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Abstract 

Settling particles were collected using sediment traps deployed along three transects in the Lacaze-Duthiers and 
Cap de Creus canyons and the adjacent southern open slope from October 2005 to October 2006. The settling mate-
rial was analyzed to obtain total mass fluxes and main constituent contents (organic matter, opal, calcium carbonate, 
and siliciclastics). Cascades of dense shelf water from the continental shelf edge to the lower continental slope oc-
curred from January to March 2006. They were traced through strong negative near-bottom temperature anomalies 
and increased current speeds, and generated two intense pulses of mass fluxes in January and March 2006. This 
oceanographic phenomenon appeared as the major physical forcing of settling particles at almost all stations, and 
caused both high seasonal variability in mass fluxes and important qualitative changes in settling material. Fluxes 
during the dense shelf water cascading (DSWC) event ranged from 90.1 g m-2 d-1 at the middle Cap de Creus canyon 
(1000 m) to 3.2 g m-2 d-1 at the canyon mouth (1900 m). Fractions of organic matter, opal and calcium carbonate 
components increased seaward, thus diminishing the siliciclastic fraction. Temporal variability of the major compo-
nents was larger in the canyon mouth and open slope sites, due to the mixed impact of dense shelf water cascading 
processes and the pelagic biological production. Results indicate that the cascading event remobilized and homoge-
nized large amounts of material down canyon and southwardly along the continental slope contributing to a better 
understanding of the off-shelf particle transport and the internal dynamics of DSWC events. 

Resum 

Des d'octubre de 2005 fins a octubre 2006 es van recollir les partícules que sedimentaven al llarg de tres trans-
sectes dins els canyons de Lacaze-Duthiers i Cap de Creus i al talús sud adjacent. El material sedimentari es va ana-
litzar per tal d’obtenir els valors dels fluxos de massa totals, així com el contingut dels components majoritaris (ma-
tèria orgànica, òpal, carbonat de calci, i siliciclasts). Entre gener i març de 2006 es produïren cascades d'aigua densa 
des de la vora de la plataforma continental fins a la base del talús. Foren detectades a través de fortes anomalies ne-
gatives de temperatura prop del fons i de l'augment de les velocitats dels corrents, i varen generar dos polsos inten-
sos del fluxos de massa durant els mesos de gener i març de 2006. Aquest fenomen oceanogràfic fou el major motor 
físic del flux de partícules a gairebé totes les estacions, i va provocar una alta variabilitat estacional en els fluxos de 
massa, així com canvis qualitatius importants del material sedimentat. Els fluxos durant la cascada (DSWC) os-
cil· laren entre 90,1 g m-2 d-1 en el centre del canyó de Cap de Creus (1000 m) i 3,2 g m-2 d-1 a la boca del canyó 
(1900 m). Les fraccions de matèria orgànica, òpal i de carbonat de calci augmentaren cap al mar, mentre disminuia 
la fracció siliciclàstica. La variabilitat temporal dels components principals fou més gran a la boca del canyó i a les 
estacions situades al talús a causa del l’impacte combinat de la cascada i la producció biològica pelàgica. Els resul-
tats indiquen que l'esdeveniment de cascada remobilitzà i homogeneïtzà grans quantitats de material canyó avall, ai-
xí com cap al sud al llarg del talús continental, i contribueixen a una millor comprensió del transport de partícules 
des de la plataforma així com també de la dinàmica interna dels esdeveniments de DSWC. 
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Introduction 

Continental shelves are bypass zones of lithogenic 
and biogenic material from their source in the conti-
nent to their sink in the deep sea floor. In addition, 
high biological production takes place in shelf regions 
due to nutrients inputs from land and coastal 
upwelling. In those environments, settling material is 
subjected to biological, physical and chemical pro-
cesses among which, the remobilization basinwards 
supposes the principal way of shelf erosion. Actually, 
experiments carried out in the Western Mediterranean 
Sea show differences of three orders of magnitude 
when comparing settling particles in the slope with the 
open basin, underlining the importance of continental 
shelves as a source of material for the adjoining slope 
environment (Heussner et al., 2006; Martín et al., 
2006; Zúñiga et al., 2009). Suspended particles on the 
continental shelf are mainly advected to the slope 
through intermediate or bottom nepheloid layers (Dur-
rieu de Madron and Panouse, 1996), resulting in larger 
particulate fluxes closer to the slope bottom (Monaco 
et al., 1990; Heussner et al., 1999; Heussner et al., 
2006). 

One mechanism that facilitates such shelf-deep 
ocean exchange in the Western Mediterranean is dense 
shelf water cascading (DSWC). It is a gravity current 
associated to the shelf edge overflow and down-slope 
sinking of continental shelf waters due to their excess 
density gained by cooling and/or evaporation (Ivanov 
et al., 2004). The Gulf of Lion (GoL) is one of the few 
regions in the Mediterranean where this phenomenon 
takes place (Durrieu de Madron et al., 2005; Canals et 
al, 2009), with intense events occurring in a subdeca-
dal scale. Various studies carried out in the GoL have 
documented the rapid export of sediment from the 
shelf and upper slope to deeper environments by in-
tense DSWC events occurring in winter 2004/05 
(Bourrin et al., 2008; Canals et al., 2006; Puig et al., 
2008; Ulses et al., 2008a) and winter 2005/06 
(Sanchez-Vidal et al., 2008). Besides lateral (cross-
slope) transport of material, the particle fluxes from 
open-ocean surface waters supply benthic sediments 
with fresh marine organic matter (Heussner et al., 

2006). The temporal coincidence of DSWC and high 
pelagic fluxes seems to be responsible for the effective 
transfer of fresh marine organic matter towards deeper 
parts of the basin (Fabres et al., 2008, Sanchez-Vidal 
et al., 2009). 

In this paper we evaluate the behavior and charac-
teristics of settling particulate matter collected during 
the HERMES (Hotspot Ecosystems Research on the 
Margins of European Seas) project along the Lacaze-
Duthiers and Cap de Creus canyons and the adjacent 
southern open slope from October 2005 to October 
2006. Because an intense DSWC event took place and 
was registered by all sediment traps we have the op-
portunity to assess the impact of DSWC on particle 
fluxes along and across the slope. Concretely, we will 
analyze the spatial and temporal variability of the total 
mass fluxes and the variations in its organic matter, 
opal, calcium carbonate and siliciclastic contents. 

