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Abstract :   
 
Carbon and silicon cycles at the Earth surface are linked to long-term variations of atmospheric CO2 and 
oceanic primary production. In these cycles, the river-sea interface is considered a biogeochemical 
hotspot, and deltas presently receive and preserve a major fraction of riverine particles in shallow water 
sediments. In contrast, periods of glacial maximum lowstand were characterized by massive exports of 
sediments to the deep-sea via submarine canyons and accumulation in deep-sea fans. Here, we calculate 
present-day mass balances for organic carbon (OC) and amorphous silica (aSi) in the terminal lobe 
complex of the Congo River deep-sea fan as an analogue for glacial periods. We show that this lobe 
complex constitutes a megasink with the current accumulation of 18 and 35% of the OC and aSi river 
input, respectively. This increases the estimates of organic carbon burial by 19% in the South Atlantic 
Ocean in a zone representing less than 0.01% of the basin. These megasinks might have played a role 
in carbon trapping in oceanic sediments during glacial times. 
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Highlights 

► Sediments located at the termination of Congo Canyon are a megasink of organic carbon (0.35 TgC/yr) 
and aSi (0.11 TgSi/yr). ► These sediments store in the deep-sea at 5 km depth 18 and 35% of Congo 
River OC and amorphous silica inputs, respectively. ► OC burial in these sediments increases OC burial 
in the South Atlantic deep basin (>3000m) by 19% for a surface area <0.01%. ► Burial efficiencies in this 
megasink are 85% for OC and 73% for aSi. 

 

Keywords : Present, Paleoceanography, South Atlantic, Inorganic geochemistry, Organic geochemistry, 
Sedimentology-marine cores 
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• Burial efficiencies in these megasinks are 85% for OC and 73% for aSi  40 
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Abstract 47 

Carbon and silicon cycles at the Earth surface are linked to long-term variations of atmospheric 48 

CO2 and oceanic primary production. In these cycles, the river-sea interface is considered a 49 

biogeochemical hotspot, and deltas presently receive and preserve a major fraction of riverine 50 

particles in shallow water sediments. In contrast, periods of glacial maximum lowstand were 51 

characterized by massive exports of sediments to the deep-sea via submarine canyons and 52 

accumulation in deep-sea fans. Here, we calculate present-day mass balances for organic carbon 53 

(OC) and amorphous silica (aSi) in the terminal lobe complex of the Congo River deep-sea fan 54 

as an analog for glacial periods. We show that this lobe complex constitutes a megasink with the 55 

current accumulation of 18 and 35% of the OC and aSi river input, respectively. This increases 56 

the estimates of organic carbon burial by 19% in the South Atlantic Ocean in a zone representing 57 

less than 0.01% of the basin. These megasinks might have played a role in carbon trapping in 58 

oceanic sediments during glacial times. 59 

 60 

1 Introduction 61 

The carbon cycle regulates atmospheric CO2 concentration, the major driver of climate variations 62 

over different timescales (Cox et al., 2000; Frank et al., 2010; Parrenin et al., 2013). Over the last 63 
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decade, the coastal ocean, and particularly large river estuaries and deltas, have received 64 

increased attention as a biogeochemical hotspot at the interface between the oceanic and 65 

continental carbon cycles (Battin et al., 2009; Bauer et al., 2013; Bianchi et al., 2014; Regnier et 66 

al., 2013). The silicon cycle is tightly linked to the carbon cycle (Tréguer et al., 2018) with 67 

diatom production and export largely contributing to the biological carbon pump and the transfer 68 

of particulate carbon from the surface to the deep ocean  (Ragueneau et al., 2002). The major 69 

role of continent-ocean transfer in the marine silicon cycle has also been recognized (Tréguer 70 

and De La Rocha, 2013). As these two cycles are largely intertwined, it is of prime importance to 71 

investigate their interaction at the continent-ocean interface (Demaster, 2002; Laruelle et al., 72 

2009).  73 

Eustatic sea-level change is a major forcing on continent-ocean sediment transfer and submarine 74 

deep-sea fan development as it controls the location of sediment deposition on the shelf during 75 

highstands or its delivery to the deep ocean during lowstands (Posamentier and Vail, 1988; 76 

Shanmugam and Moiola, 1982; Vail et al., 1977). Though a strict lowstand model of submarine 77 

fan development is frequently discussed  (Allin et al., 2017; Covault and Graham, 2010; Covault 78 

and Fildani, 2014), sea level remains the main control in areas characterized by a large 79 

continental shelf like for the Amazon fan  (Flood and Piper, 1997), Mississippi  (Bouma et al., 80 

1989), Rhone fan  (Lombo Tombo et al., 2015) or Danube fan  (Constantinescu et al., 2015). In 81 

the present highstand ocean, terrestrial particulate organic carbon (OC) and amorphous silica 82 

(aSi) are mainly buried and recycled in river deltas (Berner, 1989; Bianchi and Allison, 2009; 83 

Bianchi et al., 2014; Blair and Aller, 2012; Burdige, 2005; Hedges and Keil, 1995; Lansard et al., 84 

2009) and continental shelves (80-90%; (Rabouille et al., 2001), and a small fraction of riverine 85 

