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Abstract :

On the Bay of Biscay continental shelf, there are several mid-shelf mud patches including La Grande
Vasiére to the north, the West Gironde Mud Patch (WGMP) off the Gironde estuary and the Basque Mud
Patch close to the Spanish border. In general, these deposits are several meters thick and cover coarser
substrate. Questions remain about their storage capability for fine particles and carbon. This work
investigates the sedimentation of the WGMP in order to develop a first estimate of organic carbon (OC)
burial. Interface sediment cores were collected at nine stations along two cross-shelf transects in
October—November 2016. X-radiograph imaging and grain-size analyses were used to characterize
sedimentary structures. 210Pbxs depth profiles were established to calculate sediment (SAR) and mass
(MAR) accumulation rates. Sedimentary structures indicate episodic sandy inputs overlying older deposits
at proximal sites, and relatively continuous sedimentation at seaward locations. On the outer-central
portion of the northern transect, a maximum SAR (0.47 cm yr—1) was observed, suggesting a depocenter.
On the southern transect, excluding two stations where sedimentary inputs appear massive but sporadic,
the SARs are lower (<0.3 cm yr—1). Quantitative estimates of OC burial rates increase seaward with a
maximum of 45 gC m—-2 yr—1. To evaluate carbon loading independent of grain-size variability, OC values
were normalized to surface area of sediments (SA). Interestingly, a qualitative comparison of OC burial
efficiencies using the OC/SA ratio highlights three groups of sites (low, medium and relatively high OC
burial efficiency) which are likely related both to different sedimentary environments and variable
deposition conditions linked to local environmental conditions and depth. This work highlights the likely
control of hydrodynamic intensity and sedimentary inputs on the amount of OC stored in the WGMP
sediments.

Highlights

» The West Gironde Mud Patch can be divided in three deposition areas » Organic carbon (OC) burial
rates increase seaward with a maximum of 45 gC m=2 yr=' » Hydrodynamic seems to control organic
carbon burial at a multi-decennial scale » OC burial rates and efficiencies vary depending on bathymetry
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1. Introduction

Organic carbon storage in marine sediments is rezed as a long-term sink for atmospheric
carbon dioxide (Berner, 1990, 1982). Understandimgocean carbon cycle and quantifying
carbon storage in the oceans are therefore crimiaimproving future climate scenarios
(Blair and Aller, 2012; Burdige, 2007; Keil, 201Ruller-Karger, 2005; Wiodarska
Kowalczuk et al., 2019). With about 90% of the mwderganic carbon preservation
occurring in Rivers-dominated Ocean Margins (RiO8)jaystems (Hedges and Keil, 1995;
McKee et al., 2004), special attention should bie pathese areas. Although three types of
RiOMars have been defined by Blair and Aller (2Q4iRxan be difficult to understand the
nature of an individual system because of highiapand temporal variability (McKee et al.,
2004). Owing to these variabilities, each RiOMan ba divided in several sub-environments
where major organic carbon (OC) preservation cdimgpfactors may be different (McKee et
al., 2004). Moreover, most studies of RiOMars h&seused on tropical systems whose
results are difficult to translate to higher latiés (Yao et al., 2014; Zhu et al., 2016). This
explains why, in spite of numerous studies on Ri@Ma.g. Aller, 1998; Aller et al., 1996,
1986; Aller and Blair, 2006; Blair and Aller, 201Reng et al., 2006; Kuzyk et al., 2017;
McKee et al., 2004; Pastor et al., 2018, 2011; &aal., 2014; Zhu et al., 2013 and references
therein), mechanisms controlling OC preservatiorthese environments as well as their
carbon burial capabilities are not yet fully undeosl and quantified.
On the Northeast Atlantic margin, the Bay of Biscantinental shelf extends over more than
1000 km, from the Celtic to the North Iberian maggi{Borja et al., 2019; Bourillet et al.,
2006; Schmidt et al., 2014). Surface shelf sedimarg mainly sand. However on the shelf lie
also several mid-shelf mud belts and patches intdul) “La Grande Vasiére” to the north,
(2) the West Gironde Mud Patch off the Gironde astiand (3) the Basque Mud Patch in
front of San Sebastian and Bayonfég(re 1, Allen and Castaing, 1977; Jouanneau et al.,
2008, 1999; Lesueur et al., 2002). Overall theyddreeveral meters thick and cover coarser
substrate (Jouanneau et al., 1999, 1989; Lesuel, 2002, 2001). Mud belts and patches are
found on many continental shelves around the waiygically, they are bounded by dynamic
sands on their landward side and are the resuitef-derived sediment deposition in areas of
2
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lower hydrodynamics (i.e., where waves and curremts more reduced on the seabed;
McCave, 1972; Walsh and Nittrouer, 2009). Indebdirtmid-shelf location is directly related
to the fact that higher-energy conditions at she#lodepth closer to the coast preclude fine
sediment accumulation (Dias et al., 2002; McCa®&21 Walsh and Nittrouer, 2009). These
areas are important for biogeochemical transfomwnatiand are known organic carbon sinks
(McKee et al., 2004).

