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Abstract : 

Mechanisms controlling the transfer and retention of silicon (Si) along continental margins are poorly 
understood, but play a major role in the functioning of coastal ecosystems and the oceanic biological 
pump of carbon. Deep-sea fans are well recognized as carbon sink spots, but we lack knowledge about 
the importance of the fans in the global Si cycle. Here, we provide a first estimate of the role played by 
the Congo deep-sea fan, one of the biggest in the world, in the Si cycle. Sediment cores sampled in the 
deep-sea fan were analyzed to build a Si mass balance. An exceptionally high accumulation rate of 
amorphous silica aSiO(2) (2.29 +/- 0.58 mol Si m(-2) y(-1)) was found, due to a high sedimentation rate 
and the presence of aluminum in the sediments. Although favored by bioirrigation, recycling fluxes 
remained low (0.3 mol Si m(-2) y(-1)) and reconstructed input fluxes could only be explained by lateral 
inputs coming from the canyon. Preliminary calculations show that the rapid transport of aSiO(2) 
through the canyon and the excellent preservation efficiency in the sediments imply that 50% of aSiO(2) 
river inputs from the Congo River accumulate annually in the deep-sea fan. Si:C ratios in deep-sea fan 
sediments were very low (0.2) and only three times as high as those measured in the river itself, which 
suggests that material from the river and the continental shelf was delivered directly through the canyon, 
with very little time for Si and C cycle decoupling to take place. 

Highlights 

► Amorphous silica intensively flows through the submarine canyon to the Congo deep-sea fan.►
Turbidite currents lead to the highest silica burial rates ever found in oceanic areas.► Burial in the
deep-sea fan accounts for > 50% of the amorphous silica riverine flux.► Low Si:C ratios highlight fast 
particle transfer and weak decoupling between Si and C cycles.
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1. Introduction 

Better understanding of the fate of riverine silicon (Si) during its transit towards the ocean is 

essential, as Si is one of the limiting factors for diatom growth in aquatic systems. Diatoms 

are the main primary producers in coastal and oceanic waters (Nelson et al., 1995; Tréguer 

et al., 1995). In many coastal regions, in particular upwelling areas, diatoms constitute the 

basis of the most productive food chains (Cushing, 1989) and sustain intense fisheries. In the 

open ocean, diatoms contribute to up to 40% of global primary production (Nelson et al., 

1995; Tréguer et al., 1995). They play a key role in the biological pump of carbon, thanks to 

the ballast role played by the diatom frustules, to the capacity of diatoms to form aggregates 

and to the fact that diatoms are food of choice for large zooplankton which expels the 

remains of the algae via fecal pellets. All these mechanisms produce in fact rapidly sinking 

particles that can escape degradation in surface waters (Ragueneau et al., 2006; Moriceau 

et al., 2009). Diatom dynamics are therefore pivotal to the functioning of continental margin 

ecosystems, but require Si. By limiting diatom blooms, the availability of Si affects other 

biogeochemical cycles, including those of nitrogen and carbon (Froelich et al., 1992; Chai et 

al., 2002; Street-Perrott and Barker, 2008). Given the importance of Si in the functioning of 

coastal and oceanic ecosystems, quantifying Si inputs and understanding the processes that 

control the transfer of Si along continental margins, including retention in estuaries and 

continental shelves, is necessary to calculate a global Si budget (Dürr et al., 2011).  

The majority of Si inputs to continental margins derive from land (Tréguer et al., 1995; 

Tréguer and De La Rocha, 2013). For a long time, it was thought that the only Si inputs into 

the ocean were in the form of dissolved Si (dSi), which is produced by the weathering of 

silicate rocks (Meybeck, 1982). Although this phenomenon remains a major contributor to the 

discharge of terrigenous Si, several complementary mechanisms have been discovered. It 

has been shown that 16-40% of the total Si export flux is in the particulate form (Conley, 

1997; Smis et al., 2010; Dürr et al., 2011), in turn constituted mainly by amorphous silica 

(aSiO2) derived from river diatoms, phytoliths or amorphous soils.  
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Moving from land to sea on continental margins, Si molecules undergo several cycles of 

production/dissolution and adsorption/desorption on suspended particles, both in surface 

waters and at the sediment-water interface (Ragueneau et al., 2010). On continental 

margins, abiotic reverse weathering converts dissolved to particulate Si (Mackenzie and 

Garrels, 1966; Mackenzie and Kump, 1995; Michalopoulos and Aller, 1995, 2004), strongly 

impacting the C cycle due to CO2 release (Mackenzie and Garrels, 1966). After revising the 

Antarctic Si budget, DeMaster (2002) showed that continental margins may become the 

missing Si sink to maintain Si biogeochemical cycle at steady state, implying that Si and C 

cycles were less decoupled than previously thought. In addition, it has been demonstrated 

that several anthropogenic perturbations such as eutrophication (Schelske and Stoermer, 

1971; Conley et al., 1993) and damming (Humborg et al., 1997), as well as the proliferation 

of invasive species of bivalves (Ragueneau et al., 2002, 2005), may directly or indirectly alter 

Si transfer and retention, with important implications at short and long time scales for the 

functioning of coastal ecosystems and the input of Si to the global ocean. 