OC and aSi is therefore transported away to continental slopes or the abyssal plain (Canals et al., 86 
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2006; Rabouille et al., 2009). In contrast, a larger fraction of continental carbon and silicon was 87 

transferred into canyons connected to rivers during glacial period lowstands, as rivers discharged 88 

closer to shelf breaks and slopes (Schlünz et al., 1999; Tsandev et al., 2010). As a result, the 89 

exposed continental shelf of the Amazon (Goni, 1997; Keil et al., 1997) or the Mississippi 90 

(Burdige, 2005; Newman et al., 1973) was bypassed, and deep-sea fans acted as main carbon and 91 

silicon repository during the glacial period. However, these deep-sea repositories are presently 92 

inactive making impossible to understand lowstand source-to-sink processes for OC and aSi. 93 

The Congo River is the world’s second largest river by its discharge and ranks fifth by its 94 

particulate organic carbon input to the ocean (Milliman, 1991; Spencer et al., 2014). It is the only 95 

major river directly connected to an active canyon enabling a large amount of its sediment load 96 

to bypass the shelf and to be conveyed through the canyon to the deep-sea channel-levees by 97 

turbidity current  (Babonneau et al., 2002; Dennielou et al., 2017). This direct transfer thereby 98 

makes the repository zone named Congo terminal lobes (Mulder and Etienne, 2010; Savoye et 99 

al., 2009) excellent analogs to understand the functioning and the significance of river-sea fluxes 100 

of carbon and silicon in a lowstand ocean. Indeed, a large and unknown fraction of the 1.9 Tg 101 

OC y-1 (1Tg =1012 g) and 0.33 Tg aSi y-1 exported by the Congo River into the Atlantic Ocean is 102 

presently transported by turbidity currents over 1000 km along the submarine canyon and deep-103 

sea channel (Azpiroz-Zabala et al., 2017; Khripounoff et al., 2003; Vangriesheim et al., 2009). 104 

Previous estimations of the organic carbon and amorphous silica accumulation in the Congo lobe 105 

complex (Rabouille et al., 2009; Raimonet et al., 2015; Stetten et al., 2015) lacked a detailed 106 

survey of the lobe complex morphology, accurate sedimentation rates, and estimates of the 107 

surface area involved to precisely determine the fate of OC and aSi. In this paper, we use a 108 

multidisciplinary dataset including detailed remotely operated vehicles (ROV) mapping, 109 
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sediment characteristics and composition together with sedimentation rates over the last century, 110 

in situ benthic chamber fluxes, and sediment traps to quantify the fate of deposited OC and aSi in 111 

the Congo lobe complex. This leads to the calculation of a mass balance (burial and recycling) of 112 

terrestrial OC and aSi for the lobe complex. We further estimate the proportion of terrestrial 113 

amorphous silica and organic carbon from the Congo River trapped in the terminal lobes sink 114 

and the importance of this previously unknown C and Si sink in the South Atlantic Ocean for the 115 

present and extrapolate to the glacial periods. 116 

2. Materials and Methods 117 

2.1. Location and background 118 

The present Congo fan lobe complex includes five successive amalgamated lobes developed 119 

during the last 4000 years (Dennielou et al., 2017; Picot, 2015). Annual and powerful turbidity 120 

currents feeding the lobe complex have been recorded and monitored in the canyon (Heezen et 121 

al., 1964) and the deep-sea channel (Azpiroz-Zabala et al., 2017; Khripounoff et al., 2003; 122 

Vangriesheim et al., 2009), but the flux of sediment to the lobe complex is difficult to estimate 123 

because of the pulsed and unpredictable nature of these turbidity currents. Sediments record the 124 

deposition of these currents as exemplified by the counting of turbidites in sediment cores from 125 

the lobe complex combined with 210Pb chronology which shows that the recurrence time of 126 

deposits by turbidity currents ranges between 6 and 17 years (Dennielou et al., 2017; Picot, 127 

2015). 128 
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 129 

Fig.1: Map and high resolution detrended bathymetry of the terminal lobes of the Congo deep-sea fan 130 
showing the contours of lobes numbered from 1 to 5 according to their distance from the entrance of the 131 
lobe complex (=recent channel). Average depth is 4800m (Congolobe group, 2017). Stations were 132 
located at four representative sites along the lobes (A=Lobe 1+Lobe 2, B=Lobe 3, F=Lobe 4, C=Lobe 5). 133 
The dotted line contour outlines the lobe 5 feeding channel that shows the highest sedimentation rates. 134 
White dots show the location of sediment cores used for additional sedimentation rate calculation. The 135 
black dot on Site A shows the location of sediment traps deployed in 2011. 136 

 137 

2.2. Methods for mass balance   138 

Two expeditions were carried out in February 2011  (Olu, 2011) and December 2011  139 

(Rabouille, 2011). State of the art methods were used for assessing mass balances in the terminal 140 

lobes of the Congo deep-sea fan. Most data were already published in several papers (see section 141 

3 for references) except sediment trap fluxes, DSi benthic fluxes and aSi sediment content 142 
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(methods in Supplementary Material). Recycling rates of OC and aSi were calculated from in 143 

situ measurements of total oxygen uptake (TOU) and dissolved silica (DSi) benthic fluxes with a 144 

benthic chamber lander (Khripounoff et al., 2006). Uncertainty on TOU values was calculated 145 

from variability among 3 chambers during the same deployment (5-10%) and was propagated as 146 

relative uncertainty to the DSi flux. In order to recalculate OC mineralization rates, a C/O2 (C/O2 147 