The West Gironde Mud Patch is particularly iegting because it is under the influence of
the Gironde estuary which is the major source pé fsediments for the Bay of Biscay
continental shelf (Constantin et al., 2018; Jouannet al., 1999, 1989; Lesueur et al., 2002,
1996, 1991; Weber et al.,, 1991). Studies led in0X%have rather well defined its
sedimentary functioning and suggested a contrgedfmentation and resuspension processes
by hydrodynamics (Jouanneau et al., 1989; Lesueair,€2002, 1991). Only few studies have
focused on the WGMP biogeochemistry and ecology, (Massé et al., 2016; Relexans et al.,
1992), and have performed too few measurementshéwacterize its sedimentological,
biogeochemical and ecological functioning. Thislaks why the capability of the WGMP to
store OC has not yet been estimated. The presady stims therefore to characterize
sedimentation intensity and preferential areasesfirsent accumulation in the WGMP to

conduct a first estimate of OC burial rates anctiefficies along two cross-shelf bathymetric

transects.
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Figure 1: (a) Map of the Bay of Biscay continental shelf witle locations of mud belts and patches: A - Lan@GeaVasiéere,
B - The Gironde Mud Patches, and C - The Basque MuchP (b)Map of the WGMP showing the location of sampling
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stations (black circles). The synoptic map of\test Gironde Mud Patch has been determined duniegERICOBENT-5-
TH cruise (Gillet and Deflandre, 2018)

2. Material and methods
2.1 Study site

Formed during the Holocene by filling a depressiaerpreted as a paleo-valley (Lesueur et
al., 2002, 1996), the West Gironde Mud Patch idtya day sedimentary patch located in the
Bay of Biscay, about 15 km seaward of the Girorataagy mouth (Jouanneau et al., 1989). It
lies between 30 and 75 m depth with a surface otiad20 km?2 (Jouanneau et al., 1989;
Lesueur et al.,, 1991; Massé et al., 2016). The WGMInhfluenced by Gironde inputs
(Constantin et al., 2018; Jouanneau et al., 1983uéur et al., 2002), which are the highest
during river floods (Constantin et al., 2018; Lasuet al., 2002). On a historical scale,
climatic fluctuations (e.g. the “Little lce Age"nd anthropogenic activities like deforestation
during the medieval period or estuary managememesthe XIX" century (e.g. dredging,
channel hardening) seem to have modified sedinransport processes and therefore the
amount of sediments exported to the shelf (Leswetual., 2002, 1996). Sediments are
transported from the estuary to the WGMP in a bhemlepheloid layer and believed to be
deposited in its deeper part (Weber et al., 19®i)ing their sedimentation, estuarine
particles are mixed with biogenic material (e.gatdins) produced in the water column
(Weber et al., 1991). In the proximal WGMP, sangyuits from the adjacent continental shelf
can be mixed with silt and clay sediments duriragratevents (Lesueur et al., 2002; Weber et
al., 1991).

2.2 Sampling

The JERICOBENT-1 cruise took place in October - &aber 2016 on the R/Zobtes de la
Manche(Deflandre, 2016). Undisturbed sediment cores weliected using a MC®ctopus
GmbHmulticorer on two transect&igure 1). The northern transect includes five stations (1,
2, 3, 8 and 4), and the southern one has fouos&{6, 7, 9 and 9i). At each site, three cores
were used to characterize sedimentation. A sedicuet (core A) was carefully extruded for
radioisotope measurements, every 0.5 cm from thectwe to 4 cm and every 1 cm below
until the core bottom. A second core (core B) wiased for organic carbon content and
sediment surface area measurements every 0.5 anthevirst centimeter, every 1 cm until 5
cm then every 2 cm until 21 cm and every 5 cm beladlvthe samples were immediately

frozen aboard the ship and kept in the freezet analysis. An additional sediment core was
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preserved for X-ray imaging (core C), which was@ened within a few days after sampling.
Due to the thinness of the mud, station 9i was a@alypled for radioisotope measurements
before repositioning the vessel.

2.2 Physical characteristics of sediments

Radiographical images which provide a continuoune of sedimentary structures were
performed on a longitudinal section of the presdrsediment core using an X-ray imaging
system (SCOPIX). Images recorded were converte® ibits to bring out sedimentary
structures at high resolution (Lofi and Werber, PO@ry bulk density (DBD) was calculated
on core A by comparing sediment weight before after alrying at 60°C according to the
following expression: DBD = (1-(M(Vw+Vg))*p with Vy, and \s respectively volumes of
water and particles in the sample gndarticle density (i.e., 2.65 g ¢ Sediment grain-
size was measured on cores A and B using a Malv&stersizer 2000 laser diffraction
particle size analyzer. The grain-size distribugit@ing unimodal with the exception of three
samples within sandy layers (i.e. cores B, St..3:10cm, 1-1.5 cm; St. 4: 20-22 cm), median

grain-size (D50) and sand content were used as-gizeé descriptors.
2.3 Radionuclide analysis