If the transfer of Si from land to coastal waters is poorly understood, the exchange of Si 

between the margin and the open ocean is even less studied. Recently, Ragueneau et al. 

(2009) reported a direct input of Si from the margin to the deep sediments on the Congo 

system, suggesting that downslope sediment transport may be of global significance. No 

information however exists on the burial capacity of Si in deep sea fans or on the transfer of 

Si by active submarine canyons that fuel the fans.  

Deep sea fans constitute the second largest global sink of atmospheric carbon (Galy et al., 

2007; Covault, 2011) and the Congo deep-sea fan is one of the biggest in the world. This 

system is a major carbon burial region in the North Atlantic, with organic matter being directly 

discharged in the ocean by the associated canyon (Rabouille et al., 2009) and the Congo 

River being the second largest riverine source of Si to the ocean (Gaillardet et al., 1999). 

This suggests that the transfer of Si through the canyon could also be significant, leading to 

high global Si burial in the Congo deep-sea fan. 
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The aims of this paper are to give a first estimation of silica accumulation in the Congo deep-

sea fan, to discuss the role of biological processes on the benthic Si cycle, to establish a 

tentative budget of benthic Si cycling, especially sediment-water exchange of SiO2, and to 

examine the role of the canyon in the rapid transport of riverine material to the deep ocean. 

The global role of submarine canyons and deep sea fans in Si delivery and storage in the 

deep ocean is also discussed. 

 

2. Material and methods 

 

2.1. Description of study area and sampling strategy 

The Congo margin, and more specifically the terminal lobes of the Congo deep‐sea fan, are 

a unique area in the world ocean. The lobes  are  fuelled  quasi‐continuously  by  turbidites  

containing  a  large  proportion  of labile organic  matter  delivered  by  the  Congo  River  

(the  second  largest  river  in  the  world  by  its freshwater  discharge; Milliman, 1991). The 

annual sediment load from the Congo River is 48 106 t yr-1 (Covault et al., 2011) and its 

export of Si to the ocean  is 2.23 1011 mol dSi yr-1 and 1.17 1010 mol aSiO2 yr-1 (Hughes et al., 

2011). The existence of a connection between the Congo River and its submarine canyon is 

a unique feature (Babonneau et al., 2002a), since all other large rivers (i.e. Amazon, 

Yangtze, Mississippi) are disconnected from their canyons due to the increase of sea level 

which followed the last interglacial periods. The absence of disconnection in spite of sea 

water rise in the Congo system must be explained by a sediment load overwhelming the 

capacity of sediment accumulation on the continental shelf (Covault, 2011), as well as 

longshore Northward drift, and canyon-flank instabilities caused by episodic hyperpycnal flow 

due to flooding (Savoye et al., 2009). High-energy turbidity currents ensure a massive 

transfer of particles through the canyon and channel system (Savoye et al., 2009) from the 
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river mouth to the deep-sea fan, which displays the same features as a river delta, i.e. fresh 

terrestrial organic matter inputs and high burial rate (Burdige, 2005). 

The sampling area is located on the lobe complex, which covers an area of about 3000 km² 

and expands between 4800 m and 5200 m water depth at the outlet of the Congo submarine 

canyon, 750 km off the coast.  

Samples were collected during the WACS 2011 cruise between February 20 and 25, 2011. 

Four sediment cores were sampled (Fig. 1) using the Remote Operated Vehicle (ROV) Victor 

6000 (Ifremer). Their denomination and exact location are reported in Table 1. The core 

PL435 was sampled in the upper lobe (site A), PL436 and PL437 in the central part of the 

lobe (site C) and PL438 at the end of the lobe (site D). Three benthic chambers of the 

respirometer RAP were deployed to measure total benthic fluxes at site A (RAP3, close to 

PL435) and at site C (RAP4, close to PL436). 

 

2.2. Sample processing 

The cores were processed immediately after recovery in the cold room on board the ship at 

+5°C. Overlying water of each core was sampled using a syringe. Cores were sliced at 0.5 

cm intervals in the first 2 cm, at 1 cm intervals down to 10 cm and at 2 cm intervals between 

10 and 20 cm. Sediment slices were placed in tubes and immediately centrifuged for 20 

minutes at 3500 rpm. Sediments were then stored at -20°C until aSiO2 concentrations were 

analyzed in the laboratory. Overlying and pore waters were filtered through Millex filters (0.22 

µm pore size) and stored at +4°C until dSi analysis were performed. dSi flux through the 

sediment-water interface was measured in situ inside the benthic chambers carried by the 

respirometer RAP (an autonomous lander equipped with three cylindric benthic chambers 

each 30-cm in diameter; for a detailed description, see Khripounoff et al., 2006). The 

functioning principle of the benthic chambers is to isolate and incubate a known volume of 

seawater in close contact with the enclosed sediment surface area. Three sampling cells, 
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positioned within each chamber, enable water sample collection (100 mL) at predetermined 

time intervals for later calculation of fluxes. Water samples were taken at the beginning of the 

incubation (T0), after 7h (T1), 13h (T2) and 19h (T3). Immediately after recovery, the 

sampling cells were removed from the chambers and the water samples collected by gravity 

flow in separate vials.  