= 1-2*N/C; Van Cappellen and Wang, 1996) molar ratio of 0.9 was used corresponding to the 148 

average observed C/N of 15-20 observed in the area (Stetten et al., 2015). The aSi dissolution 149 

rates were assumed similar to measured dissolved silica fluxes. Burial was estimated by 150 

multiplying the measured sedimentation rates by porosity and the organic carbon or amorphous 151 

silica content (Congolobe group et al., 2017; Stetten et al., 2015; Raimonet et al., 2015) with an 152 

uncertainty calculated using 30% variability on sedimentation rates and 5% for the average OC 153 

(Baudin et al., 2017a; Baudin et al., 2017b; Stetten et al., 2015) or aSi  (Raimonet et al., 2015) 154 

concentrations (see Supplementary Material for details) . Vertical fluxes of OC and aSi were 155 

measured in 2011 (unpublished data) using sediment traps deployed at 35 m above sea floor for a 156 

year at the Congolobe site without any noticeable turbidity current (Supplementrary Material). 157 

Therefore, sediment traps have measured the ambient “non-turbiditic” vertical flux. Another 158 

sediment trap array was deployed in a nearby site in 2003-2004 (site Bio-D, 200 km east of the 159 

lobe complex; Rabouille et al., 2009). In addition, a particular effort was made to estimate the 160 

lobe complex perimeter and surface areas of the five lobes using multibeam acoustic backscatter 161 

and sub-bottom profiler imagery (Dennielou et al., 2017; and Supplementary Materials). 162 

In this paper, we used the classical method for calculating the input of OC and aSi to the lobe 163 

complex by summing independent estimates of recycling and burial fluxes (Burdige, 2006): 164 
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Input to the lobe complex = recycling flux + burial flux    (Eq. 2) 165 

As sedimentation rates were calculated from 210Pb chronologies, covering a period of time of 166 

about a century (Congolobe group, 2017), the burial timescale encompasses several turbidity 167 

events (return time of 6-17 years), and is thus a fair estimate of average burial. Furthermore, 168 

since turbiditic activity in the lobe zone was absent throughout 2011 as recorded by sediment 169 

traps, we can reasonably assume that recycling is not biased by a pulse input of new turbiditic 170 

material and fairly reflects recycling between turbidity events. The OC and aSi total input fluxes 171 

were thus computed using the sum of recycling and burial fluxes for each lobe multiplied by its 172 

surface area. They were summed to determine the total inputs of OC and aSi to the lobe 173 

complex. 174 

3 Results: cycling and burial fluxes in the terminal lobe system 175 

3.1 Recycling of OC and aSi derived from benthic chamber measurements 176 

TOU and DSi fluxes ranged between 5.4 and 9.6 mmol O2 m-2 d-1 and between 0.6 and 1.9 mmol 177 

Si m-2 d-1 respectively at the different stations along the lobe complex (Table 1; Olu et al., 2017; 178 

Raimonet et al., 2015). TOU fluxes were up to one order of magnitude higher than those 179 

recorded in the South Atlantic tropical abyssal plain (0.5-1 mmol O2 m-2 d-1; Wenzhöfer and 180 

Glud, 2002), whereas the DSi fluxes were comparable to fluxes measured in the Equatorial 181 

Atlantic (Ragueneau et al., 2009).  182 

Table 1: Recycling, burial and vertical fluxes for OC and aSi in Congo lobe sediments. 183 
Recycling fluxes of OC (mineralization) and aSi (dissolution) was calculated from TOU (total 184 
oxygen uptake) and DSi flux (dissolved silica flux). Conversion of TOU to OC mineralization 185 
was made using a molar ratio C/O2 of 0.9 (see text). Burial fluxes were calculated from 186 
measured sedimentation rates, porosity and average OC and aSi content of surface sediments (0-187 
20cm). For recycling and burial, a weighted average for the entire lobe complex was calculated 188 
using the proportion of surface area of each lobe (see below). The measured porosity values 189 
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were averaged for depth in core between 10 and 40 cm. Vertical fluxes are from station A 190 
(unpublished when unmarked). The mark (*) values are from Rabouille et al. (2009) and 191 
Ragueneau et al. (2009) measured at site Bio-D 200km East of the Lobe zone at 400m above 192 
seafloor. 193 

 
Site A 

(Lobes1&2) 
Site B 

(Lobe 3) 
Site F 

(Lobe 4) 
Site C levee 

(Lobe 5) 

Site C channel 
(Lobe 5 feeding  

channel) 

Weighted  
average 

Recycling       

Surface area (km2) 533 283 1203 424 82  

TOU (mmol O2 m-2 d-1) 5.4±0.5 7±0.9 6.5±0.7 7.8±0.4 9.6±0.8  

OC miner (g C m-2 y-1) 21±2 28±4 26±3 31±2 38±4 26±4 

DSi flux (mmol Si m-2 d-1) 1.1±0.1 - 1.9±0.2 0.6±0.1 0.6±0.1  

aSi dissol. (g Si m-2 y-1) 7.7±0.7 - 19±2 6.2±0.6 5.9±0.6 13±2 

Burial       

Sedim. rate (cm y-1) 1±0.3 0.3±0.1 0.7±0.2 0.7±0.2 12±6  

Porosity 0.84 0.84 0.85 0.85 0.87  

OC (% dw) 3.25±0.2 3.2±0.2 3.3±0.2 3.4±0.2 4.0±0.2  

aSi (%Si dw) 1.3±0.1 0.9±0.1 1.2±0.1 1.2±0.1 1.0±0.1  

OC Burial (g C m-2 y-1) 130±40 38±12 87±30 89±32 1560±540 139±42 

aSi Burial (g Si m-2 y-1) 53±11 11±4 32±8 31±9 381±125 45±11 

OC/aSi burial (mol/mol) 5.8 8.0 6.3 6.7 9.6 7.1 

Vertical flux       

F-aSi (g Si m-2 y-1) 1.5-2.5*      

F-OC (g C m-2 y-1) 1.1-1.7*      

 194 
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3.2 Burial flux of OC and aSi in terminal lobe complex sediments 195 