The sedimentation framework was determined based®b.%%Pb (T, = 22.3 years) is a
naturally-occurring radionuclide continuously deligd by atmospheric fallout and situ
production. This*'%b, readily scavenged by the particulate phaséénatater column and
deposited at the seabed by sedimentation, is eefeo as>%®b in excess*tPh,) of that
found within sediment due to the decay of its paisotope,’*Ra. Radionuclide activities
(**%Pb,**Ra) were measured using a high-efficiency, broatgngamma detector equipped
with a Cryo-Cycle Il (Mirion). They detector is calibrated using IAEA certified maddsi
(RGU-1). Errors on activities are based on standasdation counting statistics. Excés%b
activities were calculated by subtracting the astisupported by its parent>Ra, from the
total >*Pb activity in the sediment. Sediment layers weeasnred downcore until reaching
negligible**Ph,s activities or the bottom of the core. Sediment arabs accumulation rates
(SAR and MAR, respectively) were calculated belbw mixed layers from the slope of the
2%, profiles against depth and cumulative mass, réispéy, using the CF:CS (constant

flux and constant sedimentation) model.

It must be noted thaf’Cs could be also detected during the same cousgsgions. The

occurrence of*'Cs (T, = 30 years), an artificial radionuclide, is printarihe result of the
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150 nuclear weapon test fallout in the early 1960s.céastal sediments, its detection is an
151 indicator of sediment deposited since 195(Cs activities present low to negligible activities
152 in WGMP sediments, and are not presented in thikwdata (radionuclides, grain-size, dry
153 bulk density) are openly available in a public repmry that issues datasets with DOIs
154  (Schmidt, 2020).

155 2.4 Particulate organic carbon

156 OC content was measured on freeze-dried pre-weigbduinents using a LECO CS 200. In
157 order to remove carbonates before analysis, analigf about 100 mg was acidified with

158 HCI 2M and dried at 50°C (Cauwet et al., 1990; EBher et al., 1999). Sample was then
159 introduced into a furnace where particulate OC aastibn produced carbon dioxide which

160 was guantitatively dosed by infrared absorptiorciigber et al., 1999). The reproducibility of
161 replicated analyses was better than 5%.

162  Organic carbon contents were normalized to surdiaea of sediments (SA, expressed fngn
163 1) to minimize variations due strictly to grain-sizeanges (Hedges and Keil, 1995; Mayer,
164 1994a). A subsample of freeze-dried sediments wat homogenized and degassed
165 overnight at 150°C. SA was then assessed usingrain@ VIl Surface Area Analyzer
166 (2390a model; Micromeritics®) by a multi-point BErethod (Aller and Blair, 2006; Mayer,
167 1994a).

168 2.5 Statistical treatment

169 The significance of correlations between mediamngsae and surface area of the sediments
170 and between surface area and organic carbon comtenaissessed using a Spearman’s rank

171 correlation coefficient. These analyses were ruh thie software SigmaPlot version 14.
172 3. Resaults
173 3.1 Physical characteristics of sediments and sedtary structures

174 Sedimentary environments vary in the WGMP. Inde#tipugh sediments are mainly silt and
175 clay with a median grain-size of 15-20 um, somepberal stations (i.e., 1, 6 and 7) have
176 deposits of varying silty and sandy sedimeFRigfre 2). At these sites, median grain-size is
177 higher than 20 um in some layers of higher sandecwr{>6%,Figure 2). Moreover, the base

178 of these layers is characterized by an erosiveaconThe two most proximal stations (i.e., 1
179 and 6) stand out by having a sandy layer on cqreBased on the grain-size profiles and X-

180 ray images, the thickness of this layer varies ffoto 4 cm at station 1 depending on cores,
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which indicates a high spatial variability in theoximal area. Below this surface layer,
median grain-size is rather constant with depthfipet than the size measured at other sites,
with values around 12 and 10 um at stations 1 amdspectively. Interestingly, similar finer
sediments are observed at station 9 from a depfty afm. X-ray images also highlight the
presence of thin sandy layers at the shallowesbsta(i.e., 1, 2, 3, 6, and 7) which become

less frequent with increasing depthdure 2).

The dry bulk density increases in depth on corél arather constant grain-size (e.g. stations
8 and 4, Figure 2) as usually observed in interface sediments becanfs sediment
compaction. On the contrary, DBD profiles show abons, usually related to sandy layers,
on cores 1, 2, 6, 7 and 9i. These laminae arepwedierved in the proximal area (i.e., stations
1 and 6) and at station 7 compared to more digied ¢i.e., 8 and 4) where sediments are
homogeneous. The station 9i, at the end of theheoutransect is different from the other; it
is characterized by a mud deposit of about 14 cvermag a medium sand substratuingure

2).
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196 Figure 2: Sedimentary structures: X-ray images and profiedry bulk density and median grain-size with tthepf cores
197  collecting along the northern (left) and southeight) transects. The red line defines the backggograin-size (~20 pum),
198 and in some cases higher sand content is obser6és)(
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3.22%p profiles in interface sediments

