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Abstract :   
 
On the Bay of Biscay continental shelf, there are several mid-shelf mud patches including La Grande 
Vasière 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−1 ► 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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depth. This work highlights the likely control of hydrodynamic intensity and sedimentary 31 

inputs on the amount of OC stored in the WGMP sediments.  32 

Keywords: sediment accumulation rate, organic carbon burial, West Gironde Mud Patch, Bay 33 

of Biscay, continental shelf 34 

1. Introduction 35 

Organic carbon storage in marine sediments is recognized as a long-term sink for atmospheric 36 

carbon dioxide (Berner, 1990, 1982). Understanding the ocean carbon cycle and quantifying 37 

carbon storage in the oceans are therefore crucial for improving future climate scenarios 38 

(Blair and Aller, 2012; Burdige, 2007; Keil, 2017; Muller-Karger, 2005; Włodarska�39 

Kowalczuk et al., 2019). With about 90% of the modern organic carbon preservation 40 

occurring in Rivers-dominated Ocean Margins (RiOMars) systems (Hedges and Keil, 1995; 41 

McKee et al., 2004), special attention should be paid to these areas. Although three types of 42 

RiOMars have been defined by Blair and Aller (2012), it can be difficult to understand the 43 

nature of an individual system because of high spatial and temporal variability (McKee et al., 44 

2004). Owing to these variabilities, each RiOMar can be divided in several sub-environments 45 

where major organic carbon (OC) preservation controlling factors may be different (McKee et 46 

al., 2004). Moreover, most studies of RiOMars have focused on tropical systems whose 47 

results are difficult to translate to higher latitudes (Yao et al., 2014; Zhu et al., 2016). This 48 

explains why, in spite of numerous studies on RiOMars (e.g. Aller, 1998; Aller et al., 1996, 49 

1986; Aller and Blair, 2006; Blair and Aller, 2012; Deng et al., 2006; Kuzyk et al., 2017; 50 

McKee et al., 2004; Pastor et al., 2018, 2011; Yao et al., 2014; Zhu et al., 2013 and references 51 

therein), mechanisms controlling OC preservation in these environments as well as their 52 

carbon burial capabilities are not yet fully understood and quantified. 53 

On the Northeast Atlantic margin, the Bay of Biscay continental shelf extends over more than 54 

1000 km, from the Celtic to the North Iberian margins (Borja et al., 2019; Bourillet et al., 55 

2006; Schmidt et al., 2014). Surface shelf sediments are mainly sand. However on the shelf lie 56 

also several mid-shelf mud belts and patches including (1) “La Grande Vasière” to the north, 57 

(2) the West Gironde Mud Patch off the Gironde estuary and (3) the Basque Mud Patch in 58 

front of San Sebastian and Bayonne (Figure 1, Allen and Castaing, 1977; Jouanneau et al., 59 

2008, 1999; Lesueur et al., 2002). Overall they are of several meters thick and cover coarser 60 

substrate (Jouanneau et al., 1999, 1989; Lesueur et al., 2002, 2001). Mud belts and patches are 61 

found on many continental shelves around the world. Typically, they are bounded by dynamic 62 

sands on their landward side and are the result of river-derived sediment deposition in areas of 63 
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lower hydrodynamics (i.e., where waves and currents are more reduced on the seabed;  64 

McCave, 1972; Walsh and Nittrouer, 2009). Indeed, their mid-shelf location is directly related 65 

to the fact that higher-energy conditions at shallower depth closer to the coast preclude fine 66 

sediment accumulation (Dias et al., 2002; McCave, 1972; Walsh and Nittrouer, 2009). These 67 

areas are important for biogeochemical transformations and are known organic carbon sinks 68 

(McKee et al., 2004).  69 

    The West Gironde Mud Patch is particularly interesting because it is under the influence of 70 

the Gironde estuary which is the major source of fine sediments for the Bay of Biscay 71 

continental shelf (Constantin et al., 2018; Jouanneau et al., 1999, 1989; Lesueur et al., 2002, 72 

1996, 1991; Weber et al., 1991). Studies led in 1990’s have rather well defined its 73 

sedimentary functioning and suggested a control of sedimentation and resuspension processes 74 

by hydrodynamics (Jouanneau et al., 1989; Lesueur et al., 2002, 1991). Only few studies have 75 

focused on the WGMP biogeochemistry and ecology (i.e., Massé et al., 2016; Relexans et al., 76 

1992), and have performed too few measurements to characterize its sedimentological, 77 

biogeochemical and ecological functioning. This explains why the capability of the WGMP to 78 

store OC has not yet been estimated. The present study aims therefore to characterize 79 

sedimentation intensity and preferential areas of sediment accumulation in the WGMP to 80 

conduct a first estimate of OC burial rates and efficiencies along two cross-shelf bathymetric 81 

transects.  82 

 83 
Figure 1: (a) Map of the Bay of Biscay continental shelf with the locations of mud belts and patches: A - La Grande Vasière, 84 
B - The Gironde Mud Patches, and C - The Basque Mud Patch. (b) Map of the WGMP showing the location of sampling 85 
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stations (black circles).  The synoptic map of the West Gironde Mud Patch has been determined during the JERICOBENT-5-86 
TH cruise (Gillet and Deflandre, 2018) 87 