 

2.3. Analytical methods 

Overlying and pore water dSi concentrations were measured using the colorimetric method 

of Tréguer and Le Corre (1975).  

aSiO2 concentrations in sediments have been calculated (see section 2.4) using a modified 

version of the Si-Al method developed by Köning et al. (2002). This method consists of the 

simultaneous measurement of Si and Al concentrations during an alkaline digestion (90 

minutes, NaOH, 0.5M). The method was adapted to allow a larger amount of samples to be 

analyzed within a day, without losing its robustness. The continuous measurement of Si and 

Al concentrations was replaced by a multiple measurements done every minute during one 

hour of alkaline digestion. This required adaptation of the method of Aminot and Kerouel 

(2007) for the measurement of dSi concentrations during alkaline digestions, optimizing the 

sampling and rinsing time on the autoanalyzer. Accuracy was tested with standard solutions. 

Al concentrations were measured using the Lumogallion fluorescence method developed by 

Hydes and Liss (1976). 

 

2.4. Calculation of benthic aSiO2 concentrations, aSiO2 burial and benthic dSi fluxes 

Si and Al digestion curves were fitted in order to determine aSiO2 concentrations in 

sediments, and distinguish aSiO2 from lithogenic Si. Four models were applied to the Si and 

Al digestion curves, going from a single phase (model 1), two phases (model 2), three 

phases (model 3), and a continuum of phases (model 4) of aSiO2 in the sediments (see 
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Köning et al., 2002). One example of digestion curves and model application is shown in 

Figure 2. The Figure 3 shows two vertical profiles of aSiO2 calculated by two different 

methods: the model 1 with only one aSiO2 phase (Köning et al., 2002), and the best 

statistical adjustment which most often corresponded to model 2 or model 3 of Köning et al. 

(2002). The best statistical adjustment is determined with the Log Likelihood method (Hilborn 

and Mangel, 1997). The statistical criteria is defined by: 

         
 

 
   (

∑(   ( ̂ )     (  )) 

 
)  

N is the number of measurements j for one sample.    is the concentration measured at each 

point j.  ̂  is the concentration calculated with the model at each point j. A more complex 

model improves the fit if the        is at least two units higher for each added parameter.  

aSiO2 concentrations are expressed as the percentage of weight (% gDW g-1) and noted as 

%. For each model, aSiO2 concentrations are calculated following the equations detailed in 

Köning et al. (2002). This method provides very robust results of aSiO2 concentrations. This 

also provides useful information on the quality of the silica studied (see Section 3.1.). 

Burial rates of aSiO2 (mol m-2 y-1) were estimated using the following formula:  

               [     ]       

 is the linear sedimentation rate estimated by 210Pbxs below the bioturbation zone between 5 

and 20 cm depth (0.019 m y-1; Rabouille et al., 2009). This value was determined in the same 

lobe area in December 2003 and was used to extrapolate carbon burial for the whole lobe 

area (Rabouille et al., 2009). This value was in agreement with the large sedimentation rates 

that occurred in the upper part of the lobes over the last century (Savoye et al., 2009).  

 is porosity, assumed to be 0.7 from preliminary measurements.  
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[     ]  is the mean aSiO2 concentration (gDW aSiO2 g-1) in deep sediment layers (10-20 

cm depth), taken from the best adjustment model. The aSiO2 concentration strongly 

decreased between 0 and 10 cm depth but did not vary much below 10 cm depth. The aSiO2 

concentration was thus averaged between 10 and 20 cm to smooth vertical discontinuities.    

MM is the molar mass of aSiO2 (66 g mol-1). 

Total benthic dSi fluxes were calculated using the benthic Si model developed by Raimonet 

(2011). Concentrations of aSiO2 and dSi were used to adjust the model and estimate fluxes. 

The specificity of this model is to incorporate two aSiO2 phases, and to represent bioirrigation 

in addition to the processes of dissolution and reprecipitation already described by Khalil et 

al. (2007). This model allowed calculating benthic dSi fluxes and deconvoluting diffusion and 

bioirrigation fluxes. Total fluxes measured with benthic chambers were used to validate our 

estimates.  

 

3. Results  

The best adjustment of dSi concentrations during aSiO2 digestion was generally achieved 

with models 2 and 3 (representing two and three aSiO2 phases) rather than with model 1 

(one aSiO2 phase; see an example in Figure 2).  