Along the two depth transects, surface exc&®b ranged between 24 and 111 niBq
increasing with depthFigure 3). However, the small difference of depth amongssit
(affecting water column production) cannot accoiantsuch low activities at sites 1 and 6.
Rather, the lower activities are likely due to tdidn by sand. There are three types '3Ph,
profiles. The first group corresponds to the praistations 1 and 6. The two most proximal
stations present low surface activities, associatgld sand, and a rapid activities decrease
with depth to reach almost supported levels at aft6el5 cm. These profiles reflect rather
low mean apparent sediment and mass accumulaties, @bout 0.1-0.2 cm yrand < 200
mg cm? yr! (Table 1). The second group includes stations 7 and igakte southern
transect, and to a less extent station 2 in thdhnoFhe cores present evidence of
heterogeneities with depth, as revealed by X-ragges, grain-size and dry bulk density
(Figure 2, see section 3.1). Such changes in the sedimenlikaly to impact the?*Ph
activities and are not related to decay. These gesetration of'%Ph, with depth in the
sediment associated with a low activity decreasgdceflect massive deposition events. The
last group corresponds to cores of the WGMP outdrdeepest area, on the north stations 3,
8, and 4 and on the south station 9. At theseosimfi*®Phs profiles present a surface mixed
layer, followed by a penetration at depths deep&5:30 cm. The mixed layer is comprised
from 3-4 cm at stations 3 and 8 to 8-9 cm at stadipindicating an increase of its thickness
with depth. Sediment and mass accumulation rategerbetween 0.29 to 0.47 cmi‘yand
237 to 438 mg cifi yr'. Along the northern transect, the highest SARs BI&Rs are
observed at mid-depths (around 50 m). These restdtsonsistent with the outcome of a first
investigation of the WGMP sedimentation, based ess Ivertically-detailed'“Ph,s profiles

established on cores sampled in 1995 (Lesueur, &04l1).
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Northern transect
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Figure 3: Depth profiles of*%Ph, activity for all the sediment cores collected tie West Gironde Mud Patch in fall 2016.
Next to the core label, numbers are the water dapthhich the cores were collected. Errors barsespond to 1 SD. The

grey rectangle indicates the length of the core.

Table 1: Mean bottom OC contents, sediment (SAR) and magsRjMaccumulation rates calculated fraffiPh, profiles
and calculated OC burial rates at nine sites olM#est Gironde Mud Patch. For stations 1, 6 and @ bibttom OC values

were taken at the base of modern sediments (seecH4y

Lat.  Long. Depth Bottom OC SAR MAR OC burial
Transect  Stations n= rates
°N °E m % cm yr! mg cm?yrt  gC m?yrt!
1 45°45'38" - 1°31'41" 35 0.64 £ 0.03* 1 0.14 £ 0.08** 126 + 73** 8 + 5**
2 45°4345" -1°37'57" 47  0.66+020 5  0.48+0.09% 486 + 89* 32+16
North 3 45°40'58" - 1°41'30" 55 0.99+£0.12 5 0.38£0.04 361 +£35 36+8
8 45°38'55" - 1°45'48" 62 1.02 £ 0.02 5 0.47 £ 0.05 438 £ 47 45+ 6
4 45°36'50" - 1°49'47" 69  1.30+£0.04 4 041+007  338+56 44+9
6 45°44'22" -1°30'2" 37 0.42 £0.27 2 0.22£0.13** 172 £102** 7 £ 9**
7 45°37'17" - 1°37'34" 50 1.41+0.19 6 0.97 £ 0.20*** 648 + 122*** -
south 9 45°35'54" -1°40'9" 54  1.17+010 3 0.29+0.03  237+22 28+5
9i 45°31'25" - 1°45'20" 63 - 2.83*** 1413%** -

*analytical incertitude
** gpparent maximum SAR, MAR and OC burial rateggence of sandy layers

*** indicative maximum SAR and MAR - not suitable foalculations

10



230

231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

246

247
248
249
250
251
252
253

3.3 Sedimentary organic carbon

Surface organic carbon contents increase seawamt 05 to 1.5% T{able 2, Figure 4) as
previously reported (Massé et al., 2016; Relexdnal.e 1992). Depth OC profiles present
different patterns depending on sites as repored¥Ph. Profiles at stations 3 and 8 present
the highest values of OC at the core top which remather constant in the mixed layer and
then decrease in depth. This pattern is differentstations 1, 2, 6 and 7 which show more
erratic profiles where the lowest OC values appede associated with sandy layefsgure

4). Mayer (1994a) demonstrated that the relatiowbeh OC content and grain-size is related
to the adsorption of organic matter on particles] this can be reinterpreted in terms of the
surface area of sediments. Typically, larger-sipadticles such as sands have a smaller
surface area than smaller-sized particles suchlas.cLess organic matter is therefore
adsorbed on sandy sediments than on muddy onese Pagterns are observed for the whole
WGMP with significant correlations between grainesiand SA (p-value<0.0Eigure 5a)
and between SA and OC content (p-value<0.01 fotwioeslopesFigure 5c¢), indicating that

the sediment OC content is at least partly corsdobby the grain-size and surface area of

particles.
Northern Transect - Offshore Southern transect - Offshore
Station 1 Station 2 Station 3 Station 8 Station 4 Station 6 Station 7 Station 9
OC (%)
0 0 1 20 L 20 1 20 1 20 1 210 1 20 1 20 1 2
\ T
5§ | o 2| i ol L - 3 o = -
= 10 -4 F - F 4 F 4 F = 'k -4 F 4 F -
k)
g 15| -4 F - F 4 F 4 F = |+ -4 F 4 B _=
)
A 20 4 F 4k 4 4 F S 4 F 4 = -
25 - s 4 e 0oc -+ F 4 F =4+ -+ F 4 F -
¢  OC/SA
30 | | | | | | | |

60 & 2H 1 e T 26 1 TP 1 2|l T 2O 1 Zw 1 2
OC/SA (mg OC 1r?)

