materialised by chimney pipes (netes), and creating pockmarks (red circles) on

the sea floor. A flare occurs on profile 68, whigas not present in 2014.

Figure 6: Area 3: chirp profile 41 was realised in 2011 aras replicated in 2014 (profile 178),
exactly at the same location (see location on @d)r Interpretation of Profile 41 reveals thespree
of gas within the main valley, and the absenceasfwithin the small buried valley on the left. Tder
are noHaplooopstubes above the small buried valley. Gas issu@d the bottom of the paleo-valley
followed the same pathways in 2011 and 2014, nadiszd by chimney pipes (red circles), and
creating pockmarks on the sea floor surface.

Figure 7: Area 4: chirp profile 30 was realised in 2011 aras replicated in 2014 (profile 122),
exactly at the same location (see location on @)t Interpretation of Profile 30 reveals the pres
of gas within the main valley, and the absenceasfwithin the small buried valley on the left. Tder
are noHaplooopstubes above the small buried valley. Gas issu@d the bottom of the paleo-valley
followed the same pathways in 2011 and 2014, nadiszd by chimney pipes (red circles), and

creating pockmarks on the sea floor surface.
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Figure 8A: Pockmark distribution merged from 2011 and 204 dAll the pockmarks have been

manually plotted (resolution of 50 cm).

Figure 8B: Superimposition of the geological map (1:250 086torised map from BRGM) with the
map of pockmark density. The black lines deliméitaploops niraearea. The light brown line
delimits the eocene outcrop (e5-6), coloured itoyebn the geological map. Faults are underlined by

a black line and the paleo-valleys are represdmydaue lines.

Figure 9: Two sketches illustrating the possible pathwaysyhs migration are presented in this
paper: the upper block diagram shows a “bottomsuptiel and the second diagram shows a “top-
down” model for gas along preferential pathways.

Figure 9A: The “bottom-up” model shows the gas, issued ftbenburied organic matter at the
bottom of the buried valley, migrating along prefeial pathways in U2. Gas is stopped and stored
just under the EGR (Enhanced Gas Reflector) atofinef U2. A second network of pathways may
conduct gas through U3 up to the base of U4. Gpresgly, gas is able to migrate up to the sea floor
surface, via tidal pumping processes, creatindattge pockmarks. Note the presence of chimney

pipes within the unit U4.

Figure 9B: The “top-down” model illustrates the specific eas the trawl-scour pockmarks. These

pockmarks have been triggered by the trawls ofrfgsboats on the sea floor. The digging action

initiates a preferential pathway for gas escapembling iceberg-scours.
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