Figure 3 displays the downcore profiles of aSiO2 estimated using the model 1 and the best 

adjustment model. Sediment aSiO2 concentrations, estimated using the model 1, were quasi-

constant downcore and ranged between 2 and 4.5 %. Only the PL438 profiles exhibited a 

rapid decrease of aSiO2 concentrations with depth, from 5-6 % at the sediment surface to 2-3 

% below 4 cm depth. The best adjustment aSiO2 profiles exhibited a more variable evolution 

with depth, with peaks reaching up to 7-8%, never observed in the model 1 profiles. The best 

adjustment profiles showed maximal values (up to 6-8 %) at 2.5 cm (PL435 and PL437), 4.5 

cm (PL436), and between 6 and 9 cm (PL438).  
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Distinct trends of dSi and aSiO2 profiles were observed depending on sites. aSiO2 

concentrations showed an exponential decrease with depth down to 10 cm depth (where 

vertical discontinuities are absent) at site D (PL438) while quasi vertical profiles were 

observed at sites A and C (Figure 3). An exponential increase of dSi concentrations, typically 

encountered in deep sea sediments, was observed at site D whereas this gradient was not 

observed in the first 5 to 10 cm at sites A and C (Figure 4). In addition, asymptotic 

concentrations, i.e. dSi concentrations in deep sediments, were different at sites A and D 

(190-270 µmol l-1) and at sites C (570-620 µmol l-1). 

The fitting of dSi and aSiO2 profiles with the benthic Si model (Figure 5) allowed to determine 

bioirrigation rates and calculate total (diffusion + bioirrigation) benthic fluxes. Bioirrigation 

rates were lower at site A (0.003 h-1) compared to site C (0.005-0.01 h-1), while irrigation 

depth were higher (10 versus 6.5-7 cm). The total (diffusion + bioirrigation) fluxes remained 

in a small range between 0.24 and 0.38 mol Si m-2 y-1 with a mean value at 0.30 mol Si m-2 y-

1 (Table 2). Estimates of total fluxes by the modelling approach were validated by the 

measurements in benthic chambers (Figure 6; Table 2) at site A (modelled: 0.24 mol Si m-2 y-

1; measured: 0.14-0.18 mol Si m-2 y-1) and site C (modelled: 0.32 mol Si m-2 y-1; measured: 

0.08-0.34 mol Si m-2 y-1). 

 

4. Discussion 

 

4.1. aSiO2 concentrations in sediments 

Benthic aSiO2 concentrations ranging from 2 to 8% are in the same range as those 

measured in the continental margin off the Congo River (Ragueneau et al., 2009). These 

values are also typically observed in other margins, such as the North Carolina, Long Island 

Sound, California borderlands (DeMaster, 2002) or the Bay of Brest (Ragueneau et al., 

2005). They are however much lower than those found in the Peru margin or within the Gulf 
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of California (10-20 %; DeMaster, 2002) and off Antarctica (20-49%; DeMaster et al., 1996), 

where high values are due to high diatom production. They are however much higher than 

the extreme low values found off the Amazon River (close to 0.5%; DeMaster, 1991). The 

difference between the Congo and the Amazon is mostly explained by the very high 

sediment loads of the former (600-1150 Tg SPM, 20-40 times the SPM flux of the Congo; 

Coynel et al., 2005; Ni et al., 2008) which dilute aSiO2 concentrations in both suspended 

matter (0.96%; Conley, 1997), and in benthic sediments (0.5%; DeMaster, 1991). Even if the 

Congo is the world’s second largest river in terms of water discharge, it is only the twelfth in 

annual SPM flux (Coynel et al., 2005). Therefore, the higher benthic aSiO2 concentrations 

measured off the Congo River (2-8 %; this study) might at least partly be explained by the 

lower SPM flux and the higher % aSiO2 in suspended matter (9.3%; Conley, 1997).  

The best adjustment of dSi concentrations during aSiO2 digestion achieved with models 2 

and 3 (representing 2 and 3 aSiO2 phases) rather than with model 1 (1 aSiO2 phase), 

suggests the presence of multiple phases of aSiO2, as already shown for other systems 

(Gallinari et al., 2002; Van Cappellen et al., 2002; Khalil et al., 2007; Moriceau et al., 2009). 

The presence of maximal aSiO2 concentrations at specific sediment depths using the 

multiphasic model may correspond to the sedimentation of a less reactive phase of aSiO2. 

While this low reactive phase belongs to the aSiO2 fraction using the multiphasic model, it 

appears as lithogenic silica with the monophasic model (model 1) which may thereby 

underestimate the true aSiO2 concentration.  

The origin of such a low reactive phase of aSiO2 remains unclear. It could be created during 

in situ early diagenesis in sediments: it is well established that the presence of Al strongly 

affects both the solubility (Van Cappellen and Qiu, 1997a) and the reactivity (Van Cappellen 

and Qiu, 1997b) of biogenic silica and the sediments of the Congo deep sea fan are 

particularly Al-enriched. Al was shown to substitute Si within diatom frustules and to create 

an Al-rich opal, which was evidenced out off the Congo River (Van Bennekom et al., 1989). 