Figure 4: Vertical distributions of OC content (%) and OC/8stio (mgOC rif) in sediment cores collected in the West
Gironde Mud Patch. The yellow stripes indicate plosition of noticeable sandy layers. Dashed lirgsasent the limit
between modern and relic deposits.

A classical way to minimize OC content variatiotiscly related to grain-size changes is to
normalized OC values to particle SA (Aller and BI€2006; Mayer, 1994a, 1994b). An
increase of OC/SA ratios in surface sedimentsilisobtserved seaward=(gure 4, Table 2).

The profiles of OC/SA ratio show the highest valaascores top followed by a decrease with
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depth until reaching a quite constant value ats@@tom. Interestingly, a sharp change of
the OC/SA ratio is observed on profiles of statidn and 9 under which they are quite
constant Figure 4), suggesting the presence of two distinct vertiaizons in the sediment
columns. These deposits stand out from most sedsnw@dnthe WGMP by a lower median
grain-size and a higher SAFiQure 5). Besides, we observed during slicing that these
sediments were visually different, i.e. darker amach stickier. These changes can be related
to a variation of sediments in term of sourcesgesa From these observations, we interpret
the sedimentary columns of cores 1, 6 and 9 aa (&) part where modern deposition occurs
and (2) a bottom part corresponding to old sedim@figure 4). In the rest of the text, the
two parts of these cores are respectively qualdtimodern” and “relic” deposits.

Table 2: Surface and bottom core OC contents (%) and OC&8A fmgOC rif). *For stations 1, 6 and 9 the bottom values
were taken at the base of modern sediments.

OC content (%) OC/SA (mgOC m?)
Stations (Depth)

Surface Bottom Surface Bottom
1(35m) 0.48  0.64* 0.97 0.57*
North 2 (47m)  0.70 0.56 114 0.71
3(55m) 1.15 1.02 142 0.96
8(62m)  1.08 1.01 1.43 1.04
4(69m)  1.53 1.25 1.49 0.98
6(37m) 0.36  0.61* 0.89 0.48*
South 7 (50m)  1.09 1.32 112 0.98
9(54m) 0.84  1.25¢ 1.34 1.07*

The OC/SA ratios at the base of modern sedimemts lwa more than twice depending on
stations and increase with bathymetry with value.5-0.6 mgOC i at stations 1 and 6,
0.6-0.9 mgOC M at station 2, and about 1.0 mgOC’ mt the otherRigure 4, Table 2).
Relic sediments at stations 1, 6 and 9 show quitdas OC/SA ratios of 0.42 + 0.04, 0.47 £
0.04 and 0.53 + 0.09 mgOCTmespectively Eigure 4).
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Figure 5: SA against median grain-size (a); Sediment OQeardragainst median grain-size (b) and SA (c). Cecossespond

to all the sediment samples, excluding the reliirsents (white circles; stations 1, 6 and 9).

4. Discussion

The sedimentary functioning of the WGMP was finsvastigated in the late 80s but its
capability to store organic carbon on a multi-decainscale remains still unknown. A
prerequisite of establishing estimates of orgaaiban burial rates and efficiencies was then
to update the present-day sedimentation ratesecdrtsa. The potential factors controlling the
spatial changes of OC burial rates and storageiafities are then discussed, and the
capability of the WGMP to store OC is comparedttteo continental shelfs.

4.1 Sedimentation in the WGMP

Sedimentary structures and sedimentation rateshe WGMP suggest a zonation of
sedimentary processes in several areas, whichr diffehydrodynamic intensity and the
constant or transient nature of deposits. The semliation appears to be episodic at stations 1,
6, 7 and 9i. In addition, stations 7 and 9i arerati@rized by massive but sporadic deposits.
The sedimentary sequences of interstratified samil st layers observed at the most
proximal stations 1 and 6 are hypothesized to leerdisult of alternations of fine particles
inputs during river floods and of sand inputs frthra adjacent continental shelf during storms
(Jouanneau et al., 1989; Lesueur et al., 2002; YWetba., 1991). The modern sedimentation
in the proximal area is related to the surface gdaykrs, silty deposits being merely seasonal
and resuspended during high hydrodynamic evenisa@iieeau et al., 1989; Lesueur et al.,
2001), resulting in the lowest SAR reported for tH&EMP (Table 1). According to literature,
relic deposits observed at these sites were datea 3000 (Jouanneau et al., 1989) to few
hundred years B.P. (Lesueur et al., 2002). The eteepd central areas are likely less
subjected to hydrodynamic forces (i.e., waves amdeats) and thus have higher SAR and
MAR (Figure 6, Table 1). %Ph profiles highlight a rather continuous fine sedinagtion on