2. Material and methods 88 

2.1 Study site 89 

Formed during the Holocene by filling a depression interpreted as a paleo-valley (Lesueur et 90 

al., 2002, 1996), the West Gironde Mud Patch is a silty clay sedimentary patch located in the 91 

Bay of Biscay, about 15 km seaward of the Gironde estuary mouth (Jouanneau et al., 1989). It 92 

lies between 30 and 75 m depth with a surface of about 420 km² (Jouanneau et al., 1989; 93 

Lesueur et al., 1991; Massé et al., 2016). The WGMP is influenced by Gironde inputs 94 

(Constantin et al., 2018; Jouanneau et al., 1989; Lesueur et al., 2002), which are the highest 95 

during river floods (Constantin et al., 2018; Lesueur et al., 2002). On a historical scale, 96 

climatic fluctuations (e.g. the “Little Ice Age”) and anthropogenic activities like deforestation 97 

during the medieval period or estuary management since the XIXth century (e.g. dredging, 98 

channel hardening) seem to have modified sediment transport processes and therefore the 99 

amount of sediments exported to the shelf (Lesueur et al., 2002, 1996). Sediments are 100 

transported from the estuary to the WGMP in a benthic nepheloid layer and believed to be 101 

deposited in its deeper part (Weber et al., 1991). During their sedimentation, estuarine 102 

particles are mixed with biogenic material (e.g. diatoms) produced in the water column 103 

(Weber et al., 1991). In the proximal WGMP, sandy inputs from the adjacent continental shelf 104 

can be mixed with silt and clay sediments during storm events (Lesueur et al., 2002; Weber et 105 

al., 1991). 106 

2.2 Sampling  107 

The JERICOBENT-1 cruise took place in October - November 2016 on the R/V Côtes de la 108 

Manche (Deflandre, 2016). Undisturbed sediment cores were collected using a MC6 Octopus 109 

GmbH multicorer on two transects (Figure 1). The northern transect includes five stations (1, 110 

2, 3, 8 and 4), and the southern one has four stations (6, 7, 9 and 9i). At each site, three cores 111 

were used to characterize sedimentation. A sediment core (core A) was carefully extruded for 112 

radioisotope measurements, every 0.5 cm from the top core to 4 cm and every 1 cm below 113 

until the core bottom. A second core (core B) was sliced for organic carbon content and 114 

sediment surface area measurements every 0.5 cm over the first centimeter, every 1 cm until 5 115 

cm then every 2 cm until 21 cm and every 5 cm below. All the samples were immediately 116 

frozen aboard the ship and kept in the freezer until analysis. An additional sediment core was 117 
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preserved for X-ray imaging (core C), which was performed within a few days after sampling. 118 

Due to the thinness of the mud, station 9i was only sampled for radioisotope measurements 119 

before repositioning the vessel. 120 

2.2 Physical characteristics of sediments 121 

Radiographical images which provide a continuous record of sedimentary structures were 122 

performed on a longitudinal section of the preserved sediment core using an X-ray imaging 123 

system (SCOPIX). Images recorded were converted in 8 bits to bring out sedimentary 124 

structures at high resolution (Lofi and Werber, 2001). Dry bulk density (DBD) was calculated 125 

on core A by comparing sediment weight before and after drying at 60°C according to the 126 

following expression: DBD = (1-(Vw/(Vw+Vs))*ρ with Vw and Vs respectively volumes of 127 

water and particles in the sample and ρ, particle density (i.e., 2.65 g cm-3). Sediment grain-128 

size was measured on cores A and B using a Malvern Mastersizer 2000 laser diffraction 129 

particle size analyzer. The grain-size distributions being unimodal with the exception of three 130 

samples within sandy layers (i.e. cores B, St. 1: 0.5-1 cm, 1-1.5 cm; St. 4: 20-22 cm), median 131 

grain-size (D50) and sand content were used as grain-size descriptors. 132 

2.3 Radionuclide analysis  133 

The sedimentation framework was determined based on 210Pb. 210Pb (T1/2 = 22.3 years) is a 134 

naturally-occurring radionuclide continuously delivered by atmospheric fallout and in situ 135 

production. This 210Pb, readily scavenged by the particulate phase in the water column and 136 

deposited at the seabed by sedimentation, is referred to as 210Pb in excess (210Pbxs) of that 137 

found within sediment due to the decay of its parent isotope, 226Ra. Radionuclide activities 138 

(210Pb, 226Ra) were measured using a high-efficiency, broad energy gamma detector equipped 139 

with a Cryo-Cycle II (Mirion). The γ detector is calibrated using IAEA certified materials 140 

(RGU-1). Errors on activities are based on standard deviation counting statistics. Excess 210Pb 141 

activities were calculated by subtracting the activity supported by its parent, 226Ra, from the 142 

total 210Pb activity in the sediment. Sediment layers were measured downcore until reaching 143 

negligible 210Pbxs activities or the bottom of the core. Sediment and mass accumulation rates 144 