Another mechanism that might provide low reactivity aSiO2 could be the transient loads of 
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low reactive biogenic matter brought by turbiditic currents in the canyon and deposited in the 

deep sea fan. This might be linked to (1) the seasonal variations of riverine aSiO2 quantity 

and composition: high aSiO2 flux dominated by diatoms in low water conditions, and low 

aSiO2 flux dominated by phytoliths and sponge spicules in high water conditions (Hughes et 

al., 2011), and/or (2) the resuspension of sediments settled on the continental shelf. A better 

characterization of the biogenic matter present in the Congo deep-sea fan is therefore 

needed to confirm its origin. 

Whatever the origin of this phase, the comparison between monophasic and multiphasic 

aSiO2 models (Figure 3) allowed us to detect its presence. In the following discussion, only 

data obtained with the best adjustment model will be used, in particular to estimate the aSiO2 

accumulation rate, because this allows us to account for all aSiO2 phases, including this low 

reactivity phase which may be missed by monophasic aSiO2 models. As differences in aSiO2 

concentrations were mostly observed in surface sediments layers and not in deeper ones 

(this study), deep aSiO2 concentrations, and thus burial rates, were not impacted by the 

analytical methods used for aSiO2 concentration determination (± 0.2 %).  

 

4.2. Si stocks in deep sea fan sediments: importance of biological and 

diagenetic processes 

The shape of dSi profiles at sites A and C is typical of bioirrigation (Aller, 1980; Forja and 

Gómez-Parra, 1998). In fact, using a benthic model describing aSiO2 early diagenesis and 

accounting for bioirrigation was required to fit dSi profiles at sites A and C (Figure 5). Fitting 

aSiO2 and dSi profiles by adjusting biorrigation rates and depths allows determining 

bioirrigation parameters and fluxes at the sediment-water interface. Irrigation rates (0.003-

0.01 h-1) are in the range of values determined by inverse modeling in the literature (0.004-

0.4 h-1; Meile et al., 2001) and in the high range of values measured in shallow estuarine 

sediments of the Puget Sound (0.0004-0.002 h-1; Emerson et al., 1984). The sites A and C 
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displayed high bioirrigation rates, consistent with the observations of sparse Vesicomyidae at 

site A, and the combination of more abundant Vesicomyidae and bacterial mats at site C.  

In addition, the differences in asymptotic dSi concentrations observed at the three different 

sites can be explained by different processes. The first explanation to account for the low 

asymptotic dSi concentrations at sites A and D is the presence of an Al-rich opal, evidenced 

by Van Bennekom et al. (1989) in the deep sea fan. Van Cappellen and Qiu (1997a,b) 

confirmed the importance of aluminum (Al) in the control of aSiO2 thermodynamic and kinetic 

dissolution properties. Whether this Al-rich opal originates in the Congo River itself, or Al is 

incorporated in the opal during early diagenesis remains unclear. But an important question 

remains with this hypothesis: what would explain the much higher asymptotic dSi 

concentrations in the central part of the deep sea fan, at site C? Why would there be less Al 

in the central part of the lobe, leading to a higher solubility? More data on Al concentrations 

at different stations of the lobes would be needed to confirm this hypothesis. 

Other reasons could explain such different asymptotic dSi concentrations. The presence of 

bacterial mats at site C may have enhanced the degradation of organic matter, thereby 

favoring the dissolution of aSiO2. Different intensity of organic matter degradation might lead 

to pH changes which are also known to affect aSiO2 solubility (Van Cappellen and Qiu, 

1997a). This factor is however unlikely to explain spatial variations of asymptotic dSi 

concentrations in the deep-sea fans because the pH range found in benthic sediments only 

affects the solubility by a factor of 5-10% (Van Cappellen and Qiu, 2007a). Higher 

accumulation rates in the central part of the lobes (site C) could also lead to higher 

asymptotic dSi concentrations because of lower time for ageing and reprecipitation to 

happen (Ragueneau et al., 2000). The most likely hypothesis to explain asymptotic dSi 

concentrations is based on the presence of benthic macrofauna at sites A and C 

(unpublished data). The presence of macrofauna may have a retroactive effect on aSiO2 

dissolution and explain the observed dSi profiles. Bioirrigation indeed increases exchanges 

at the sediment-water interface and thus the flux of oxygen and nitrate into sediments. The 
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enhanced influx of oxidants generally increases the degradation of organic matter (Heilskov 

et al., 2006), which is known to favor the dissolution of aSiO2. Thus, we hypothesize that 

different bioirrigation activities may be responsible for different organic matter degradation 

and aSiO2 dissolution in these sediments causing differences in dSi asymptotic 

concentrations. At site A, where Vesicomyidae are sparse, the asymptotic concentration of 

dSi is 270 µmol l-1, whereas site C with numerous Vesicomyidae has an asymptotic 

concentration of 570 and 620 µmol l-1. 