the deepest stations of the northern (i.e., 3,84nand southern (i.e., 9) transects. SAR of
these sites lie a maximum of 0.47 + 0.05 crit pn the outer-central part of the area,
suggesting the presence of a depocenfegu(e 6, Table 1). The station 2 seems to
correspond to a transition area between the prdxaméthe distal part of the mud patch. It is
defined by a rather constant sedimentation intesgpeby episodic sandy inputs. Besides the
difference in laminae preservation among sitescatgis a variation of sediment dynamic.
Indeed, the laminae preservation at stations 1,n@& & suggests a high frequency of

resuspension/deposition events that prevent to rebséiological reworking whereas
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completely bioturbated facies are observed atldigites (i.e., 8 and 4). From these results, the
WGMP can be divided in three sedimentary areastwban be depicted as: (1) a proximal
area subjected to a high hydrodynamics with a ledireent deposition, (2) an outer-central
part with a rather constant sedimentation, andpé@¢hes where deposits seem massive but

sporadic.
4.2 Quantitative assessment of OC burial rateb&WGMP

Sedimentation intensity and sediment OC contentka@vn to influence OC storage in
sediments (Middelburg, 2019). Therefore, the zamatof sedimentary processes in the
WGMP as well as the offshore increase of surfacecO@ent Figure 6, Table 2) suggest

that organic carbon burial rates vary dependingreas.

Mean organic carbon burial rates (BR) were deteechiby multiplying the sediment mass

accumulation rate by the mean sediment OC contdhieabase of modern deposits (Berner,
1982; Masqué et al., 2002; Mayer, 1994a). The neady state of sedimentary processes at
stations 7 and 9i, precluded the calculation ofid@al rates at these sites. For stations 1 and
6 where the finest fraction is likely to be resusged during energetic events, burial rates

values must be considered as maximum values fdaghelecades.

On the northern transect, OC burial rates increasevard from 8 + 5 gC fyr™ at station 1

to almost constant values of about 44 - 45 g&ynT at depths deeper than 60 frable 2,
Figure 6). Indeed, despite the highest sediment OC contdrggation 4, OC burial rates are
equivalent at stations 4 and 8 owing to a higherRvi#&& station 8 {able 2, Figure 6). This
underlines that sediment accumulation intensityaisnajor controlling factor of organic
carbon sequestration on a multi-decennial scaldraady reported for other systems like the
Rhéne delta (Blair and Aller, 2012; Pastor et 2011), the Ganges-Brahmaputra Fan (Blair
and Aller, 2012), the Eel shelf (Leithold et alQ0%) and more widely for well-oxygenated
marine sediments (Blair and Aller, 2012; Canfidlei94). However, the fact that
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Figure 6: Median grain-size (a), sand (b) and organic cara) content of surface sediments, mass accuranlastes (c)
and OC burial rates at multi-decennial scales (a)naty water depth of stations along the northechthe southern transects
of the West Gironde Mud Patch.

OC burial rates are lower at station 2 in spitamfimportant MAR indicates that burial rates
also depend on OC content. It is indeed lower iatgtation Table 2) due to the presence of
coarser sediments. Organic carbon content at teke bamodern deposits is related to (1)

organic carbon inputs which are controlled by tyygetof sedimentation (sand versus mud)
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and to (2) the extent of organic matter degradafiiidelburg, 2019) whose quantification
is out the scope of this work. There are threemsedt sources to the WGMP: (1) the Gironde
estuary whose particles settle mainly in the cémind distal areas, (2) a biogenic production
in the water column, and (3) the adjacent contaleshelf which supplies sand during
energetic events (Jouanneau et al., 1989; Lesueair, 2002; Weber et al., 1991). On the
northern transect, the decrease of surface mediaim-gize and sand content seaward
indicates a decrease of hydrodynamic intensity wépth Figure 6). This suggests that the
type of sedimentation, and so organic matter inpate controlled by the hydrodynamic
intensity. Sand inputs which occur mainly in thexpmal area dilute the sedimentary organic
matter whereas higher OC contents are observetiendistal area where hydrodynamic
intensity is lower. This clearly shows that the amoof OC stored in the WGMP is

influenced by both the amount of sedimentary inpuig hydrodynamic intensity.
4.3 Quialitative comparison of OC burial efficiencyrect use of OC content and SA