High sedimentation rates due to the deposition of turbidites (0.5-1 cm y-1; Congolobe group et 196 

al., 2017; Rabouille et al., 2009) were recorded over the entire lobe complex. The feeding 197 

channel of lobe 5 (the most distal and recent lobe) displayed sedimentation rate of 12 cm y-1 198 

(Table 1). The sedimentation rates were on average three to four orders of magnitude higher than 199 

those in the surrounding abyssal plain (Congolobe group et al., 2017; Mollenhauer et al., 2004; 200 

Stetten et al., 2015). The lobe complex sediments were characterized by large OC concentrations 201 

of OC (Stetten et al., 2015; Baudin et al., 2017b), exceeding 3% as compared to 0.5% in the 202 

Atlantic sediments of the central basin (Mollenhauer et al., 2004). In turn, aSi concentrations 203 

(0.9-1.3% Si dry weight; Raimonet et al., 2015) were in the same range as those in the abyssal 204 

plain sediments of Eastern Equatorial Atlantic (Ragueneau et al., 2009). As recently proposed by 205 

Rahman et al. (2016), aSi concentrations in lobe sediments may have been underestimated by a 206 

factor of 2-3, because of amorphous silica alteration in the shelf repository (canyon head) before 207 

being entrained by turbidity current. Burial of OC and aSi in terminal lobe sediments showed 208 

extremely large fluxes of 38-1560 g C m-2 y-1 for OC burial and 11-381 g Si m-2 y-1 for aSi 209 

(Table 1). These fluxes exceeded South Atlantic Basin values at these depths (>3000m) by a 210 

factor of 2000 for OC (0.06 g C m-2 y-1; Mollenhauer et al., 2004) and 100 for aSi (maximum 0.4 211 

g Si m-2 y-1; Geibert et al., 2005). OC and aSi burial fluxes were the highest in the feeding 212 

channel of lobe 5 (station C, Fig. 1), where sedimentation rates are highest (12 cm y-1; 213 

Congolobe group et al., 2017). The OC/aSi molar ratios in buried particles (average 7.1) were 214 

also consistently high (Table 1), with values that are five times larger than the maximal ratio 215 

measured in deep-sea sediments (0.02-1.7; Ragueneau et al., 2002). 216 



11 

3.3 Vertical flux of OC and aSi from sediment traps 217 

The particulate OC and an aSi rain rate were much lower than the recycling and burial fluxes 218 

(Table 1). The OC/aSi molar ratio of the rain rate was 1-2, a much lower value than the measured 219 

burial ratio (≈7, Table 1) which was consistent with deep-sea sediment and trap particles OC/aSi 220 

ratio (Ragueneau et al., 2002).  221 

 222 

4 Discussion: Budgets, burial efficiencies and comparison to riverine and marine sources 223 

 224 

Figure 2: Mass balance for the Congo terminal lobe complex for organic carbon (OC in Tg C y-225 
1; 1 Tg = 1012 g) and amorphous silica (aSi in Tg Si y-1). Input from the Congo River, from the 226 
marine rain and burial rates in the South Atlantic basin (0-40°S) are also displayed. Red 227 
numbers are for OC and blue for aSi. 228 

The striking point of these OC and aSi budgets is the high burial rates (0.35 Tg C y-1 and 0.11 Tg 229 

Si y-1) and the large burial efficiencies (70-85%) compared to abyssal plain sediments, where 230 
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generally only <10% of the OC and aSi rain rates are buried (Burdige, 2007; Ragueneau et al., 231 

2002). In addition, the strong decoupling from the vertical marine flux (1% and 4% of the total 232 

OC and aSi input, Table 2) is clear. Previous results have highlighted the terrestrial nature of the 233 

lobe complex organic matter (Baudin et al., 2017b; Schnyder et al., 2017; Stetten et al., 2015). 234 

The small contribution of marine inputs to the total input corroborates the dominance of canyon 235 

inputs to the lobe complex. The comparison of the OC/aSi signature of the buried particulate 236 

matter (7.1) to the two possible sources of material (riverine=13 and marine=1.5) also points to 237 

the Congo River as the main source of sediments in the lobe complex, with limited decoupling 238 

between carbon and silicon during the transfer of particles to the terminal lobes. The OC/aSi 239 

decrease of riverine material from 13 to 7 can probably be attributed to preferential recycling of 240 

carbon versus silica (Ragueneau et al., 2002) in surficial sediments before burial (Raimonet et 241 

al., 2015). Overall, the rapid transfer of Si and C through the canyon leads to an enhanced 242 

preservation of Si and C with little decoupling (Raimonet et al., 2015) compared to the strong 243 

decoupling occurring during particle settling in the open ocean (Ragueneau et al., 2002). If 244 

generalized during glacial periods, this rapid transfer to the deep sea fans through the canyons, 245 

may lead to a decrease of biogenic matter deposition and recycling on continental shelves and 246 

slopes with the following consequences: long-term decrease of CO2 production during 247 

mineralization of the organic matter, and short term changes of phytoplankton dynamics 248 