(SAR and MAR, respectively) were calculated below the mixed layers from the slope of the 145 
210Pbxs profiles against depth and cumulative mass, respectively, using the CF:CS (constant 146 

flux and constant sedimentation) model. 147 

It must be noted that 137Cs could be also detected during the same counting sessions. The 148 

occurrence of 137Cs (T1/2 = 30 years), an artificial radionuclide, is primarily the result of the 149 
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nuclear weapon test fallout in the early 1960s. In coastal sediments, its detection is an 150 

indicator of sediment deposited since 1950. 137Cs activities present low to negligible activities 151 

in WGMP sediments, and are not presented in this work. Data (radionuclides, grain-size, dry 152 

bulk density) are openly available in a public repository that issues datasets with DOIs 153 

(Schmidt, 2020). 154 

2.4 Particulate organic carbon 155 

OC content was measured on freeze-dried pre-weighed sediments using a LECO CS 200. In 156 

order to remove carbonates before analysis, an aliquot of about 100 mg was acidified with 157 

HCl 2M and dried at 50°C (Cauwet et al., 1990; Etcheber et al., 1999). Sample was then 158 

introduced into a furnace where particulate OC combustion produced carbon dioxide which 159 

was quantitatively dosed by infrared absorption (Etcheber et al., 1999). The reproducibility of 160 

replicated analyses was better than 5%. 161 

Organic carbon contents were normalized to surface area of sediments (SA, expressed in m2 g-162 
1) to minimize variations due strictly to grain-size changes (Hedges and Keil, 1995; Mayer, 163 

1994a). A subsample of freeze-dried sediments was first homogenized and degassed 164 

overnight at 150°C. SA was then assessed using a Gemini® VII Surface Area Analyzer 165 

(2390a model; Micromeritics®) by a multi-point BET method (Aller and Blair, 2006; Mayer, 166 

1994a).  167 

2.5 Statistical treatment  168 

The significance of correlations between median grain-size and surface area of the sediments 169 

and between surface area and organic carbon content was assessed using a Spearman’s rank 170 

correlation coefficient. These analyses were run with the software SigmaPlot version 14. 171 

3. Results   172 

3.1 Physical characteristics of sediments and sedimentary structures 173 

Sedimentary environments vary in the WGMP. Indeed, although sediments are mainly silt and 174 

clay with a median grain-size of 15-20 µm, some peripheral stations (i.e., 1, 6 and 7) have 175 

deposits of varying silty and sandy sediments (Figure 2). At these sites, median grain-size is 176 

higher than 20 µm in some layers of higher sand content (>6%, Figure 2). Moreover, the base 177 

of these layers is characterized by an erosive contact. The two most proximal stations (i.e., 1 178 

and 6) stand out by having a sandy layer on core top. Based on the grain-size profiles and X-179 

ray images, the thickness of this layer varies from 1 to 4 cm at station 1 depending on cores, 180 
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 7  
 

which indicates a high spatial variability in the proximal area. Below this surface layer, 181 

median grain-size is rather constant with depth but finer than the size measured at other sites, 182 

with values around 12 and 10 µm at stations 1 and 6, respectively. Interestingly, similar finer 183 

sediments are observed at station 9 from a depth of 17 cm. X-ray images also highlight the 184 

presence of thin sandy layers at the shallowest stations (i.e., 1, 2, 3, 6, and 7) which become 185 

less frequent with increasing depth (Figure 2).  186 

The dry bulk density increases in depth on cores with a rather constant grain-size (e.g. stations 187 

8 and 4, Figure 2) as usually observed in interface sediments because of sediment 188 

compaction. On the contrary, DBD profiles show variations, usually related to sandy layers, 189 

on cores 1, 2, 6, 7 and 9i. These laminae are well preserved in the proximal area (i.e., stations 190 

1 and 6) and at station 7 compared to more distal sites (i.e., 8 and 4) where sediments are 191 

homogeneous. The station 9i, at the end of the southern transect is different from the other; it 192 

is characterized by a mud deposit of about 14 cm covering a medium sand substratum (Figure 193 

2).  194 
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 195 

Figure 2: Sedimentary structures: X-ray images and profiles of dry bulk density and median grain-size with depth of cores 196 
collecting along the northern (left) and southern (right) transects. The red line defines the background grain-size (~20 µm), 197 
and in some cases higher sand content is observed (>6%).  198 
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3.2 210Pb profiles in interface sediments 199 

Along the two depth transects, surface excess 210Pb ranged between 24 and 111 mBq-1, 200 

increasing with depth (Figure 3). However, the small difference of depth among sites 201 

(affecting water column production) cannot account for such low activities at sites 1 and 6. 202 