The OC burial efficiency is typically assessed witle ratio of OC burial rates to inputs
(Burdige, 2007). As these inputs were not quantifirethis work, this quantitative approach is
ruled out. Nevertheless, the OC/SA ratio allowsualitptive assessment of organic carbon
burial efficiencies. Blair and Aller (2012) repadtehat this ratio can be used to define
different types of sedimentary environmerfsg(re 7). Briefly areas with enhanced organic
matter degradation because of frequent sedimenbbifization or low sedimentation rates
allowing a long oxygen exposure time are charamerby an OC/SA ratio <0.4 mgOC?m
On the opposite, an OC/SA > 1.0 mgOC neflects an environment with OC inputs higher
than loss through degradation (e.g. upwelling av-txygen areas). Intermediate values
between 0.4 and 1.0 mgOC“nare observed on river-suspended particles anddetiaic
shelf. In the West Gironde Mud Patch, values of &C/atios at the base of modern
sediments are typical of non-deltaic continentahsts [able 2, Figure 7), namely those
which do not receive high sedimentary inputs (B&id Aller, 2012; Mayer, 1994a). These
values indicate stable organic-mineral associatisiisch protect organic matter from
microbial decomposition and result in a lower oigamatter reactivity and availability for
degradation (Blair and Aller, 2012). This can bes da the supply of relatively refractory
organic matter from the Gironde (Etcheber et a80Q7) or to the degradation of organic
matter in the sediments of the WGMP until reactangOC/SA value from which the organic
carbon is less bioavailable. The increase seawB@QJSA ratios at the base of modern
sediments indicates an increase of OC storageiezfyg (Table 2, Figure 7). This is
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consistent with the decrease of hydrodynamic irgmghich controls the extent of sediment
resuspension. The higher hydrodynamic intensitprakimal sites (i.e., 1 and 6) promotes
thus sediment organic matter degradation (AlleQ819Aller and Blair, 2006; Yao et al.,
2014) and results in a low OC storage efficientcate 2, Figure 7). Conversely, OC storage
efficiencies are the highest in the central andatd/GMP. Interestingly, in spite of higher
OC burial rates at stations 8 and 4 than at st&jdhe three sites seem to be equally efficient
to store OCKigure 7). Since the OC contents in surface sedimentsighehat station 4, this
suggests that organic matter degradation is mdiegit at this station than at station 3. The
discrepancy between OC burial rates and efficiengieicates that factors controlling the
amount of organic carbon stored in sediments afferent than those controlling the
preservation efficiency. Therefore, if hydrodynanmtensity and the amount of sedimentary
inputs control the quantity of sequestrated OC, itibensity of organic matter degradation
may at least in part influence its storage efficienRegarding its efficiency to store OC,
station 2 can merely be considered as “intermedidtee OC storage at station 7 appears as
efficient as at the distal site§igure 7). This is likely due to the massive sedimentation
occurring at this station which limits the degraolatof organic matter. However, these
deposits may be only transients. Accordingly, igiste difficult to clearly determine from

this study if this storage is efficient on a muléeennial scale.
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Figure 7: Relationship of OC contents (%) against surfaeasiof sediments (SA;’ng?) at the base of modern and relic
(*) sediments of the West Gironde Mud Patch. Addfitem Blair and Aller (2012).

Relic deposits at stations 1 and 9 present lowetSBCatios than modern oneBidures 4
and7). A first explanation is to consider a longer cgatation duration. However, ratios of
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modern and relic deposits are equivalents at stafioLow and constant OC/SA ratios
(Figure 4) indicate that organic matter has been extensidelyraded and reached an OC
refractory background (Mayer, 1994b, 1994a). Thgportant degradation observed at
stations 1 and 6 is likely related to both degratatiuration of organic matter and intense

hydrodynamics in the inner WGMP.

The use of OC/SA ratios confirms a zonation of sedhitary processes in the WGMP as
previously argued on the base of sedimentationachernistics (description, intensity). This
could be described in terms of organic carbon ges: (1) a proximal part characterized by
a decimeter-thick modern layer with a relativelywl®C storage efficiency overlying relic
deposits, (2) a distal area which appears as tlyeefiicient zone for OC storage on a multi-
decennial scale, and (3) patches represented tigrstawhere apparent efficient OC storage
is likely related to massive sedimentation evemtseese qualitative estimates of OC burial
efficiencies confirm that the OC sequestration e WGMP depends in part on the
hydrodynamic intensity which controls sedimentateord resuspension processes. However,
other factors like the intensity of organic mattergradation seem influence OC storage

efficiency in the central and distal WGMP.
4.4 Comparison with other continental shelves

On the Northeast Atlantic margin, numerous sediomiegical and biogeochemical studies
have been conducted (Anschutz and Chaillou, 200@rlionnier et al., 2019; Herman et al.,
2001; Jouanneau et al., 2002; Mouret et al., 28bbmidt et al., 2009; van Weering et al.,
2002, 1998) but only few of them have focused @en@&C sequestration in sediments (Epping
et al., 2002; Mouret et al., 2010; van Weeringlgt2902, 1998). Studies conducted on other
areas of the Bay of Biscay margin (Mouret et 1@ and on the Celtic (van Weering et al.,
1998) and Iberian margins (van Weering et al., 20@8ow a comparison with organic
carbon burial rates obtained in the WGMP (this wdflable 3). There is a wide range of OC
burial rates from <0.5 gC fiyr* on the Celtic margin (van Weering et al., 19983403 gC
mZyr?! on the Iberian shelf (van Weering et al., 2002)cdlly, on the Bay of Biscay margin,
organic carbon burial rates decrease with incrgadepth, with the highest values observed
for the WGMP Table 3). These high OC burial rates are most likely duéhe proximity of

its main sediment source (i.e., the Gironde). Deepethe slope, the lower organic carbon
burial rates are associated with lower sedimemtataies Table 3, Mouret et al., 2010).
Besides, studies carried out on the Iberian shadf the Celtic margin (i.e., Epping et al.,
2002; van Weering et al., 2002, 1998) concluded, s for the WGMP, variations of OC