 

4.3. Construction of a benthic Si mass balance in the deep sea fan 

 

Total (diffusion + bioirrigation) dSi fluxes at the sediment-water interface are similar to those 

measured on the shelf of the Congo (0.30 and 0.60 mol Si m-2 y-1; Ragueneau et al., 2009) or 

off the Oman margin (Köning et al., 2002). They are 2 to 3 times higher than in the Pacific 

Ocean (McManus et al., 1995) and one order of magnitude higher than those at other sites in 

the North Atlantic such as BATS (Sayles et al., 1996) and NABE (Ragueneau et al., 2001). 

Fluxes are however lower in our study than in the Southern Ocean (DeMaster et al., 1996; 

Nelson et al., 2002) where benthic dSi concentrations are much higher.  

Using a mean value for the total benthic dSi fluxes of 0.30 ± 0.06 mol Si m-2 y-1, it is possible 

to build a preliminary Si budget for the Congo deep sea fan. Based on the average 

concentrations of aSiO2 in the deep sediment layers (reported in section 3.1) and the 

accumulation rate of 0.019 m y-1 previously measured in the Congo deep-sea fan (Rabouille 

et al., 2009), we estimated a burial flux of 2.29 +/- 0.58 mol Si m-2 y-1 (Table 3). This rate is 

one to three orders of magnitude higher than in other oceanic regions, where estimates of 

aSiO2 burial range between 0.001 and 0.420 mol Si m-2 y-1 (Table 3; see Ragueneau et al., 

2002 and references therein). Our estimates are 7-13 times higher than those calculated 

upstream of the lobes, e.g. in the Congo deep submarine channel (BIOZAIRE/D; Ragueneau 

et al., 2009) and out of Congo influence (BIOZAIRE/C; Ragueneau et al., 2009). These 
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differences are, at least partly, explained by much higher sedimentation rates in the lobes 

than on the continental shelf and slope (0.019 versus 0.001 m y-1; Rabouille et al., 2009; 

Ragueneau et al., 2009). The high accumulation rate observed in the lobes confirms that 

lobes are similar to estuarine deltas, lagoons or inshore continental shelves, where high 

accumulation takes place (DeMaster et al., 1985; Nichols, 1989; Burdige, 2005). Moreover, 

the burial rate of aSiO2 observed in the lobes is similar to rates observed in some shallow 

coastal areas or ponds. 

The benthic recycling and burial fluxes calculated above allowed estimating the deposition 

rates necessary to achieve a mass balance. The reconstructed deposition flux, obtained by 

assuming a steady state and adding the burial and benthic recycling fluxes, reaches 2.59 mol 

Si m-2 y-1. A similarly high reconstructed deposition rate is observed only in the Southern 

Ocean (DeMaster et al., 1996). As in the Southern Ocean, the reconstructed deposition flux 

is 20-40 times higher than the deposition flux measured by means of sediment traps 

deployed in the Congo fan area (0.07-0.11 mol Si m-2 y-1; Ragueneau et al., 2009). In the 

Southern Ocean, the mismatch between measured and reconstructed aSiO2 deposition 

fluxes could be attributed to sediment focusing due to bottom currents (DeMaster, 2002). Off 

the Congo shelf, sediment transport along the continental slope and excess accumulation of 

aSiO2 at the rise were suggested to provide the lateral inputs necessary to close the Si 

budget, a process which may be of significance also for the global input of Si from land to 

ocean (Ragueneau et al., 2009). Because the deep sea fan is far from the continental slope 

and because it is directly under the influence of the Congo canyon, it is most probable that 

the lateral inputs of aSiO2 necessary to close the Si budget come from the canyon itself, 

which is still very active (Babonneau et al., 2002). 

The burial flux, extrapolated to the whole deep-sea fan (3000 km2), reaches 0.69 +/- 0.18 

1010 mol Si y-1. This is a first approximation, because more measurements of sedimentation 

rates are needed to improve the estimation of the silica sink per se. The value used is 

however consistent with high sedimentation rates that occurred in the upper part of the lobes 
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over the last century (Savoye et al., 2009). It is interesting to compare this first approximation 

of burial flux to riverine inputs. The burial flux represents 59% of the Congo River aSiO2 flux, 

estimated at 1.17 1010 mol Si y-1 by Hughes et al. (2011). This is very high, compared to the 

mean value of 20% found in estuaries (DeMaster, 1981). Interestingly, this number is similar 

to the one estimated for marginal and regional seas, as important interceptors of aSiO2 

delivery to the open ocean (46%; Dürr et al., 2011). Even if the origin of the sediment needs 

to be confirmed, especially to determine to what extent the material is directly transported 

from the river to the lobes, the high percentage of aSiO2 also suggests its effective 

preservation in the deep-sea fans. This phenomenon may be linked to (1) low recycling, most 

likely due to the presence of Al-rich opal in this region (Van Bennekom et al., 1989), (2) high 

deposition rates due to the presence of the canyon (see below) or (3) any combination of the 

two. Indeed, we have seen in this section that benthic recycling fluxes, although favored by 

biological processes, are not exceptionally high in that area where deposition fluxes and 

stocks of aSiO2 in the sediments are high. In addition, it is well established that sediment 

preservation efficiency of aSiO2 increases exponentially with sedimentation rates 

(Ragueneau et al., 2000).   