(diatoms) linked to lower silicic acid recycling from shelves and slopes sediments. 249 

The present estimate of OC inputs to the lobe complex (0.42 Tg C y-1) can be compared with 250 

recent estimates of canyon particulate export rates (0.5-1.1 Tg C y-1 ) based on ADCP 251 

measurements of canyon turbidity currents at 2000 m water depth, 500 km upstream from the 252 

lobe complex (Azpiroz-Zabala et al., 2017). These comparable export rates between two distant 253 
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sites indicates that the sediment transport along the canyon and deep-sea channel is very efficient 254 

and that a significant fraction (up to 50%) of the material transported by turbidity currents may 255 

reach the lobe complex located at the far end of the channel-levee system.  256 

Table 2: Mass balance for the terminal lobes of the Congo deep-sea fan and comparison to the 257 
marine particulate fluxes, Congo discharge and burial in the South Atlantic (1 Tg = 1012 g). *aSi 258 
burial in the South Atlantic is calculated from the regional organic carbon burial and OC/aSi 259 
ratio or downscaling global fluxes (see supplementary material). OC/aSi is calculated as molar 260 
ratio compared to mass fluxes for OC and aSi. 261 

 OC (Tg C y-1) aSi (Tg Si y-1) OC/aSi 
(mol/mol) 

Burial 0.35 ± 0.12 0.11 ± 0.05 7.1 
Mineralization/dissolution 0.07 ± 0.01 0.03 ± 0.01  
Lobe input based on mass balance 0.42 ± 0.14 0.15 ± 0.05 8.0 
Burial efficiency (BE) 84% 73%  
Marine input 0.004 0.006 1.5 
% marine in total input 1% 4%  

River discharge (Coynel et al., 2005; 
Hugues et al., 2011; Seylers et al., 2005) 1.9 0.33 13 

% burial of Congo River export 18% 35%  
Burial in deep South Atlantic (0-40°S; 

>3000m; (Mollenhauer et al., 2004) 1.8 3.8* 1 

% burial in Congo lobes relative to deep 
South Atlantic 19% 3%  

The Congo lobe complex represents an overlooked sink for organic carbon and amorphous silica 262 

in the abyssal Atlantic Ocean. The OC and aSi budgets in the lobe complex are dominated by 263 

burial fluxes, 3-4 orders of magnitude larger than those in the surrounding abyssal plain (38-264 

1560 versus 0.06 g C m-2 y-1 and 11-381 versus 0.15 g Si m-2 y-1). When compared to the overall 265 

burial of OC in the South Atlantic (0-40°S) during the Holocene (Mollenhauer et al., 2004), the 266 

accumulation of OC in Congo terminal lobe sediments adds 19% to the estimation of OC burial 267 

in this deep ocean basin. This contribution is remarkable given the lobe area represents less than 268 

0.01% of the South Atlantic surface area (0-40°S) and indicates that the Congo lobe complex 269 

constitutes a megasink of OC in the South Atlantic which was clearly overlooked in previous 270 
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studies due to the lack of knowledge on Congo terminal lobes. Although slightly less acute, 3% 271 

of the total burial of aSi in the South Atlantic occurs in the lobe complex. This number could be 272 

raised to 4-6% if aSi was underestimated as suggested by Rahman et al. (2016). Burial fluxes of 273 

this dominantly terrestrial OC (70-90%; Schnyder et al., 2017; Stetten et al., 2015) and aSi, that 274 

represent 18% and 35% of the Congo River discharge of POC and aSi, respectively, are in the 275 

same range of estimates for deltaic sediments, i.e. 22% of river OC input preserved (Burdige, 276 

2005; Hedges and Keil, 1995). The estimated burial of terrigenous OC in the lobe complex (0.3 277 

Tg C y-1) represents about 0.7% of the overall terrestrial OC burial in the global abyssal ocean 278 

(Schlünz and Schneider, 2000).  279 

The present-day export to the abyssal depth of Congo River sediments through the presently 280 

active connection to its canyon, and therefore of embedded OC and aSi, is similar to the 281 

lowstand functioning of major deep-sea fans (Vail et al., 1977), e.g. Amazon fan (Flood and 282 

Piper, 1997). It may therefore be a representative glacial analogue for terrestrial OC and aSi 283 

export when rivers discharged at the shelf break and active canyons carried a large proportion of 284 

their load to the continental rise and abyssal plain (Schlünz et al., 1999). If, as suggested in 285 

previous studies (Burdige, 2005), the same fraction of the carbon load (18%) of other major 286 

tropical rivers of the Atlantic such as the Amazon (5 Tg C y-1; Moreira-Turcq et al., 2003) or the 287 

Orinoco Rivers (1 Tg C y-1; Mora et al., 2014) was buried in the deep Atlantic basin during 288 

glacial times, this burial flux would equal the present-day carbon preservation in the entire South 289 

Atlantic basin and significantly increase the global oceanic carbon sink during these low CO2 290 

periods. The OC burial estimate for the Amazon fan during glacial times (3.7 Tg C/yr; Schlünz et 291 

al., 1999) clearly substantiate this calculation. These megasinks may also contribute to enhance 292 

OC storage during glacial by better preservation (burial efficiencies of 85%, Table 2) as 293 