Rather, the lower activities are likely due to dilution by sand. There are three types of 210Pbxs 203 

profiles. The first group corresponds to the proximal stations 1 and 6. The two most proximal 204 

stations present low surface activities, associated with sand, and a rapid activities decrease 205 

with depth to reach almost supported levels at about 10-15 cm. These profiles reflect rather 206 

low mean apparent sediment and mass accumulation rates, about 0.1-0.2 cm yr-1 and < 200 207 

mg cm-2 yr-1 (Table 1). The second group includes stations 7 and 9i along the southern 208 

transect, and to a less extent station 2 in the north. The cores present evidence of 209 

heterogeneities with depth, as revealed by X-ray images, grain-size and dry bulk density 210 

(Figure 2, see section 3.1). Such changes in the sediment are likely to impact the 210Pbxs 211 

activities and are not related to decay. These deep penetration of 210Pbxs with depth in the 212 

sediment associated with a low activity decrease could reflect massive deposition events. The 213 

last group corresponds to cores of the WGMP outer and deepest area, on the north stations 3, 214 

8, and 4 and on the south station 9. At these stations, 210Pbxs profiles present a surface mixed 215 

layer, followed by a penetration at depths deeper to 25-30 cm. The mixed layer is comprised 216 

from 3-4 cm at stations 3 and 8 to 8-9 cm at station 4, indicating an increase of its thickness 217 

with depth. Sediment and mass accumulation rates range between 0.29 to 0.47 cm yr-1 and 218 

237 to 438 mg cm-2 yr-1. Along the northern transect, the highest SARs and MARs are 219 

observed at mid-depths (around 50 m). These results are consistent with the outcome of a first 220 

investigation of the WGMP sedimentation, based on less vertically-detailed 210Pbxs profiles 221 

established on cores sampled in 1995 (Lesueur et al., 2001). 222 

Jo
urn

al 
Pre-

pro
of



 10  
 

 223 

Figure 3: Depth profiles of 210Pbxs activity for all the sediment cores collected in the West Gironde Mud Patch in fall 2016. 224 
Next to the core label, numbers are the water depth at which the cores were collected. Errors bars correspond to 1 SD. The 225 
grey rectangle indicates the length of the core. 226 

Table 1: Mean bottom OC contents, sediment (SAR) and mass (MAR) accumulation rates calculated from 210Pbxs profiles 227 
and calculated OC burial rates at nine sites of the West Gironde Mud Patch. For stations 1, 6 and 9, the bottom OC values 228 
were taken at the base of modern sediments (see Figure 4) 229 

Transect Stations 
Lat. Long. Depth Bottom OC 

n = 
SAR MAR OC burial 

rates 

°N °E m % cm yr-1 mg cm-2 yr-1 gC m-2 yr-1 

North 

1 45°45'38" - 1°31'41" 35 0.64 ± 0.03* 1 0.14 ± 0.08** 126 ± 73** 8 ± 5** 

2 45°43'45" - 1°37'57" 47 0.66 ± 0.20 5 0.48 ± 0.09** 486 ± 89** 32 ± 16 

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 0.41 ± 0.07 338 ± 56 44 ± 9 

South 

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*** - 

9 45°35'54" - 1°40'9" 54 1.17 ± 0.10 3 0.29 ± 0.03 237 ± 22 28 ± 5 

9i 45°31'25" - 1°45'20" 63 - - 2.83*** 1413*** - 

 *analytical incertitude 
** apparent maximum SAR, MAR and OC burial rates, presence of sandy layers 

 *** indicative maximum SAR and MAR - not suitable for calculations 
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3.3 Sedimentary organic carbon 230 

Surface organic carbon contents increase seaward from 0.5 to 1.5% (Table 2, Figure 4) as 231 

previously reported (Massé et al., 2016; Relexans et al., 1992). Depth OC profiles present 232 

different patterns depending on sites as reported for 210Pbxs. Profiles at stations 3 and 8 present 233 

the highest values of OC at the core top which remain rather constant in the mixed layer and 234 

then decrease in depth. This pattern is different for stations 1, 2, 6 and 7 which show more 235 

erratic profiles where the lowest OC values appear to be associated with sandy layers (Figure 236 

4). Mayer (1994a) demonstrated that the relation between OC content and grain-size is related 237 

to the adsorption of organic matter on particles, and this can be reinterpreted in terms of the 238 

surface area of sediments. Typically, larger-sized particles such as sands have a smaller 239 

surface area than smaller-sized particles such as clays. Less organic matter is therefore 240 

adsorbed on sandy sediments than on muddy ones. These patterns are observed for the whole 241 

WGMP with significant correlations between grain-size and SA (p-value<0.01, Figure 5a) 242 

and between SA and OC content (p-value<0.01 for the two slopes, Figure 5c), indicating that 243 

the sediment OC content is at least partly controlled by the grain-size and surface area of 244 

particles. 245 

 246 

Figure 4: Vertical distributions of OC content (%) and OC/SA ratio (mgOC m-2) in sediment cores collected in the West 247 
Gironde Mud Patch. The yellow stripes indicate the position of noticeable sandy layers. Dashed lines represent the limit 248 
between modern and relic deposits.  249 

A classical way to minimize OC content variations strictly related to grain-size changes is to 250 

normalized OC values to particle SA (Aller and Blair, 2006; Mayer, 1994a, 1994b). An 251 

increase of OC/SA ratios in surface sediments is still observed seaward (Figure 4, Table 2). 252 