 

4.4. Si and C coupling on the Congo margin and deep sea fan 

Following the revision of the Si budget in the different sectors of Antarctica (Pondaven et al., 

2000; Hoppema et al., 2001; Nelson et al., 2002), it became obvious that silica accumulation 

has been overestimated in the sediments below the Antarctic Circumpolar Current. To 

maintain a marine Si budget at equilibrium, another sink for aSiO2 was needed and DeMaster 

(2002) provided strong arguments that continental margins may be the missing marine silica 

sink. In this scenario, the Si and C cycles would be more coupled than previously thought. It 

is therefore very interesting to explore the degree of coupling between the Si and C cycles off 

the Congo River and in its deep sea fan.  
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Rabouille et al. (2009) estimated the carbon burial in the Lobe region at 0.4 Tg C y-1, or 3.3 

1010 mol C y-1. This represents a major sink for carbon, accounting for some 22% of the total 

accumulation in the North Atlantic and 2-4% of the global carbon burial. aSiO2 accumulation 

in the deep sea fan reaches 0.69 1010 mol Si y-1, yielding a Si:C molar ratio of 0.21. This ratio 

is three times lower than the minimal ratio measured in deep sea sediments (0.6-39; 

Ragueneau et al., 2002). Such a value suggests that the material accumulating in the deep 

sea fan does not derive from overlying surface waters. In fact, the Si:C ratio is generally 

between 30 and 300 lower in primary production-derived material in surface waters than the 

ratio measured in material accumulating in the underlying sediments (Ragueneau et al., 

2002), reflecting the slower recycling of Si compared to C. This would imply a Si:C ratio in 

the range 0.001 – 0.01 never encountered in primary production material. The aSiO2 

transported to the deep-sea fans might rather originate from freshwater diatoms (Hughes et 

al., 2011) as well as amorphous river matter and marine diatoms grown on the continental 

margin. However, considering the high lateral flux from the Congo River and the low vertical 

flux in open waters, freshwater diatoms and amorphous river matter might dominate and it is 

therefore most interesting to explore the evolution of the Si:C ratio from its origin in the river, 

to the fan area. 

The Congo River delivers 1.9 Tg C y-1, or 15.8 1010 mol C y-1 (Seyler et al., 2006). With a Si 

input of 1.17 mol Si y-1 as aSiO2 (Hughes et al., 2011), the Si:C ratio at the river output is 

close to 0.07. The Si:C ratio consequently increases only by a factor of three between the 

river and the fan sediments, which highlights that the Si and C cycles might only be slightly 

decoupled in the Congo system. The Si:C ratio in the deep-sea fan is also three times lower 

than the mean ratio of 0.6 calculated on continental margins (DeMaster, 2002). Rapid 

transport through the canyon does not seem to allow the typical Si:C decoupling due to a 

faster degradation of carbon observed elsewhere. This suggests that riverine loads might 

dominate and that the load of marine diatoms and older sediments temporally stored on the 

continental shelf might have been low. Nevertheless respective contributions of each source 
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still need to be quantified. It might also be that biogenic silica and organic carbon 

preservation are intimately linked. It is well known that the organic matter coating opal 

surfaces protects silica from dissolution, until bacteria remove this coating (Bidle and Azam, 

1999). More recently, it has been demonstrated that the degradation of the organic matter 

inside diatoms is also dependent upon the dissolution of the diatom frustules (Moriceau et 

al., 2009). Therefore, we hypothesize that the excellent preservation of the biogenic silica 

brought by the river (see Section 3.3), both through high sedimentation rates and the 

presence of Al in the sediments, also favors the excellent preservation of the organic matter 

in the deep sea fan region.  

 

5. Conclusions 

The Congo deep-sea fan is a very special area, in the sense that it is a deep ocean deposit 

that is directly related to the inputs from the 2nd world largest river through an active canyon. 