Study area and oceanographic settings 

The GoL margin is located in the Western Medi-
terranean and extends from Cap Croisette in the north-
east to Cap de Creus in the southwest (Fig. 2.1). It is a 
wide, progressive margin incised by numerous subma-
rine canyons extending down to the Algero-Balearic 
basin. The continental shelf is fed by different water-
sheds (Fig. 2.1): in the northeast, the Rhône River 
contributes to more than 90% of the total annual liquid 
and solid inputs of the rivers discharging to the Gulf 
of Lion mainly during the snowmelt in spring (Bourrin 
et al., 2006), whereas the southwestern rivers Hérault, 
Orb, Aude and Têt are subjected to a Mediterranean 
regime with short and intense flash-flood events (Ser-
rat et al., 2001). 

Sea surface circulation is characterized by the an-
ticlockwise flow of modified Atlantic waters that form 
the Northern Current (Fig. 2.1). Its structure changes 
seasonally, becoming thicker and narrower and flow-
ing closer to slope with maximum flow during the 
winter season (Millot, 1999). The Northern Current is 
associated to a permanent shelf-slope density front 
separating shelf and open-sea waters. Its position and 
meandering is suggested to significantly influence 
shelf-slope exchanges (Flexas et al., 2002) and organic 
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carbon export (Van Wambeke et al., 2002). The 
Northern Current also controls the GoL primary pro-
duction distribution, separating shelf waters directly 
influenced by the Rhône river from offshore waters 
with a clear seasonality in surface and deep chloro-
phyll a concentrations, as revealed by both in situ 
measurements (Lefevre et al., 1997) and satellite im-
ages (Bosc et al., 2004). Main biological features iden-
tified in the southwestern GoL are spring mesotrophy 
when blooms develop (Vidussi et al., 2000) and sum-
mer stratified oligotrophic waters followed by autumn 
blooms (Marty et al., 2008). When winter meteorolog-
ical conditions are severe, long-lasting cold and dry 
northerly winds affecting the GoL region induce 
coastal and open-ocean convection, and both contrib-
ute to the renewal of the Western Mediterranean Deep 
Water (Bethoux et al., 1999; Fuda et al., 2000). 

Within that context, sedimentary processes in the 
Gulf of Lion’s continental shelf and slope have been 
the principal issue of several projects and are nowa-
days well understood. Fine sediments on the continen-
tal shelf are advected by the mean anticlockwise near-
bottom flow, and exit the shelf through the western-
most submarine canyons mainly during E and SE win-

ter storm events and DSWC (Palanques et al., 2006), 
resulting in an annual inventory budget on the shelf 
essentially equal to cero (Courp et al., 1990). Subma-
rine canyons represent the preferential pathway (Mon-
aco et al., 1990), as the shelf edge incision interacts 
with the bottom flow and funnel shelf water and mate-
rial basinward. Significant increase of near-bottom 
transport of sediment were detected when storm-
induced downwelling couples with DSWC, transport-
ing resuspended sediments through the westernmost 
canyons as bottom turbidity layers (Palanques et al., 
2006; Bonnin et al., 2008) and eroding canyon floor 
sediments (Canals et al., 2006, Puig et al., 2008). 

Material and methods 

2.1.1 Experimental design and data recovery 

Nine instrumented moorings were deployed in 3 
different transects along the axes of the Lacaze-
Duthiers and Cap de Creus canyons (LDC and CCC, 
respectively) at upper canyon (300 m), middle canyon 
(1000 m) and lower canyon (1500 m) and at canyon 
mouth were both canyons converge (1900 m), and 

Fig. 2.1. a) Location of the Gulf of Lion (GoL) in the Western Mediterranean Sea and b) sediment trap mooring stations (black 
dots) along the tree transects studied: Lacaze-Duthiers Canyon (LDC), Cap de Creus Canyon (CCC), and their Southern Open 
Slope (SOS). Superficial main oceanic circulation is represented by the Northern Current (NC, grey arrow). 
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along the southern open slope (SOS) at 1000 and 1900 
m water depth (Fig. 2.1). The sampling period was 
from mid October 2005 to late October 2006 with a 
maintenance turnaround and sample recovery in mid 
April 2006. Each mooring was equipped with a PPS3 
Technicap sequential sampling sediment trap (12 col-
lecting cups, 0.125 m2 opening and 2.5 
height/diameter aspect ratio for the cylindrical part) at 
30 m above bottom and an Aanderaa current meter 
(RCM7/8/9) at 5 meters above the bottom. In addition, 
the LDC1000 station included an extra trap-
currentmeter pair at 500 meters above the bottom 
(LDC1000-500 mab). Sampling intervals were set at 
15 days for traps and 30 minutes for current meters. 
The receiving cups of the traps were filled up before 
deployment with a buffered 5% (v/v) formaldehyde 
solution in 0.45 µm filtered seawater. Failure of the 
sediment trap rotating motor resulted in the absence of 
samples during the first six months at the CCC300 sta-
tion and during two months at the LDC1000 station. 
In addition, early January 2006 sediment sampling 
bottle at the CCC1000 station overfilled and the ex-
cess material probably entered into the following cup 
during the rotation of the carrousel, so consecutive 
flux values are respectively under and overestima-
tions. 

2.1.2 Sediment trap efficiency 

The general patterns of flux derived from tradi-
tional sediment traps are considered to be reasonable 
even it is known the uncertainties associated to trap 
hydrodynamics, swimmer intrusion and solubilisation 
processes that may bias the particle fluxes (Gardner et 
al., 1997; Buesseler et al., 2007 and references there-
in). The perturbation of the horizontal flow due to the 
presence of the trap is supposed to cause biases in the 
collection of particles. The efficiency is suggested to 
be a function of the trap design, the current velocity 
and the characteristics of the settling particles (But-
man et al., 1986). The PPS3 sediment traps used in the 
experiment present and aspect/ratio that has been sug-
gested that minimize the tilting (Heussner et al., 
1990). Indeed, Bonnin et al. (2008) examined how the 
current velocity affected their PPS3 sediment traps by 
looking at pressure sensors on the currentmeters above 

the traps. They concluded that the tilt of the traps was 
around 15º during high strong current episodes (up to 
80 cm s-1), which would not affect significantly the 
collection efficiency of particle fluxes. However, un-
der most flow conditions, most particles are not col-
lected as a result of passive sinking, but by means of a 
water-exchange turbulent process in the mouth of the 
trap (Gardner, 1980; Butman, 1986). Several works 
have approached the hydrodynamic bias issue in a dif-
ferent ways, but the conditions under which the trap-
ping biases become important are still poorly con-
strained (Buesseler at al., 2007). Among users of PPS3 
sediment traps (e.g. Carbonne, 1991; Heussner et al., 
1999) it is common to adopt a 15 cm s-1 limit for PPS3 
trap collecting efficiency. Other authors, such as Fa-
bres et al. (2002), cut down that limit to a more con-
servative 12 cm s-1 threshold. Given the implicit limi-
tations and uncertainties of sediment traps in quantify-
ing downward matter fluxes, especially when sam-
pling under high flow speeds as those reached during 
DSWC events, the results obtained from the traps and 
hereafter presented should be regarded as semi-
quantitative data. 