The profiles of OC/SA ratio show the highest values on cores top followed by a decrease with 253 
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depth until reaching a quite constant value at cores bottom. Interestingly, a sharp change of 254 

the OC/SA ratio is observed on profiles of stations 1, 6 and 9 under which they are quite 255 

constant (Figure 4), suggesting the presence of two distinct vertical horizons in the sediment 256 

columns. These deposits stand out from most sediments of the WGMP by a lower median 257 

grain-size and a higher SA (Figure 5). Besides, we observed during slicing that these 258 

sediments were visually different, i.e. darker and much stickier. These changes can be related 259 

to a variation of sediments in term of sources or ages. From these observations, we interpret 260 

the sedimentary columns of cores 1, 6 and 9 as (1) a top part where modern deposition occurs 261 

and (2) a bottom part corresponding to old sediments (Figure 4). In the rest of the text, the 262 

two parts of these cores are respectively qualified as “modern” and “relic” deposits. 263 

Table 2: Surface and bottom core OC contents (%) and OC/SA ratio (mgOC m-2). *For stations 1, 6 and 9 the bottom values 264 
were taken at the base of modern sediments. 265 

Stations (Depth) 
OC content (%) OC/SA (mgOC m-2) 

Surface Bottom Surface Bottom 

 
1 (35m) 0.48 0.64* 0.97 0.57* 

North 2 (47m) 0.70 0.56 1.14 0.71 

 
3 (55m) 1.15 1.02 1.42 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 1.12 0.98 

 
9 (54m) 0.84 1.25* 1.34 1.07* 

 266 

The OC/SA ratios at the base of modern sediments vary by more than twice depending on 267 

stations and increase with bathymetry with values of 0.5-0.6 mgOC m-2 at stations 1 and 6, 268 

0.6-0.9 mgOC m-2 at station 2, and about 1.0 mgOC m-2 at the other (Figure 4, Table 2). 269 

Relic sediments at stations 1, 6 and 9 show quite similar OC/SA ratios of 0.42 ± 0.04, 0.47 ± 270 

0.04 and 0.53 ± 0.09 mgOC m-2
,
 respectively (Figure 4). 271 

 272 
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Figure 5: SA against median grain-size (a); Sediment OC content against median grain-size (b) and SA (c). Cross correspond 273 
to all the sediment samples, excluding the relic sediments (white circles; stations 1, 6 and 9). 274 

4. Discussion 275 

The sedimentary functioning of the WGMP was first investigated in the late 80s but its 276 

capability to store organic carbon on a multi-decennial scale remains still unknown. A 277 

prerequisite of establishing estimates of organic carbon burial rates and efficiencies was then 278 

to update the present-day sedimentation rates of the area. The potential factors controlling the 279 

spatial changes of OC burial rates and storage efficiencies are then discussed, and the 280 

capability of the WGMP to store OC is compared to other continental shelfs. 281 

4.1 Sedimentation in the WGMP 282 

Sedimentary structures and sedimentation rates in the WGMP suggest a zonation of 283 

sedimentary processes in several areas, which differ by hydrodynamic intensity and the 284 

constant or transient nature of deposits. The sedimentation appears to be episodic at stations 1, 285 

6, 7 and 9i. In addition, stations 7 and 9i are characterized by massive but sporadic deposits. 286 

The sedimentary sequences of interstratified sand and silt layers observed at the most 287 

proximal stations 1 and 6 are hypothesized to be the result of alternations of fine particles 288 

inputs during river floods and of sand inputs from the adjacent continental shelf during storms 289 

(Jouanneau et al., 1989; Lesueur et al., 2002; Weber et al., 1991). The modern sedimentation 290 

in the proximal area is related to the surface sandy layers, silty deposits being merely seasonal 291 

and resuspended during high hydrodynamic events (Jouanneau et al., 1989; Lesueur et al., 292 

2001), resulting in the lowest SAR reported for the WGMP (Table 1). According to literature, 293 

relic deposits observed at these sites were dated from 3000 (Jouanneau et al., 1989) to few 294 

hundred years B.P. (Lesueur et al., 2002). The deeper and central areas are likely less 295 

subjected to hydrodynamic forces (i.e., waves and currents) and thus have higher SAR and 296 

MAR  (Figure 6, Table 1). 210Pbxs profiles highlight a rather continuous fine sedimentation on 297 

the deepest stations of the northern (i.e., 3, 8 and 4) and southern (i.e., 9) transects. SAR of 298 

these sites lie a maximum of 0.47 ± 0.05 cm yr-1 on the outer-central part of the area, 299 

suggesting the presence of a depocenter (Figure 6, Table 1). The station 2 seems to 300 

correspond to a transition area between the proximal and the distal part of the mud patch. It is 301 

defined by a rather constant sedimentation interspersed by episodic sandy inputs. Besides the 302 

difference in laminae preservation among sites indicates a variation of sediment dynamic. 303 