15 

proposed by Cartapanis et al. (2016). These findings emphasize the need to better constrain these 294 

localized but intense megasinks in order to understand the natural sinks in the carbon and silica 295 

cycles during both modern and glacial times. 296 

5 Conclusions 297 

In this paper, we have shown that the terminal lobes of the Congo deep-sea fan constitute a 298 

singular point in the South Atlantic Ocean corresponding to a mega burial site for organic carbon 299 

and amorphous silica. It represents 19% of the entire burial of the South Atlantic Ocean for OC 300 

despite covering less than 0.01‰ of the total surface area. By comparing burial in lobe sediments 301 

with the Congo River input, we conclude that 18% of organic carbon inputs and 35% of 302 

amorphous silica inputs from the Congo River are buried in sediments, which thus constitutes a 303 

major repository for exported riverine material. This is largely due to the present and active 304 

connection of the Congo canyon to the River estuary. This situation may represent a fair 305 

analogue to glacial period river export when most rivers were closely connected to their canyons 306 

due to the low sea level. It is expected that burial of OC and aSi in these terminal lobe regions of 307 

other rivers was much larger at this period. 308 
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Supplementary Material 501 

 502 

- Oceanographic expeditions 503 
Two expeditions were carried out on the Congo terminal lobe complex in 2011. The WACS 504 
cruise was conducted on the R.V. Pourquoi Pas? in February for a ROV survey and preliminary 505 
sampling of the area  (Olu, 2011). The Congolobe cruise was conducted in December 2011-506 
January 2012 on the R.V. Pourquoi Pas? As well for a larger scale mapping and sampling of the 507 
area  (Rabouille, 2011). Four stations were investigated along the channel axis. Station A 508 
represents the entrance of the lobe complex, station B and F represents the intermediate younger 509 
lobes and station C is the present terminal repository. Near this last station, the dotted area 510 
represents a special sub-site where present sedimentation rates are the highest (>10 cm y-1, 511 
Congolobe group, 2017) and corresponds to L5dl in the Tables. Two additional stations that were 512 
located further downstream (station D) and in an abandoned lobe complex 50km North of the 513 
active lobe area (Station E, Congolobe group, 2017), were investigated but are not reported in 514 
this study. 515 

- Sediment processing: 516 
Cores were sliced at 0.5 cm intervals in the first 2 cm, at 1 cm intervals down to 10 cm and at 2 517 
cm intervals down to 20 cm within a few hours after collection. For aSi, sediments were stored 518 
frozen at -20°C, lyophilized and grinded before aSiO2 concentration analyses. Pore waters were 519 
collected by centrifugation of sediment slices collected in a glove box for 20 min at 3500 rpm. 520 
The porewater samples were immediately analyzed for Si(OH)4 concentrations. For OC, 521 
sediments were frozen on board and kept frozen until analysis. They were then oven dried (60°C) 522 
or freeze dried. 523 

- Benthic chambers experiments 524 
In situ benthic chamber incubations were processed using the “Respiromètre Autonome grande 525 
Profondeur” (RAP2; Khripounoff et al., 2006). For each deployment, three benthic chambers of 526 
30 cm diameter and 24 cm height were used for deployments of 24-48 hours. Oxygen optodes 527 
(Aanderaa) were inserted within each chamber to continuously record oxygen concentration, 528 
while three sampling cells located inside the chambers enabled water subsample collection (100 529 
mL) at given times during the incubation  (Olu et al., 2017). Back on deck, these cells were 530 
subsampled for oxygen measurements by Winkler titration. Samples for DSi analysis were stored 531 
at 4°C until analyzed back in the laboratory.  532 
 533 
Table SI-1: TOU and DSi fluxes in benthic chambers deployed during WACS and CONGOLOBE cruises 534 
outside dense habitats 535 
 Operation TOU (mmol O2 m-2 d-1) DSi flux (mmol m-2 d-1) 
Site A Col-RAP1 5.4 ± 0.5 1.1 ± 0.1 
Site B Col-RAP5 7.0 ± 0.9 - 
Site F Col-RAP2 6.5 ± 0.7 1.9 ± 0.2 
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Site C (levee) Col-RAP3 7.8 ± 0.4 0.6 ± 0.1 
Site C (Channel) Calmar 9.6 ± 0.8 0.6 ± 0.1* 
* value measured during the WACS cruise (Feb 2011) with the RAP lander (W-RAP4). 536 
- Sediment traps 537 
The Congolobe line was deployed during the present experiment at station A for 10 months 538 
(Feb-Dec 2011). The sediment trap (Technicap® PPS5, a conical sediment trap with a sampling 539 
aperture of 1 m² covered with a honeycomb baffle with openings of 1 cm in diameter, and 540 
equipped with 24 sampling bottles) deployed at 35 m a.b was associated with an Acoustic 541 
Doppler Current Profiler (ADCP) 300 kHz (Teledyne RD Instruments). Before deployment, 542 
sampling bottles were filled with filtered seawater and sodium borate-buffered formalin to a final 543 
concentration of 3%. Each bottle sampled during 15 days. Back on deck, samples were kept at 544 
4°C before treatment. In the laboratory, the content of each bottle was visually examined to 545 
retrieve organisms larger than 1 mm, and rinsed with Milli-Q purified water to remove salts and 546 
formalin. Particles were then dried and crushed prior to analyses. These results can be compared 547 
with a mooring line equipped with similar trap design Technicap® PPS5 deployed for 5 years 548 
(2000-2004) on a nearby site 200km upstream the terminal lobe complex (Bioz-Site D; Rabouille 549 
et al., 2009) which contained two traps located at 30 and 400 meters above bottom associated 550 
with current meters. 551 

 552 

 553 
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 554 
Figure SI-1 : Current measurement and particle flux at Lobe site (A: speed current, B: biogenic silica 555 
content, C: particle flux and organic carbon concentration). Original data. 556 
  557 
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Table SI-2: Average elemental composition of particles sample in the sediment trap deployed at station A 558 
from Feb to December 2011. 559 
Site Total flux 

(mg m-2 d-1) 

Organic C. 