The intrusion of swimmers may also affect the 
particle flux. Sediment trap samples collected during 
our study were wet-sieved through a 1mm nylon mesh 
in order to retain the largest organisms, which were 
not very abundant. Swimmers smaller than 1 mm were 
manually removed under a dissecting microscope us-
ing fine tweezers. In addition, physical-chemical pro-
cesses such as the dissolution of biominerals or organ-
ic aggregates can also bias the particle flux of different 
compounds (Antia et al., 2005). The poisoning solu-
tion used in this study appears to be the most suitable 
compromise in terms of effectiveness and prevention 
of swimmer fragmentation (Lee et al., 1992; Buesseler 
et al., 2007; Heussner et al. 1990), even precluding 
DOC/DON measurements in supernatant. 

2.1.3 Sample treatment and analytical 
procedures 

After recovering, samples were stored in dark at 
2-4 ºC until they were processed in the laboratory ac-
cording to the procedure described by Heussner et al. 
(1990). Samples were (i) repeatedly split into aliquots 
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using a high precision peristaltic pump robot to obtain 
10-20 mg sub-samples, (ii) filtered through glass-fibre 
pre-weighted filters for carbon and nitrogen analysis 
and 0.45 µm pore size cellulose membranes for total 
mass determination and biogenic Si analysis, (iii) 
rinsed with distilled water and, finally, (iv) dried at 
40ºC during 24 h for dry weight determination. The 
precision of mass estimates, as measured by the coef-
ficient of variation was 4.1%. 

Total and organic carbon, and total nitrogen con-
tents were measured using an elemental analyzer (EA 
Flash series 1112 and NA 2100). Samples for organic 
carbon analysis were first decarbonatated using re-
peated additions of 100 µl 25% HCl with 60ºC drying 
steps in between until no effervescence occurred. Or-
ganic matter (OM) content has been estimated as 
twice the total organic carbon content, and carbonate 
content was calculated assuming all inorganic carbon 
is contained within the calcium carbonate (CaCO3) 
fraction, thus using the molecular mass ratio 100/12. 
Uncertainties were lower than 0.1% as determined 
from replicates of the certified estuarine sediment 
MESS-1. Biogenic Si was analyzed using a two-step 
extraction with 0.5 M Na2CO3 (2.5 hours each) sepa-
rated after filtration of the leachate. Inductive Coupled 
Plasma Atomic Emission Spectroscopy (ICP-AES) 
was used to analyze Si and Al contents in both leacha-
tes, and a correction of the Si of the first by the Si/Al 
relation of the second one was applied to obtain the 
opaline Si concentration (Fabres et al., 2002). Correct-
ed Si concentrations were transformed to opal after 
multiplying by a factor of 2.4 (Mortlock and Froelich, 
1989). Analytical precision of opal measurements was 
4.5%. The siliciclastic fraction was calculated assum-
ing % siliciclastic = 100 - (% OM + % CaCO3 + % 
opal). Grain size analysis of samples was performed 
after removal of organic matter with 10% H2O2 on a 
Coulter LS 230 Laser Particle Size Analyzer. 

2.1.4 Forcing conditions  

Daily fluvial discharges (m3 s-1) of the Rhône and 
the southwestern rivers (Hérault, Orb, Aude, and Têt) 
were obtained from Compagnie Nationale du Rhône 
and the Banque HYDRO of the French Ministry of 
Environment. Open ocean chlorophyll a (chl a) con-

centration (mg m-3) recorded by the Sea-viewing Wide 
Field-of-view Sensor (SeaWiFS) was obtained from 
the GES-DISC Interactive Online Visualization ANd 
aNalysis Infrastructure (GIOVANNI) at the NASA’s 
Goddard Earth Sciences (GES) Data and Information 
Services Center (DISC). From OBPG SeaWiFS 8-Day 
Global 9-km time series, points with maximum resolu-
tion of 0.1 degree that cover our study stations were 
defined and mean temporal evolution of chl a was ob-
tained. Surface (3 m of water depth) coastal chl a data 
was obtained from the SOLA monitoring station, lo-
cated 1 km off Banyuls sur Mer and provided by Ser-
vice d’Observation en Milieu LIToral (SOMLIT). Fi-
nally, significant wave heights H1/3 (m) data from the 
Sète wave buoy offshore station was provided by the 
Centre d’Etudes Maritimes et Fluviales.  

Results 

2.1.5 River, waves and Chl a measurements 

The Rhône river main discharge during the moni-
tored period (October 2005 to October 2006) lasted 
from mid February 2006 to the end of May 2006, with 
basal discharge of 1000 m3 s-1 and a maximum peak 
recorded in early April 2006 of 4165 m3 s-1. In con-
trast, southwestern rivers showed episodic water dis-
charge pulses in autumn and winter, peaking in mid 
November 2005 and at the very end of January 2006 
to 1390 m3 s-1 and 2923 m3 s-1, respectively (Fig. 
2.2a). Coastal chl a concentration was high form mid-
dle February to middle April 2006, with a major con-
centration peak of the pigment during early March 
(4.2 mg m-3). Offshore, the maximum concentrations 
(up to 2 mg m-3) were reached at the end of March and 
mid April 2006 (Fig. 2.2b). Minimum chl a concentra-
tions (0.07 at coastal site and around 0.2 mg m-3 at 
open ocean) were recorded during summer months. In 
addition, a weak increase of chl a concentration was 
detected in September 2006 at both locations and dur-
ing autumn 2005 at the coastal zone. Significant wave 
heights (H1/3) were recorded during the experiment 
period, with an up to 4 m peak reached in early De-
cember 2005 and up to 2.5 m in January 2006 (Fig. 
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2.2c). Furthermore, spring and autumn were periods of 
recurrent wave height increases.  