Indeed, the laminae preservation at stations 1, 6 and 7 suggests a high frequency of 304 

resuspension/deposition events that prevent to observe biological reworking whereas 305 
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completely bioturbated facies are observed at distal sites (i.e., 8 and 4). From these results, the 306 

WGMP can be divided in three sedimentary areas which can be depicted as: (1) a proximal 307 

area subjected to a high hydrodynamics with a low sediment deposition, (2) an outer-central 308 

part with a rather constant sedimentation, and (3) patches where deposits seem massive but 309 

sporadic. 310 

4.2 Quantitative assessment of OC burial rates in the WGMP 311 

Sedimentation intensity and sediment OC content are known to influence OC storage in 312 

sediments (Middelburg, 2019). Therefore, the zonation of sedimentary processes in the 313 

WGMP as well as the offshore increase of surface OC content (Figure 6, Table 2) suggest 314 

that organic carbon burial rates vary depending on areas. 315 

Mean organic carbon burial rates (BR) were determined by multiplying the sediment mass 316 

accumulation rate by the mean sediment OC content at the base of modern deposits (Berner, 317 

1982; Masqué et al., 2002; Mayer, 1994a). The non-steady state of sedimentary processes at 318 

stations 7 and 9i, precluded the calculation of OC burial rates at these sites. For stations 1 and 319 

6 where the finest fraction is likely to be resuspended during energetic events, burial rates 320 

values must be considered as maximum values for the last decades. 321 

On the northern transect, OC burial rates increase seaward from 8 ± 5 gC m-2 yr-1 at station 1 322 

to almost constant values of about 44 - 45 gC m-2 yr-1 at depths deeper than 60 m (Table 2, 323 

Figure 6). Indeed, despite the highest sediment OC contents at station 4, OC burial rates are 324 

equivalent at stations 4 and 8 owing to a higher MAR at station 8 (Table 2, Figure 6). This 325 

underlines that sediment accumulation intensity is a major controlling factor of organic 326 

carbon sequestration on a multi-decennial scale as already reported for other systems like the 327 

Rhône delta (Blair and Aller, 2012; Pastor et al., 2011), the Ganges-Brahmaputra Fan (Blair 328 

and Aller, 2012), the Eel shelf (Leithold et al., 2005) and more widely for well-oxygenated 329 

marine sediments (Blair and Aller, 2012; Canfield, 1994). However, the fact that  330 
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 331 

Figure 6: Median grain-size (a), sand (b) and organic carbon (d) content of surface sediments, mass accumulation rates (c) 332 
and OC burial rates at multi-decennial scales (e) against water depth of stations along the northern and the southern transects 333 
of the West Gironde Mud Patch. 334 

OC burial rates are lower at station 2 in spite of an important MAR indicates that burial rates 335 

also depend on OC content. It is indeed lower at this station (Table 2) due to the presence of 336 

coarser sediments. Organic carbon content at the base of modern deposits is related to (1) 337 

organic carbon inputs which are controlled by the type of sedimentation (sand versus mud) 338 
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and to (2) the extent of organic matter degradation (Middelburg, 2019) whose quantification 339 

is out the scope of this work. There are three sediment sources to the WGMP: (1) the Gironde 340 

estuary whose particles settle mainly in the central and distal areas, (2) a biogenic production 341 

in the water column, and (3) the adjacent continental shelf which supplies sand during 342 

energetic events (Jouanneau et al., 1989; Lesueur et al., 2002; Weber et al., 1991). On the 343 

northern transect, the decrease of surface median grain-size and sand content seaward 344 

indicates a decrease of hydrodynamic intensity with depth (Figure 6). This suggests that the 345 

type of sedimentation, and so organic matter inputs, are controlled by the hydrodynamic 346 

intensity. Sand inputs which occur mainly in the proximal area dilute the sedimentary organic 347 

matter whereas higher OC contents are observed in the distal area where hydrodynamic 348 

intensity is lower. This clearly shows that the amount of OC stored in the WGMP is 349 

influenced by both the amount of sedimentary inputs and hydrodynamic intensity. 350 

4.3 Qualitative comparison of OC burial efficiency: direct use of OC content and SA 351 

The OC burial efficiency is typically assessed with the ratio of OC burial rates to inputs 352 

(Burdige, 2007). As these inputs were not quantified in this work, this quantitative approach is 353 

ruled out. Nevertheless, the OC/SA ratio allows a qualitative assessment of organic carbon 354 

burial efficiencies. Blair and Aller (2012) reported that this ratio can be used to define 355 

different types of sedimentary environments (Figure 7). Briefly areas with enhanced organic 356 

matter degradation because of frequent sediment remobilization or low sedimentation rates 357 

allowing a long oxygen exposure time are characterized by an OC/SA ratio <0.4 mgOC m-2. 358 