(%) 

Inorganic C. 

(%) 

BSi 

(%) 

N 

(%) 

C/N 

A 63.2±22.1 5.0±0.4 4.36±0.72 6.7±0.8 0.72±0.07 6.9 

 560 
The calculation of annual vertical  fluxes provide an average TOC flux of 1.1 g C m-2 y-1 and an 561 
average BSi flux of 1.5 g Si m-2 y-1. 562 

- Analytical procedures and data for aSi: 563 
Si(OH)4 concentrations in overlying and pore waters were measured following the colorimetric 564 
method of Tréguer and Le Corre (1975) modified by  Aminot and Kerouel (2007). aSiO2 565 
concentrations were determined using the alkaline digestion method adapted from  Köning et al. 566 
(2002), as described in Raimonet et al. (2015). The adaptation of the  Aminot and Kerouel 567 
(2007) method allowed optimizing the number of Si(OH)4 samples analyzed per day during the 568 
alkaline digestion.  569 

 570 
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 571 
Figure SI-2: Amorphous silica distributions in Congolobe sediments reported as %aSiO2 dw (original 572 
data). 573 
 574 
- Analytical procedures and data for OC 575 
Total organic carbon content was measured using both a high temperature combustion method 576 
(LECO IR 212, LECO Corporation) with correction of  inorganic carbon measured by carbonate-577 
bomb and/or a pyrolytic method (Rock-Eval 6, Vinci Technologies) using a procedure devoted to 578 
recent marine sediment (Baudin et al., 2015). Both methods have an analytical precision of 579 
±0.1%. More than 475 samples were analyzed from 28 cores collected in different parts of the 580 
terminal lobes of the Congo deep-sea fan. Detailed analytical procedure and all results are 581 
reported in Stetten et al. (2015) and  Baudin et al. (2017). 582 

 583 
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 584 
Figure SI-3: Organic carbon content in Congolobe sediments (Redrawn with permission from Stetten et 585 
al., 2015). 586 
 587 
- Estimation of lobe complex perimeter and surface areas 588 
The location and extension of the lobe complex of the 5 lobes was determined after multibeam 589 
acoustic backscatter and sub-bottom profilers (Dennielou et al., 2017). The lobe complex 590 
corresponds to slightly convex-up morphology, mainly flat in the middle part and with steeper 591 
slopes on their sides (Mulder and Etienne, 2010). On sub-bottom profiles the lobe complex 592 
peripheral deposits show a pinch out characteristic of lateral progradation. Lobe complex 593 
deposits are characterized by disorganized high-amplitude seismic reflections that correspond to 594 
the occurrence of pervasive mass wasting. On the multibeam acoustic backscatter, the lobe 595 
complex deposits are characterized by high acoustic backscatter while the surrounding pelagic 596 
sediment of the abyssal plain is characterized by low acoustic backscatter. The lobes limits were 597 
determined after the multibeam morphology and acoustic backscatter that allowed distinguishing 598 
5 successive prograding and overlapping lobes (for details see Dennielou et al., 2017; figures 3, 599 
4, 5 and S2, S3, S4). On Figure 1, in order to reveal the morpho-bathymetric expression of the 600 
lobe complex, a polynomial surface corresponding to the mean slope of the area and 601 
representative of the topographic trend was calculated and then subtracted from the initial DTM 602 
(Picot et al., 2016). All maps were realized with ArcGis 10.3 software, with 2 types of 603 
bathymetric data acquired during WACS (Olu, 2011) and Congolobe (Rabouille, 2011) cruises: 604 
ship bathymetry with 50/100 m of resolution and ROV bathymetry with 0.75m of 605 
resolution.  The geodesic system used is a personalized Mercator projection, with standard 606 
parallel 5.5 °S and Geographic Coordinate System GCS_WGS_1984. The surface of lobes was 607 
calculated in ArcGis software with the tool "calculate geometry" directly in the attribute table 608 
with field values calculation. 609 
 610 
- Sedimentation rates: 611 
The sedimentation rates were assessed using short lived radionuclides 210Pbxs and 137Cs methods 612 
based on interface and piston cores (see Congolobe group, 2017 for details). The short-live 613 
radionuclides were measured using gamma ray emission at LSM, a low background laboratory in 614 
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the Alps. Uncertainty on these fluxes was estimated to be 30% due to the high sedimentation 615 
rates and the short length of the cores (Congolobe group, 2017). 616 

 617 
 618 
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 619 
Figure SI-4: radionuclide distributions (210Pbxs and 137Cs) in Congolobe sediments (Redrawn with 620 
permission from Congolobe group, 2017). 621 

 622 
 623 

Table SI-3: Sedimentation rates at the Congolobe/WACS/ZAIANGO sites (Redrawn with permission 624 
from Congolobe group, 2017) 625 
 626 