2.1.6 Near-bottom temperature and currents 
measurements on the slope 

Current speed, temperatures and directions at 5 m 
above the bottom recorded by the current meters dis-
play two clearly different periods (Fig. 2.3). From 
January to March 2006 several pulses of maximum 
current speeds (punctual peaks of up to 80 m s-1 at the 
CCC300 station) fitted along canyons axis and along 
slope were recorded. These currents were associated 
with a strong temperature anomaly (i.e. -2.4ºC at the 
CCC300 station) which is the direct evidence of the 
occurrence of DSWC. Maximum speeds were reached 
in January and March 2006. This intense DSWC event 
was the last up to date recorded, and followed those 
that occurred in winters 1998/99 (Bethoux et al., 
2002) and 2004/05 (Canals et al., 2006; Puig et al., 
2008). At the canyon heads instabilities remained until 
mid July 2006. Increases in current speed and temper-
ature were detected in autumn 2005 and 2006. At low-

er canyon, canyon mouth and open slope stations, cur-
rent velocities and temperatures did not stabilized until 
August 2006.  

2.1.7 Spatial and temporal variability of 
downward particle fluxes 

Mean total mass flux show a decreasing off-shelf 
trend (Table 2.1) with greater values inside canyons 
compared to the open slope. Values ranged between 
11.7 g m-2 d-1 in CCC1000 m station down to 0.7 g m-2 
d-1 in the CCC1900 station. Mean flux at the upper 
open slope (SOS1000) was lower (3.4 g m-2 d-1) when 
compared with the stations at the same depth inside 
the canyons (11.7 and 6.7 g m-2 d-1 at CCC1000 and 
LDC1000, respectively). In contrast, the deep open 
slope SOS1900 station recorded higher mean flux val-
ues (0.8 g m-2 d-1) than CCC1900 station at the conflu-
ence of both canyons (0.7 g m-2 d-1). 

Particle flux time series at all stations display high 
temporal variability (Table 2.1, Fig. 2.4). At the 
CCC1000 station there was a 90-fold increase in total 
mass flux in early January 2006 (90.1 g m-2 d-1, maxi-

Fig. 2.2. a) Daily fluvial discharges (m3 s-1) of the Rhône and the Southwestern rivers (Hérault, Orb, Aude, and Têt), b) Mean 
chlorophyll a (chl a) concentration (mg m-3) recorded at coastal station and open ocean and c) Significant wave heights H1/3 (m) 
recorded at the Sète wave buoy offshore station. 
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mum flux recorded) respect to late July 2006 (1.0 g m-

2 d-1) (Fig. 2.4b). The main visible feature of the tem-
poral variability is the total mass flux increase in Jan-
uary 2006 in most of the stations and the maintenance 
of high values during the following two months, until 
March-early April 2006, with the exception of 
LDC300. This maximum flux period (from January to 
March 2006) was characterized by two discrete peaks 
at most of the stations. The first particle flux peak was 

registered in early January 2006 (CCC1000, CCC1500 
and SOS1000 stations), late January 2006 (LDC1000, 
LDC1000-500 mab, SOS1900) and early February 
2006 (LDC1500 and CCC1900), and represented the 
maximum total mass flux at almost all stations except 
for the LDC1500 and CCC1900 stations, were the ma-
jor particle fluxes were recorded during the second 
peak in late March 2006 (early April at SOS1900 m, 
and early May in LDC1000-500 mab). Total mass flux 

Fig. 2.3. a) Current speed (cm s-1) and temperature (ºC) and b) current directions as a function of the speed (radius limits are 0-
100 cm s-1) recorded at 5 mab at each station location. (Note different temperature axis scales). 
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in the Lacaze-Duthiers upper canyon (LDC300) dis-
played an inverse behaviour, with fluxes decreasing 
from 14.0 g m-2 d-1 in late December 2005 down to a 
minimum of 0.3 g m-2 d-1 in early March 2006. In both 
upper canyon stations (LDC300 and CCC300) maxi-
mum fluxes were reached during late summer (from 
late August) and autumn seasons (both 2005 and 
2006), with values up to 18.1 and 20.0 g m-2 d-1 re-
spectively.  

2.1.8 Trends in composition of settling 
particles 

Mean flux and concentrations of major constitu-
ents (OM, opal, CaCO3 and siliciclastic) are shown in 

Table 2.1. The siliciclastic component predominated 
at all stations, ranging from 59.5 to 68.8%. Siliciclas-
tic mean flux diminished from middle canyon and 
slope stations while increasing water depth, so relative 
content of non-siliciclastic components increased 
along the same direction. Concentration of OM varied 
from 3.5% at the upper canyons to 4.1% at the canyon 
mouth, and from 3.0% to 3.8% at the open slope tran-
sect. Opal and CaCO3 recorded almost the same off-
margin increase. 

Temporal variability of main constituents is quite 
evident, with main fluctuations recorded similarly in 
all traps during spring. During summer and autumn 
seasons peaks of biogenic components (OM, opal and 

Fig. 2.4. Time series of total mass fluxes (g m-2 d-1) along transects studied: Lacaze-Duthiers Canyon (LDC), Cap de Creus Can-
yon (CCC) and Southern Open Slope (SOS), at different water depth stations. Contour every 100 m. (Note that dotted line sepa-
rate stations with different scale of the TMF axis). * Overfilled 
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CaCO3) were higher in lower canyon, canyon mouth 
and open slope stations (Fig. 2.5). Maximum OM con-
centrations were recorded during December 2005 and 
August 2006, with values up to 19.0% at CCC1500, 
16.2% at SOS1900 and 13.9% at CCC1900 (Fig. 
2.5a). OM content reached minimum values during 
January 2006 at all stations and during autumn 2006 at 
upper canyon and middle canyon stations. According-

ly, minimum opal concentrations were recorded dur-
ing January-March 2006 at all stations except at both 
upper canyons, that were recorded during autumn 
2005 (LDC300) and autumn 2006 (CCC300) (Fig. 
2.5a, 2.5b).  Several peaks in opal concentration were 
detected concomitantly at most of the stations (Fig. 
2.5b), such as in May 2006 (recorded at all stations, 
maximum values up to 13.11% at the CCC1500 sta-

Fig 2.5. Temporal evolution of a) organic matter (OM), b) opal, c) calcium carbonate (CaCO3), and d) siliciclastic fractions, in 
the Lacaze-Duthiers Canyon (LDC), Cap de Creus Canyon (CCC) and Southern Open Slope (SOS) for different water depths sta-
tions: 300 m (white squares), 1000 m (black dots), 1000 m (500 mab) (white rhombus), 1500 m (black up triangles) and 1900 m 
(white down triangles). 
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tion), and early summer 2006 (up to 12.12% at the 
CCC1500 station, recorded at all stations except for 
both upper canyons). Punctual peaks of CaCO3 were 
detected in late summer-early autumn 2006, when 
SOS1900 reached the maximum carbonate content 
(39.7%) similarly to SOS1000 (35.7%). 