On the opposite, an OC/SA > 1.0 mgOC m-2 reflects an environment with OC inputs higher 359 

than loss through degradation (e.g. upwelling or low-oxygen areas). Intermediate values 360 

between 0.4 and 1.0 mgOC m-2 are observed on river-suspended particles and non-deltaic 361 

shelf. In the West Gironde Mud Patch, values of OC/SA ratios at the base of modern 362 

sediments are typical of non-deltaic continental shelves (Table 2, Figure 7), namely those 363 

which do not receive high sedimentary inputs (Blair and Aller, 2012; Mayer, 1994a). These 364 

values indicate stable organic-mineral associations which protect organic matter from 365 

microbial decomposition and result in a lower organic matter reactivity and availability for 366 

degradation (Blair and Aller, 2012). This can be due to the supply of relatively refractory 367 

organic matter from the Gironde (Etcheber et al., 2007) or to the degradation of organic 368 

matter in the sediments of the WGMP until reaching an OC/SA value from which the organic 369 

carbon is less bioavailable. The increase seaward of OC/SA ratios at the base of modern 370 

sediments indicates an increase of OC storage efficiency (Table 2, Figure 7). This is 371 
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consistent with the decrease of hydrodynamic intensity which controls the extent of sediment 372 

resuspension. The higher hydrodynamic intensity at proximal sites (i.e., 1 and 6) promotes 373 

thus sediment organic matter degradation (Aller, 1998; Aller and Blair, 2006; Yao et al., 374 

2014) and results in a low OC storage efficiency (Table 2, Figure 7). Conversely, OC storage 375 

efficiencies are the highest in the central and distal WGMP. Interestingly, in spite of higher 376 

OC burial rates at stations 8 and 4 than at station 3, the three sites seem to be equally efficient 377 

to store OC (Figure 7). Since the OC contents in surface sediments are higher at station 4, this 378 

suggests that organic matter degradation is more efficient at this station than at station 3. The 379 

discrepancy between OC burial rates and efficiencies indicates that factors controlling the 380 

amount of organic carbon stored in sediments are different than those controlling the 381 

preservation efficiency. Therefore, if hydrodynamic intensity and the amount of sedimentary 382 

inputs control the quantity of sequestrated OC, the intensity of organic matter degradation 383 

may at least in part influence its storage efficiency. Regarding its efficiency to store OC, 384 

station 2 can merely be considered as “intermediate”. The OC storage at station 7 appears as 385 

efficient as at the distal sites (Figure 7). This is likely due to the massive sedimentation 386 

occurring at this station which limits the degradation of organic matter. However, these 387 

deposits may be only transients. Accordingly, it is quite difficult to clearly determine from 388 

this study if this storage is efficient on a multi-decennial scale. 389 

 390 

Figure 7:  Relationship of OC contents (%) against surface areas of sediments (SA; m2 g-1) at the base of modern and relic 391 
(*) sediments of the West Gironde Mud Patch. Adapted from Blair and Aller (2012).  392 

Relic deposits at stations 1 and 9 present lower OC/SA ratios than modern ones (Figures 4 393 

and 7). A first explanation is to consider a longer degradation duration. However, ratios of 394 
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modern and relic deposits are equivalents at station 6. Low and constant OC/SA ratios 395 

(Figure 4) indicate that organic matter has been extensively degraded and reached an OC 396 

refractory background (Mayer, 1994b, 1994a). This important degradation observed at 397 

stations 1 and 6 is likely related to both degradation duration of organic matter and intense 398 

hydrodynamics in the inner WGMP.  399 

The use of OC/SA ratios confirms a zonation of sedimentary processes in the WGMP as 400 

previously argued on the base of sedimentation characteristics (description, intensity). This 401 

could be described in terms of organic carbon storage as: (1) a proximal part characterized by 402 

a decimeter-thick modern layer with a relatively low OC storage efficiency overlying relic 403 

deposits, (2) a distal area which appears as the only efficient zone for OC storage on a multi-404 

decennial scale, and (3) patches represented by station 7 where apparent efficient OC storage 405 

is likely related to massive sedimentation events. These qualitative estimates of OC burial 406 

efficiencies confirm that the OC sequestration in the WGMP depends in part on the 407 

hydrodynamic intensity which controls sedimentation and resuspension processes. However, 408 

other factors like the intensity of organic matter degradation seem influence OC storage 409 

efficiency in the central and distal WGMP.   410 

4.4 Comparison with other continental shelves  411 

On the Northeast Atlantic margin, numerous sedimentological and biogeochemical studies 412 

have been conducted (Anschutz and Chaillou, 2009; Charbonnier et al., 2019; Herman et al., 413 

2001; Jouanneau et al., 2002; Mouret et al., 2010; Schmidt et al., 2009; van Weering et al., 414 

2002, 1998) but only few of them have focused on the OC sequestration in sediments (Epping 415 

et al., 2002; Mouret et al., 2010; van Weering et al., 2002, 1998). Studies conducted on other 416 

areas of the Bay of Biscay margin (Mouret et al., 2010) and on the Celtic (van Weering et al., 417 