The establishment of a benthic Si mass balance in the fan allows demonstrating that the vast 

majority of the aSiO2 deposited in that area comes from the Congo River through this 

canyon. Accumulation of aSiO2 is high, thanks to a high sedimentation rate. Opal 

accumulation strongly depends upon sedimentation rates, but in that area enriched with Al, 

our preliminary measurements indicate that early diagenetic processes most probably 

combine with this high sedimentation rate to explain the intensity of the accumulation as well 

as the fact that a large fraction of aSiO2 river inputs (50 %) may be preserved in the fan 

sediments. Clearly, larger spatial coverage and refined sedimentation rates are needed to 

ascertain these budgets. Studying Si:C ratios highlights the tight coupling between Si and C 

cycles during the transport of material from land to ocean through the canyon. We suggest 

that such linkage - already evidenced in pelagic waters, with mutual protection - also takes 

place in sediments and that it is worth developing a coupled model of Si and C early 

diagenesis to explore further this hypothesis.  
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To our knowledge, this is the first exploration of the role played by canyons in the direct 

transfer of Si from land to ocean. If the Congo canyon does represent a unique system by its 

deposition and burial intensity, it would be most interesting (1) to improve these estimations 

for this region by refining sedimentation rates in the deep sea fan, (2) to determine the origin 

of the aSiO2 buried in the deep-sea fan by characterizing the origin and reactivity of the 

material buried in the fan, and (3) to explore other canyons and derive an estimate of the 

importance of this process at the global scale. Our results in the Congo deep-sea fan are 

important for the understanding of deltas, as deep-sea fans are deltas located in deep 

oceans. While in shallow deltas, biogenic Si, as well as organic matter, is stored and 

recycled on the continental shelf, a large amount of Si escapes the continental shelf and is 

directly brought to the deep ocean in the case of submarine deltas (i.e. deep-sea fans). The 

location of biogenic matter storage and recycling areas has then important implications for 

the productivity of the coastal and ocean ecosystem. 
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Tables 

 

Table 1. Sampled sediment cores name and location. 

Site Code Abbreviation Depth (m) Longitude (°E) Latitude (°S) 

A WACS-A-PL435-CT PL435 4750 6.0321 -6.4484 

A WACS-A-RAP3 RAP3 4740 6.0330 6.4542 

C WACS-C-PL436-CT PL436 4946 5.4886 -6.7033 

C WACS-C-PL437-CT PL437 4946 5.4883 -6.7014 

C WACS-C-RAP4 RAP4 4950 5. 4837 -6. 6878 

D WACS-D-PL438-CT PL438 5028 5.1279 -6.4755 

 

 

Table 2. Modelled benthic dSi fluxes (mol Si m-2 y-1) at the sediment-water interface in the 

deep sea fan: diffusion, bioirrigation, and total fluxes. Modelled and measured total fluxes are 

compared.  

Site Code Diffusion Bioirrigation Total dSi flux 

        modelled measured 

A PL435-RAP3 0.06 0.18 (74%) 0.24 0.14-0.18 

C PL436-RAP4 0.04 0.28 (87%) 0.32 0.08-0.34 

C PL437 0.09 0.30 (77%) 0.38 - 

D PL438 0.22 0.04 (16%) 0.27 - 

  mean 0.10 0.20 0.30   
 

 

Table 3. Benthic mass balance of Si fluxes (mol Si m-2 y-1) in the deep sea fan, and 

comparison with other sites worldwide (from Ragueneau et al., 2009): BIOZAIRE sites C and 

D to get estimates of the measured input fluxes in a close region, BATS to show an example 

of a budget that is closed in a 1D vision, and POOZ to compare with a site exhibiting the 

highest measured input flux to date. 
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  Atlantic Ocean   Southern Ocean 

  
Congo 

deep-sea 
fan 

BIOZAIRE/C BIOZAIRE/D 
North West 

(BATS) 
  POOZ 

aSiO2 burial 2.29 0.172 0.307 0.001 
 

0.42 

Diffusive dSi flux 0.11 0.274 0.614 0.017 
 

2.03 

Bioirrigation flux 0.19 - - - 
 

- 

Total dSi flux 0.30 - - - 
 

- 

Reconstructed input flux 2.4 0.446 0.921 0.018 
 

2.45 

Measured input flux - 0.073 0.11 0.019 
 

0.51 

Preservation efficiency 76.3 38.6 33.3 5.6   17.1 
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Figure caption 

 

Figure 1. Map of the study area and sampling sites. 

Figure 2. Temporal evolution of Si concentrations (black) and Al concentrations (grey) during 

the alkaline digestion of the first sediment slice of PL436 (Site C). Application of the four 

models of Köning et al. (2002). Points and lines represent data and model calculations, 

respectively.  

Figure 3. Vertical profiles of aSiO2 concentrations (weigh %) at the four stations, as 

measured following a modified version of Köning et al. (2002), see text for details. In this 

method, “Model 1” refers to a model with one phase of aSiO2 (in grey) and “Best adj.” refers 

to the model that provides the best statistical adjustment to the data, typically model 2 or 

model 3 of Köning et al. (2002) (in black). 

Figure 4. Vertical profiles of dSi concentrations (µmol l-1) in the pore waters of the deep-sea 

fan sediments. 

Figure 5. Vertical profiles of aSiO2 and dSi concentrations in sediments at sites A, C and D. 

Points=data; Lines=model. 

Figure 6.  Temporal evolution of the quantity of matter of dSi per m² in three benthic 

chambers (#1, #2 and #3) at (A) Site A RAP3 and (B) Site C RAP4.   
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