Discussion 

2.1.9 Lateral transport of material by DSWC 

ROLE OF DSWC IN CANYONS - The arrival of mas-

sive amounts of material (up to 90 g m-2 d-1 at the 
middle Cap de Creus canyon) associated to strong 
temperature anomalies and increased current speeds 
(Figs. 3a) reveals that DSWC was the major physical 
driver of particle fluxes in the southwestern GoL dur-

ing the monitored period. The occurrence of DSWC 
caused total mass flux to increase (Fig. 2.4) and to be 
dominated by the siliciclastic fraction (up to 63.3%) 
(Fig. 2.6). Concomitantly, composition had the ten-
dency to be constant (Fig. 2.6) indicating the 
downcanyon transport of homogenized material. Mean 
composition of the non-siliciclastic fraction was 
30.0% of CaCO3, 3.2% of OM, and 1.5% of opal (Fig. 
2.5), quite similar values than those reported by 
Heussner et al. (2006) during maximum fluxes over a 
8-year period (31-32% CaCO3, 2% OM, and 1% 
opal), and close to the composition of the superficial 
sediments from the shelf and upper slope (31% Ca-
CO3, 1-4% OM, and opal nearly absent or below the 
detection limits (Roussiez et al., 2006)). 

The large amount of mass settled during the main 
DSWC period represents up to 83.5% (CCC1000 sta-

Table 2.1. Total mass (TM) flux (g m-2 d-1), main components (OM, opal, CaCO3 and siliciclasts) mean flux (mg m-2 d-1) and 
content (%) along the Lacaze-Duthiers Canyon, Cap de Creus Canyon and Southern Open Slope transects. Statistics presented 
are mean, maximum (Max) and minimum (Min). Mean flux has been calculated as time weighted flux, and mean concentration 
as flux weighted concentration following Heussner et al. (2006). * Data gaps, see figure 3. 

                    
Station 

  TM OM Opal CaCO3 Siliciclastic 
  Flux    Flux  %   Flux  %   Flux  %   Flux  % 

LDC300 Max 18.1   0.6 8.2   0.2 3.7   5.3 36.6   12.1 71.6 
  Min 0.3   0.0 2.7   0.0 0.1   0.1 23.4   0.2 54.1 
  Mean  6.7   0.2 3.5   0.1 1.1   2.0 29.3   4.4 66.1 
LDC1000    
(500 mab) 

Max 11.2   0.4 10.9   0.4 10.0   3.4 42.9   7.4 68.6 
Min 0.6   0.0 3.0   0.0 0.6   0.2 23.1   0.4 40.5 

  Mean  2.9   0.1 4.4   0.1 2.7   0.8 28.2   1.8 64.8 
LDC1000* Max 39.9   1.0 5.2   0.3 5.2   12.1 30.7   26.6 67.5 
  Min 1.8   0.1 2.3   0.0 0.4   0.6 25.9   1.2 61.4 
  Mean  6.7   0.2 3.0   0.1 1.3   2.0 29.6   4.4 66.1 
LDC1500 Max 11.9   0.4 10.7   0.3 10.8   3.4 34.9   7.8 65.8 
  Min 0.0   0.0 2.8   0.0 0.8   0.0 23.1   0.0 49.9 
  Mean  1.4   0.1 3.8   0.0 3.3   0.4 30.1   0.9 62.8 
CCC300* Max 20.0   0.5 6.3   0.3 3.5   5.7 29.0   13.5 67.7 
  Min 2.0   0.1 2.6   0.1 0.9   0.6 26.0   1.3 63.4 
  Mean  7.0   0.2 3.5   0.1 1.6   2.0 28.0   4.7 66.8 
CCC1000 Max 90.1   1.5 7.3   0.3 9.0   25.1 29.9   63.3 73.1 
  Min 1.0   0.0 1.7   0.0 0.2   0.3 22.6   0.7 61.2 
  Mean  11.7   0.3 2.6   0.1 0.8   3.3 27.8   8.1 68.8 
CCC1500 Max 6.3   0.2 19.0   0.2 13.1   1.7 36.3   4.3 68.6 
  Min 0.0   0.0 2.9   0.0 1.2   0.0 25.2   0.0 41.2 
  Mean  1.3   0.0 3.8   0.0 3.3   0.4 29.6   0.8 63.2 
CCC1900 Max 3.2   0.1 13.9   0.1 10.4   1.0 34.7   2.0 63.4 
  Min 0.0   0.0 2.7   0.0 1.4   0.0 23.5   0.0 42.8 
  Mean  0.7   0.0 4.1   0.0 3.7   0.2 32.2   0.4 60.0 
SOS1000 Max 34.1   0.8 8.6   0.1 11.5   9.4 35.7   23.8 69.7 
  Min 0.2   0.0 2.3   0.0 0.4   0.0 22.7   0.1 50.0 
  Mean  3.4   0.1 3.0   0.0 1.2   1.0 28.0   2.3 67.7 
SOS1900 Max 5.7   0.1 16.2   0.1 14.2   2.0 39.7   3.5 62.6 