1998) and Iberian margins (van Weering et al., 2002), allow a comparison  with organic 418 

carbon burial rates obtained in the WGMP (this work) (Table 3). There is a wide range of OC 419 

burial rates from <0.5 gC m-2 yr-1 on the Celtic margin (van Weering et al., 1998) to 34.3 gC 420 

m-2 yr-1 on the Iberian shelf (van Weering et al., 2002). Locally, on the Bay of Biscay margin, 421 

organic carbon burial rates decrease with increasing depth, with the highest values observed 422 

for the WGMP (Table 3). These high OC burial rates are most likely due to the proximity of 423 

its main sediment source (i.e., the Gironde). Deeper on the slope, the lower organic carbon 424 

burial rates are associated with lower sedimentation rates (Table 3, Mouret et al., 2010). 425 

Besides, studies carried out on the Iberian shelf and the Celtic margin (i.e., Epping et al., 426 

2002; van Weering et al., 2002, 1998) concluded that, as for the WGMP, variations of OC 427 
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burial rates are related to variations of sedimentation intensity. These comparisons highlight 428 

that the WGMP is an area of the Northeast Atlantic margin which stores relatively high 429 

amount of organic carbon on a multi-decennial scale. 430 

At a global oceanic scale, Blair and Aller (2012) reported and compared organic carbon burial 431 

efficiencies of many RiOMars. However quantitative estimates of OC burial rates on 432 

continental shelves, where fine sedimentation occurs, are mainly related to systems under the 433 

influence of large rivers, with average values from 15.3 gC m-2 yr-1 in the Bohai and Yellow 434 

Seas (Hu et al., 2016) to 58.3 gC m-2 yr-1  in the Amazon deltaic shelf (Aller et al., 1996) 435 

(Table 3). In addition, the spatial extent of these RiOMars (i.e., at least several thousand 436 

square kilometers)  makes them important areas for organic carbon storage (Aller et al., 1996; 437 

Gordon et al., 2001; Hu et al., 2016; Qiao et al., 2017; Sun et al., 2020). Although the WGMP 438 

is one with the highest OC burial rates among the Northeast Atlantic margin systems, it 439 

cannot be considered as a major sink of organic carbon on a global oceanic scale due to its 440 

small spatial extent (i.e., 420 km²).  441 

Table 3: Mass accumulation rates and OC burial rates in sediments of (1) the West Gironde Mud Patch (this study) (2) the 442 
Bay of Biscay (Mouret et al., 2010), (3) the Goban Spur (Celtic margin, Van Weering et al., 1998), (4) the Iberian Margin 443 
(Van Weering et al., 2002), (5) the Gulf of Lions shelf (Accornero et al., 2003) and of (6) the Amazon deltaic shelf (Aller et 444 
al., 1996; Kuehl et al., 1986), the Bohai and Yellow Seas (Hu et al., 2016), the Zhejiang-Fujian Mud Zone (East China Sea, 445 
Sun et al., 2020), the inner Louisiana shelf (Gordon et al., 2001). The most proximal sites of the WGMP (i.e., 1 and 6) are not 446 
considered. *Average values of organic carbon burial rates. 447 

Location  
Depth MAR OC burial rates References 

(m) (mg cm-2 yr-1) (gC m-2 yr-1)   

WGMP (Bay of Biscay) 47 - 69 237 - 486 28 - 45 This study 

Bay of Biscay 550 78 7.32 

Mouret et al. (2010) 

Bay of Biscay 1000 36 2.52 

Bay of Biscay 1250 44 2.4 

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 

Van Weering et al. (2002) 

Iberian Margin 123 208.9 9.00 

Iberian Margin 199 150.1 7.09 

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 448 

This study aimed to assess a first estimate of organic carbon sequestration in the West 449 

Gironde Mud Patch sediments. The amount of stored OC increases seaward with a maximum 450 

value of 45 gC m-2 yr-1. Beyond the quantification, sedimentary structures and 210Pbxs profiles 451 

as well as a qualitative comparison of the capability of each site to store OC allow to divide 452 

the WGMP in several sedimentary sub-environments: (1) a proximal area where modern 453 

deposits are a decimeter-thick layer with a relatively low OC storage efficiency, (2) a distal 454 

part with a relatively efficient OC storage and (3) patches where OC storage seems efficient, 455 

at least temporarily.  456 

The amount of OC sequestrated in sediments on a multi-decennial scale is mainly related to 457 

the amount of sedimentary inputs and to hydrodynamic conditions which controls 458 

sedimentation intensity and nature (i.e., mud versus sand inputs). However other factors like 459 

the intensity of organic matter degradation seem to influence the efficiency of OC 460 

preservation in sediments in the central and distal areas. Further studies are therefore need to 461 

define and quantify processes which can influence this preservation in the West Gironde Mud 462 

Patch on a multi-decennial scale but also on other time scales (seasonal, inter-annual, multi-463 

secular). At the scale of the Northeast Atlantic margin, the West Gironde Mud Patch appears 464 

efficient in storing organic carbon but its contribution to the OC storage at larger scale 465 

remains quite low because of its small surface area. Nevertheless, considering all mud patches 466 

of the Bay of Biscay continental shelf (e.g., La Grande Vasière, the Basque Mud Patch), the 467 

OC storage can be potentially significant at the North-Atlantic scale. Accordingly, it appears 468 

necessary to led further studies on these areas to define their capabilities to store organic 469 

carbon.  470 
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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-1 

- 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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