18



428
429
430

431
432
433
434
435
436
437
438
439
440
441
442
443
444
445

446
447

burial rates are related to variations of sedintenantensity. These comparisons highlight
that the WGMP is an area of the Northeast Atlantigrgin which stores relatively high

amount of organic carbon on a multi-decennial scale

At a global oceanic scale, Blair and Aller (2012parted and compared organic carbon burial
efficiencies of many RiOMars. However quantitatiestimates of OC burial rates on
continental shelves, where fine sedimentation a;ane mainly related to systems under the
influence of large rivers, with average values frd&3 gC rif yr* in the Bohai and Yellow
Seas (Hu et al., 2016) to 58.3 gCir in the Amazon deltaic shelf (Aller et al., 1996)
(Table 3). In addition, the spatial extent of these RiOM@rs., at least several thousand
square kilometers) makes them important areasrfyanic carbon storage (Aller et al., 1996;
Gordon et al., 2001; Hu et al., 2016; Qiao et2017; Sun et al., 2020). Although the WGMP
is one with the highest OC burial rates among tleti¢ast Atlantic margin systems, it
cannot be considered as a major sink of organicotaon a global oceanic scale due to its
small spatial extent (i.e., 420 km?).

Table 3: Mass accumulation rates and OC burial rates imssulis of (1) the West Gironde Mud Patch (this sfy@y the

Bay of Biscay (Mouret et al., 2010), (3) the GobamrSCeltic margin, Van Weering et al., 1998), (4¢ thherian Margin
(Van Weering etl., 2002), (5) the Gulf of Lions shelf (Accornezbal., 2003) and of (6) the Amazon deltaic shalfef et

al., 1996; Kuehl et al., 1986), the Bohai and Yell®aas (Hu et al., 2016), the Zhejiang-Fujian Mud&(East China Sea,

Sun et al., 2020), the inner Louisiana shelf (Gardbal., 2001). The most proximal sites of the WS{le., 1 and 6) are not
considered. *Average values of organic carbon buaizs.

Depth MAR OC burial rates References
L ocation
(m)  (mgcni®yr?) (9C m?yr?)
WGMP (Bay of Biscay) 47-69 237 - 486 28 - 45 This study
Bay of Biscay 550 78 7.32
Bay of Biscay 1000 36 2.52
Bay of Biscay 1250 44 2.4 Mouret et al. (2010)
Bay of Biscay 1500 7 0.45
Bay of Biscay 2000 14 0.96
Goban Spur 208 <5.8 >0.16 Van Weering et al. (1998)
Iberian Margin 104 204.2 34.30
Iberian Margin 123 208.9 9.00
Iberian Margin 199 150.1 7.09 Van Weering et al. (2002)
Iberian Margin 223 157.1 5.02
Iberian Margin 343 63.4 3.77
Gulf of Lions 87 230 19.0 Accornero et al. (2003)
Amazon deltaic shelf 9-53 100 - 6900 58.3* Aller et al. (1996), Kuehl et al. (1986)
Bohai and Yellow Seas 0-400 <100 - 7000 15.3* Hu et al. (2016)
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East China Sea 45.4 200 - 700 41.2* Sun et al. (2020)
Louisiana shelf 4-23 120 - 450 22.7* Gordon et al. (2001)

Conclusion

This study aimed to assess a first estimate of mcgearbon sequestration in the West
Gironde Mud Patch sediments. The amount of stoi@droreases seaward with a maximum
value of 45 gC i yr'. Beyond the quantification, sedimentary structues”%h profiles

as well as a qualitative comparison of the capgbilf each site to store OC allow to divide
the WGMP in several sedimentary sub-environmerity:a( proximal area where modern
deposits are a decimeter-thick layer with a reddyivow OC storage efficiency, (2) a distal
part with a relatively efficient OC storage and (&Yches where OC storage seems efficient,

at least temporarily.

The amount of OC sequestrated in sediments on &-dadennial scale is mainly related to
the amount of sedimentary inputs and to hydrodynamonditions which controls
sedimentation intensity and nature (i.e., mud v&and inputs). However other factors like
the intensity of organic matter degradation seeminftuence the efficiency of OC
preservation in sediments in the central and detahs. Further studies are therefore need to
define and quantify processes which can influeheegreservation in the West Gironde Mud
Patch on a multi-decennial scale but also on dihex scales (seasonal, inter-annual, multi-
secular). At the scale of the Northeast Atlantiacgirg the West Gironde Mud Patch appears
efficient in storing organic carbon but its conttilbon to the OC storage at larger scale
remains quite low because of its small surface. &leaertheless, considering all mud patches
of the Bay of Biscay continental shelf (e.g., Laafste Vasiere, the Basque Mud Patch), the
OC storage can be potentially significant at thethNétlantic scale. Accordingly, it appears
necessary to led further studies on these areaftoe their capabilities to store organic

carbon.
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Highlights

- TheWest Gironde Mud Patch can be divided in three deposition areas
- Organic carbon (OC) burial rates increase seaward with a maximum of 45 gC m? yr*
- Hydrodynamic seemsto control organic carbon buria at a multi-decennia scale

- OC burial rates and efficiencies vary depending on bathymetry
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