  Min 0.0   0.0 2.4   0.0 1.4   0.0 24.0   0.0 34.8 
  Mean  0.8   0.0 3.8   0.0 3.7   0.3 32.9   0.5 59.5 
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tion) of the total mass settled during the experiment 
(October 2005-October 2006) (Table 2.2). This repre-
sents a mass up to 3.5 kg m-2 at CCC1000 station and 
up to 1 kg m-2 in lower canyon and middle slope sta-
tions. Despite the dilution of the OM inside the si-
liciclastic material settled during the DSWC event, is 
during DSWC when higher mass of OM settles at all 
stations (Table 2.3). For the CCC1000 and SOS1000 
station, for example, 75% of the total OM flux record-
ed over 1 year settled during the main DSWC period, 
which accounts up to 80.7 g m-2 at the CCC1000 sta-
tion. Thus, the DSWC supposed an extra input of OM 
in a very short time period (3 months). The arrival of 
this OM highly diluted in the siliciclastic matrix may 
have profound implications for deep ecosystems, 
which will depend on the capacity of benthic organ-
isms to adapt at the changing environmental condi-
tions (current velocity, water temperature, sedimenta-
tion rate, OM concentration, etc). It has also to be con-
sidered that coastal phytoplanktonic blooms were de-
veloping during winter time (Fig. 2.2b) and shelf ma-
terial transported downward may have carried its sig-
nal, as suggested Sanchez-Vidal et al. (2009) by look-
ing at the isotopic composition of organic matter. In-
deed, they report increased marine organic matter con-
tribution at the end of the DSWC period. Likewise, 
Fabres et al. (2008) concluded that the synchronic 
bloom and 2003-04 DSWC minor event enhanced the 
downcanyon export of a relatively fresh OM. The 
quality of the OM transferred by the DSWC may de-
pend on the availability of OM from the different 
sources when it is taking place (see section 5.2). 

There are noticeable differences between the Cap 
de Creus and Lacaze-Duthiers canyons concerning the 
first maximum peak of total mass flux. At Cap de 
Creus middle and lower canyon stations the total mass 
flux peak was registered in early January 2006. At La-
caze-Duthiers canyon it was registered at the end of 
January at middle canyon station and in early Febru-
ary 2006 at the lower canyon station (Fig. 2.4), one 
month later than the equivalent station in the Cap de 
Creus canyon (CCC1500). Those differences are like-
ly related to the lower current speeds and temperature 
anomalies along the Lacaze-Duthiers canyon. Recent 
studies have described the different impact of DSWC 

on sediment transfer through both canyons (Heussner 
et al., 2006; Palanques et al., 2006; Ogston et al., 
2008). Current meter and turbidity indicate that the 
2003/04 minor events transferred one order of magni-
tude more sediment through the Cap de Creus canyon 
than through the Lacaze-Duthiers canyon (Palanques 
et al., 2006). The same trend was observed during the 
2004/05 DSWC event, and was related to higher dura-
tion and strength of cascading flows in the CCC due to 
the narrowing of the shelf towards the Cap de Creus 
and differences in upper canyon morphology (Ogston 
et al., 2008). 

Even material was relatively homogenized, com-
positional change can be discerned as material was 
transported downslope, with enrichment in OM, opal 
and CaCO3, and an impoverishment of the siliciclastic 
fraction (Fig. 2.7). This cross slope geochemical gra-
dient of the settling organic particles and the fining of 
particle size with increasing depth are associated to 
the current regime, as was pointed by Sanchez-Vidal 
et al. (2008) for the first DSWC peak in January 2006. 
The sediment trap located at 500 m above bottom at 
the Lacaze-Duthiers middle canyon registered also the 
event, with mean total mass flux of 6.3 g m-2 d-1 dur-
ing the main DSWC period. Similarly to the sediment 
trap located at 30 m above bottom, the maximum peak 
at 500 m above the bottom was at the end of January 
2006, but showed lower CaCO3 and siliciclastic con-
tents (Fig. 2.5). Cascading waters loaded with particu-
late material reached 500 meters of water depth, prob-
ably as an intermediate nepheloid layer detached from 
the shelf or around the upper slope and canyon re-
gions. 

The general mass flux increase during the DSWC 
event was not detected at Lacaze-Duthiers upper ca-
nyon station (LDC300), where mean mass flux during 
the main DSWC period was lower than the rest of the 
year (1.5 and 8.5 g m-2 d-1 respectively, see Table 2.2). 
In fact, near-bottom settling fluxes concentrated down 
canyon as indicates the mass flux increase from 3.5 g 
m-2 d-1 at the head of the canyon to 24.5 g m-2 d-1 at the 
1000 m depth station, suggesting that upper canyons 
acted as bypass areas of material during the period of 
strong downcanyon currents. 
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Even though no data is available from the Cap de 
Creus upper canyon station, a similar behavior was 
found in this canyon during the winter 2004/05 
DSWC event, where sedimentary patterns and suspen-
ded sediment concentrations evidenced resuspension 
by strong downcanyon currents of the material tempo-
rally deposited in the upper canyon section (DeGeest 
et al., 2008; Puig et al., 2008). The composition of the 
material settled during the main DSWC period at La-
caze-Duthiers upper canyon station had low CaCO3 
content (Fig. 2.5), extremely high C/N ratio and a ter-
restrial isotopic signal of OM (Sanchez-Vidal et al., 
2008). The concomitant wave height and southwestern 
river flow increase in late January 2006 (Fig. 2.2a, c) 
suggest the arrival of land-derived sediments, mainly 

from the Pyrenean rivers as suggested by the lower 
content in carbonates (Roussiez et al., 2006). Indeed, 
fast transport from the shelf to the slope was suggested 
by Monaco (1990) inside Lacaze-Duthiers canyon and 
by Palanques et al (2008) during the 2004/05 event 
when storms and DSWC coincide. 

 IMPACT OF DSWC ON THE OPEN-SLOPE - At upper 

open slope station (SOS1000) total mass fluxes in-
creased from late December 2005 (0.3 m g m-2 d-1) to 
early January 2006 (34.1 m g m-2 d-1), following the 
same trend and at the same time than CCC1000 station 
(Fig. 2.4) with a 16 h time lag between the first flush-
ing of cold water at CCC1000 and SOS1000 as indi-
cate temperature records (Fig. 2.3a). While CCC1000 