Site  210Pbxs Sedimentation rate 
(cm yr-1) 

137Cs Sedimentation rate 
(cm yr-1) 

A 0.6 1 
B 0.4 0.3 
KZAI8 (C&F-levee) 0.7 0.7 
KZAI9 (B&F-levee) 1.7 0.4 
C (channel) 22 12 
KZAI7 (C-Channel) 6.5 >2.5 

 627 
 628 
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 629 
- Calculations 630 

Burial of organic carbon and amorphous silica: 631 

OC-burial (g C m-2 y-1) = ω * (1-Φ) * OC% *10-2*2.5*10000 632 

BSi-Burial (g Si m-2 y-1) = ω * (1-Φ) * aSi% *10-2*2.5*10000 633 
 634 

where is ω sedimentation rate in cm y-1, Φ is porosity, OC% is the organic carbon content in 635 
percent dry weight and aSi is the amorphous silica content in % Si dry weight; 2.5 is the 636 
sediment dry density in g/cm3 and 10-2 and 10000 are here for unit conversion. 637 
 638 

OC mineralization and aSi dissolution: 639 
OCminer (g C m-2 y-1) = (C/O2) * TOU *365*12*10-3 640 
aSi dissol (g Si m-2 y-1) = DSi flux*365*28*10-3 641 
where (C/O2) is the organic carbon to oxygen ratio during mineralization taken as 0.9 equivalent 642 
to a O2/C of 1.1 (Rabouille et al., 2009) in the lobe complex (C/N= 15-20 and C/O2 = 1–2*N/C; 643 
Van Cappellen and Wang, 1996), TOU is the oxygen demand measured by benthic chambers in 644 
mmol O2 m-2 d-1, DSi flux is the dissolved Si flux measured in benthic chambers in mmol Si m-2 645 
d-1, 28 is the molar mass of Si and 12 is the molar mass of carbon, 365 and 10-3 are for unit 646 
conversion.  647 
 648 
 649 
 Calculation of aSi burial for south Atlantic (0- 40°S) 650 
Three methods were used to estimate aSi burial in South Atlantic sediment for which, to the best 651 
of our knowledge, no estimate exist in the literature.  652 

Method 1 was based on downscaling the value proposed by Tréguer and De La Rocha (2013) for 653 
deep-sea aSi burial excluding opal rich areas to the South Atlantic. The proportion represented 654 
by the surface area of the deep South Atlantic (0- 40°S; >3000m) to the  surface area of the total 655 
deep-sea (10%) was calculated and used to scale down aSi burial. 656 

Method 2 was based on the burial flux from Geibert et al. (2005) who reported burial in two 657 
stations of the Polar Front Zone (PFZ) and Sub Antarctic Zone (SAZ) (around 45°S). This value 658 
was multiplied by the surface area considered in this paper (30*1012 m2). It constitutes a maximal 659 
value as aSi flux and burial in the PFZ and SAZ is influenced by the opal belt and is larger than 660 
aSi burial in the subtropical gyre and tropical ocean. The burial flux of 0.4 gC m-2 y-1  (Geibert et 661 
al., 2005) is clearly not compatible with the C/Si molar ratio of 4 and a burial of OC of 0.1 gC m-662 
2 y-1 observed in the western South Atlantic. 663 

Method 3 is based on C/Si ratio in South Atlantic deep-sea sediments collected from three 664 
papers. They appear to differ from the East of the South Atlantic basin  (Burckle, 665 
2001;,Bohrmann, 1999) to the West of the basin (Romero and Hensen, 2002). We then split the 666 
accumulation of OC between the eastern and western basin of the South Atlantic (Mollenhauer et 667 
al., 2004). As no obvious pattern is visible for OC burial in the deep South Atlantic, we decided 668 
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to split it in two identical parts. We then divided each accumulation by the C/Si ratio and 669 
summed the two parts. 670 

For the final aSi burial, we averaged method 1 and method 3, excluding method 2 which 671 
provided obviously non extrapolable and much larger results. The final result is 3.8 Tg Si y-1 672 
with a probable uncertainty of 30% based on methods 1 and 3. 673 

Method 1: based on Treguer 2013 (downscaling from global) 
Total deep-sea burial (excluding opal 
rich sediments)  28 Tg Si y-1 
Surface area S. Atl. (0-40°S) 30 Mkm2  = 30*1012 m2 
Surface area  global deep-ocean  300 Mkm2  = 300*1012 m2 
Burial S. Atl = 2.8 Tg Si /y 
    
Method 2: based on Geibert 2005 (upscaling from SAZ) 
SAZ burial =  0.4 g Si m-2 y-1 
Surface area S. Atl 30 Mkm2  = 30*1012 m2 
Burial   12 Tg Si /y 
    
Method 3: based on aSi/OC ratio in sediments and Mollenhauer (2004) OC 
burial 
OC/aSi S-East Atl (Burckle-
Bohrman) 0.2 gC/gSi 
OC/aSi S-west Atl (Romero) 4 gC/gSi 
    
Accumulation of OC in S. Atl 1.8 Tg C y-1 
East  0.9 Tg C y-1 
West  0.9 Tg C y-1 
Accumulation of aSi in S. Atl    
East  4.5 Tg Si y-1 
West  0.225 Tg Si y-1 
Burial Si S.Atl 4.7 Tg Si y-1 

 674 
 675 
 676 
 677 
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