Figure 2.6. Content of a) organic matter (OM), b) opal, c) calcium carbonate (CaCO3), and d) siliciclastic versus total mass flux 
(TMF) (g m-2 d-1) for samples recovered during the main DSWC period (black dots) and out of the main DSWC period (white 
dots). 
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current-meter indicates a clearly along axis direction 
of the flow during DSWC, the direction of the water 
flow at the SOS1000 was mainly along slope (Fig. 
2.3). Material settling during the first cascading pulse 
at both CCC1000 and SOS1000 stations was quite 
similar (Fig. 2.7). Indeed, closer than CCC1000 and 
CCC1500 stations. This suggests that during the first 
pulse the material was transported by cascading waters 
through the Cap de Creus canyon, probably covering 
the southern wall of the canyon (Ulses et al., 2008b), 
and was spread out of the Cap de Creus canyon where 
the canyon widens at the lower domain. Then, the ma-
terial was transported southwards, impacting 
SOS1000 station. Probably, most of this material re-

mained in suspension and was transported within the 
along shore current to distal areas. In fact, cascading 
waters have been detected offshore as anomalies in 
water mass properties (Bethoux et al., 2002; Lopez-
Jurado et al., 2005; Font et al., 2007). Palanques et al. 
(2009) observed a strong increase of total mass flux in 
the open Northwestern Mediterranean Basin at 2350 m 
(250 m above bottom) clearly linked to the 2004/05 
intense cascading event. In addition, Zúñiga et al. 
(2008) in their experiment in winter 2001/02 found an 
increase in particle fluxes at 2145 m of water depth in 
the central Algero-Balearic basin and hypothesized 
that an important load of material is transported to the 

Fig. 2.7. Content of a) organic matter (OM), b) opal, c) calcium carbonate (CaCO3), and d) siliciclastic versus total mass flux 
(TMF) (g m-2 d-1) of the samples recovered during the maximum arrival of material of each DSWC pulse (first pulse (black dots) 
and second one (grey dots)). Arrows represent the along Cap de Creus transect. Size of the dot represents the value of the silt/clay 
ratio (S/C). 
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deep basin by seasonally controlled deep water for-
mation in the Gulf of Lions. 

Lower slope station (SOS1900) recorded higher 
mass flux values than canyon mouth station 
(CCC1900). As explained for the middle slope station 
(SOS1000), the lower canyon loses the constraining 
effect of the canyon walls and its funneling capacity 
decreases. Then, the along slope current circulation 
spreads the material southwards, causing higher mass 
fluxes in the open slope than in the canyon stations. 

 POST DSWC EVOLUTION OF PARTICULATE FLUXES - 

After maximum mass fluxes recorded again in late 
March 2006 (early April 2006 at SOS1900 station), 
total mass flux at lower canyon, canyon mouth and 
open slope stations decreased progressively, and did 
not reach values similar to pre-DSWC values until late 
summer 2006 (Fig. 2.4). This attenuated tendency was 
probably due to the settling of material from interme-
diate or bottom nepheloid layers associated with rela-
tively high current velocities (Fig. 2.3) and the addi-
tion of pelagic settling particles (see section 5.2). 

Upper and middle canyon stations out of the main 
DSWC period (i.e., in autumn 2005, spring and sum-
mer 2006) presented a continuous flux of material that 

ranged from 2.6 g m-2 d-1 at CCC1000 station to 8.5 g 
m-2 d-1 at the LDC300 station (Table 2.2), and with 
typical values for the Lacaze-Duthiers upper canyon 
station of 3.4 g m-2 d-1 similar to the 3.7 g m-2 d-1 value 
during the long-term measurement at the same station 
(Heussner et al., 2006). During late summer-autumn 
2005 and 2006 months mean total mass fluxes in-
creased and material collected at upper and middle 
canyon stations was qualitatively similar that settling 
during the main DSWC period (Fig. 2.8a, c), reflect-
ing downcanyon transfer of shelf homogenized sedi-
ments. 

The intensification of material advection to upper 
and middle canyon stations was recorded concomi-
tantly with the increase of the waves and western river 
discharge during late summer-autumn months (Fig. 
2.2a, c) as during the 2003/04 period (Palanques et al., 
2006). Observations from the HERMES experiment 
agree with the hypothesis from Bonnin et al. (2008) 
and Palanques et al. (2008). They suggest that the sed-
imentation is located mostly at upper canyons during 
spring and autumn seasons due to the stratification 
conditions that inhibit the downcanyon descend of the 
water mass and basinwards in winter non-stratified 
water column. During that period, if storm-induced 

Fig. 2.8. Correlations of essential biochemical elements organic carbon, inorganic carbon, and biogenic silica, expressed in molar 
units during (a) the main DSWC event, from January to March 2006, (b) from April to middle July 2006 and (c) the remaining 
period. Samples from the upper and middle canyon stations are plotted in black dots and samples from the lower canyon, canyon 
mouth and open slope stations in white up triangles. 
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downwelling couples with DSWC the erosion capabil-
ity of the water mass increases. 

2.1.10 Pelagic signal in settled material 

The huge quantity of material caught by the sedi-
ment traps during the DSWC event had relatively ho-
mogeneous composition (Fig. 2.6), which suggests 
that was advected laterally. Besides that, pelagic flux-
es may be expected, as sediment trap experiments lo-
cated at open ocean sites have detected particle fluxes 
ranging 1-393 mg m-2 d-1 in the open Algero-Baleric 
Basin (Zúñiga et al., 2008) and 3-1024 mg m-2 d-1 in 
the DYFAMED site (Lee et al., 2009). That suggests a 
continuous and variable export of material from the 
euphotic zone. However, in continental slopes, where 
TMF values are 3 orders of magnitude higher, the pe-
lagic flux would represent a minimum part (Heussner 
et al., 2006; Martín et al., 2006; Zúñiga et al., 2009). 
Heussner et al. (2006) reviewed this issue in the GoL 
area and differentiated between the lateral (resuspend-
ed plus rebound) and the pelagic component of the 
POC flux. They found that advected POC represents, 
on an annual basis, up to 90% of the total flux of POC 
in the Lacaze-Duthiers canyon. However, with this 
kind of approach, both the intra-annual variability of 
primary production in the study area (Marty and 
Chiavérini, 2002) and the impact of extraordinary 
events such as DSWC (this study) are not reflected.  

For example, in late March-April 2006, the wide-
spread increase of chl a offshore (Fig. 2.2b) indicates 
the development of a phytoplankton bloom over the 

study area (Fig. 2.2a). We could suggest that the in-
crease of the OM and opal contents at the end of 
March-early April 2006 originates from this increased 
primary production. However, evidence of pelagic 
signal in those samples can not be established, mostly 
because during the second flushing of dense shelf wa-
ters it is supposed to arrive rebound flux (resuspension 
of freshly deposited material that has not become in-
corporated into the sediment, Heussner et al. (2006)) 
from the coastal bloom (Sanchez-Vidal et al., 2009), 
that may overlap the pelagic flux. 

A different scenario takes place during late sum-
mer and autumn seasons. High Corg/Cinorg ratios 
were recorded at lower canyon, canyon mouth and 
open slope stations (Fig. 2.8c) associated to low total 
mass fluxes (Fig. 2.4). Indeed, this total mass fluxes 
are of the same order that the ones detected in the 
middle Balearic basin sediment trap experiment, 
where mean mass fluxes are below the 400 mg m-2 d-1 
(Zúñiga et al., 2007). As current velocities are low 
(Fig. 2.3a), little resuspension is expected to occur, 
and pelagic fluxes may become a significant part of 
the total mass flux in those deeper stations. At the end 
of July and in August 2006, TMF peaks with high 
OM, opal and CaCO3 and minimum siliciclastic con-
tents are detected in LDC1500, CCC1900, SOS1000 
and SOS1900 (Fig. 2.4, 5a, b). During summer water 
column is stratified with a well developed deep chlo-
rophyll maximum (Estrada et al., 1993). In those con-
ditions primary productivity has been related to the 
development of diazotrophic communities (Marty et 
al., 2002, 2009) that may induce vertical transfer 

 

Table 2.2. Flux (g m-2 d-1), total mass (TM) (g m-2) and relative contribution of settled mass to (%) during the main Dense Shelf 
Water Cascading (DSWC) period (January, February and March) and out of the main DSWC period recovered at each station. * 
Data gaps, see figure 3. 

  Main DSWC period  Out main DSWC period 
Station Flux  TM %   Flux TM % 
LDC300 1.5 134.5 5.7   8.5 2208.3 94.3 
LDC1000 (500 mab) 6.3 568.9 56.0   1.7 446.8 44.0 
LDC1000* 24.5 1102.2 56.0   3.5 866.9 44.0 
LDC1500 4.1 366.2 76.2   0.4 114.3 23.8 
CCC300* N.D. N.D. ─   6.5 1232.5 ─ 
CCC1000 38.7 3487.0 83.5   2.6 691.0 16.5 
CCC1500 3.5 315.8 71.7   0.5 124.6 28.3 
CCC1900 1.3 117.3 48.1   0.5 126.5 51.9 
SOS1000 11.4 1028.6 86.6   0.6 158.8 13.4 
SOS1900 2.0 177.3 60.6   0.4 115.2 39.4 
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events (Migon et al., 2002) that could explain the in-
crease in TMF. Indeed, the organic matter settled in 
August has low δ15N values associated to N2-fixation 
(Sanchez-Vidal et al., 2009). In the autumn season, a 
weak peak of TMF is detected in CCC1500, 
LDC1500, CCC1900 (November 2005) and in the 
open slope stations (both November 2005 and Sep-
tember 2006) (Fig. 2.4). The material is characterized 
by high OM and opal contents (Fig. 2.5), indicating 
the settling of organic rich particles (up to 15% of OM 
in early September in CCC1900). Increase in signifi-
cant wave heights suggest that storms where affecting 
that region (Fig. 2.2c), mixing the water column. The 
increase in organic rich mass fluxes detected in the se-
diment traps could be linked to the rapid transference 
of particles downwards that has been observed during 
non-stratified water column conditions (Migon et al., 
2002; Zuniga et al., 2007). 

Conclusions 

Several conclusions may be drawn from this sed-
iment trap experiment that have recorded settling par-
ticle fluxes from upper canyons and slope regions to 
the deep basin in the Western Mediterranean Sea. An 
intense DSWC event took place and was registered by 
all sediment traps. Near-bottom particles fluxes reflect 
a quick response of the system as a consequence of the 
major physical forcing (i.e. dense shelf water cascad-
ing). This mechanism induced qualitative and quanti-
tative changes in material settled highlighting the dif-
ferent behavior between stations. Upper and middle 

canyon was primarily affected by continuous cross-
slope exchanges with the shelf. The deeper ones (can-
yon mouth and slope) were less affected by that hori-
zontal transferences and shelf material arrived associ-
ated to the DSWC event. 

The severe DSWC event observed during Ja-
nuary-March 2006 imposed a change in the sedimen-
tation. Upper canyons acted as seasonal depocenters 
of particulate matter of shelf origin during end-
summer and autumn and as bypass zones during the 
DSWC event. The strong downcanyon currents during 
the DSWC event eroded and transported material 
quickly basinwards inducing significant particle fluxes 
increase. At the lower canyon, canyon mouth and 
open slope stations the effect of the DSWC on the flux 
and composition of particles lasted for 6 months. 

The upper southern open slope was also directly 
impacted by DSWC as the dense waters escaped the 
lower canyons to flow along the isobaths. This denotes 
the capacity such events to erode shelf material, funnel 
through canyons and spread it southwardly. Therefore 
DSWC may become an important factor for the sedi-
mentation in the middle and lower slope of the 
northwestern Mediterranean. 

The pelagic component of the total mass flux re-
presents a minimum part of the total mass due to the 
large quantity of material transported by cascading 
waters. However, during calmed conditions total mass 
fluxes in lower canyon, canyon mouth and open slope 
stations are of the same order of magnitude than those 
detected in the middle of the Balearic basin, sugges-

Table 2.3. Total Mass (TM) (g m-2) settled of OM, Opal, CaCO3 and Siliciclastic during the main DSWC period and percentage 
that represents respect the total experiment period. * Data gaps, see figure 3. 

   OM   Opal   CaCO3   Siliciclastic 
Station   TM %   TM %   TM %   TM % 
LDC300   4,4 5,3   1,7 6,6   36,5 5,3   91,8 5,9 
LDC1000 (500 
mab)   19,6 44,2   7,9 28,7   160,2 56,0   381,2 57,9 

LDC1000*   28,1 47,8   6,6 25,8   332,6 57,1   734,9 56,4 
LDC1500   11,9 65,3   6,6 42,5   113,8 78,6   233,9 77,6 
CCC300*   n.d. n.d.   n.d. n.d.   n.d. n.d.   n.d. n.d. 
CCC1000   80,7 75,1   15,8 44,5   968,0 83,3   2422,5 84,3 
CCC1500   10,1 59,9   5,5 38,2   95,2 73,0   204,9 73,6 
CCC1900   3,9 38,4   2,0 22,9   38,4 48,9   73,0 49,9 
SOS1000   26,4 75,5   6,6 45,3   290,1 87,6   705,6 88,1 
SOS1900   5,3 48,9   3,0 28,5   60,8 64,0   108,1 63,3 
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ting that pelagic fluxes may become a significant part 
of the total mass flux. 
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