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Abstract 10 

 11 

The Cap de Creus and the Palamós submarine canyon heads were instrumented during 12 

two consecutive winters to study their respective role in the dynamics of the sediment 13 

transport on the north-western Mediterranean Sea. Several events of dense shelf-water 14 

cascading (DSWC) were identified at both canyons and compared among them. DSWC 15 

events were characterized by abrupt drops of temperature and increases of current 16 

speeds, and with peaks of high suspended-sediment concentrations (SSC). 17 

Concentrations up to 170 mg l
-1

 were recorded in both studied winters at the Cap de 18 

Creus Canyon coinciding with the first DSWC event concurrent with an eastern storm. 19 

Overall the amount of sediment transported during the DSWC events was one order of 20 

magnitude greater at the Cap de Creus Canyon than at the Palamós Canyon. Results 21 

from this study have identified the presence of DSWC events also in the Palamós 22 

Canyon head, south of the Gulf of Lions (GoL), and corroborated previous findings that 23 
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the Cap de Creus Canyon is the main pathway for DSWC and the associated sediment 24 

transport from the GoL down to the deeper regions of the north-western Mediterranean. 25 

 26 

Keywords: Sediment Transport, Submarine Canyons, Continental Margin, Western 27 

Mediterranean 28 

 29 

 30 

1. Introduction 31 

 32 

Submarine canyons can be described as deep, steep-sided valleys of up to 33 

hundred of meters deep, cutting into the continental shelf and/or slope. Submarine 34 

canyons incised in continental margins are considered to be preferential pathways for 35 

the exchange of water and sediment particles between the coastal area and the open sea 36 

(Shepard, 1972). The usual dendritic shape of canyons increases the effective length of 37 

the shelf-break and hence the scope for across-margin exchanges and the rapid 38 

bathymetric changes may affect the regional circulation. (Huthnance, 1995; Skliris et 39 

al., 2002). Hydrodynamics in submarine canyons depend upon several forcing 40 

conditions in the region such as general circulation, bottom morphology and 41 

atmospheric regime (Hickey, 1995; Puig et al., 2001; Xu et al., 2002). In most of 42 

coastal regions, nearshore water is trapped on the shelf by the presence of energetic 43 

slope currents, which are in quasi-geostrophic balance and thus inhibit cross-shelf 44 

exchanges (Ardhuin et al., 1999, Klinck, 1996). Canyons, by intersecting the path of 45 

these currents, induce a new dynamic balance that is not geostrophic, leading to 46 

significant motions across the slope, while the steep canyon topography generates 47 

intense vertical motion (Skliris, 2004).  48 
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The sedimentary dynamics in the north-western Mediterranean continental 49 

margin has been continuously studied during the last decades in the framework of many 50 

research projects. The earlier studies using moored sediment traps demonstrated that 51 

river floods and storms enhanced particle fluxes inside submarine canyons and on the 52 

continental slope (e.g. Monaco et al., 1990; Puig and Palanques, 1998), and for a long 53 

time, these processes were considered the major contemporary mechanisms able to 54 

transport sediment from the shelf towards deeper environments. However, recent 55 

studies conducted in the frame of the EuroSTRATAFORM project, during which seven 56 

submarine canyons from the Gulf of Lions (GoL) were instrumented simultaneously, 57 

also recognized the importance of the formation of dense shelf waters, and their 58 

subsequent downslope cascading, in exporting shelf particles towards deep-sea regions 59 

(see Palanques et al. (2006a) and Canals et al. (2006) for details). Since then, 60 

particularly active cascading events, occurring alone or combined with storm events, 61 

have been monitored in the (GoL) during the 2003-2006 period (Durrieu de Madron et 62 

al., 2008; Puig et al., 2008; Sanchez-Vidal et al., 2009). 63 

The strongest off-shelf sediment transport associated to DSWC events tend to 64 

occur during eastern storms, and sediment transfer is enhanced towards the western part 65 

of the GoL because of its down-flow location and the abrupt narrowing of the shelf, 66 

being particularly intense through the Cap de Creus submarine canyon. Observations 67 

indicate that net sediment fluxes in the Cap de Creus Canyon are 1 to 2 orders of 68 

magnitude higher than in all the other canyons of the GoL (Palanques et al., 2006a). 69 

There is also satisfactory agreement between 3D sediment transport modeling and data 70 

observations. During wintertime, the storm-induced downwelling interact with DSWC 71 

that enhanced the near-bottom transport of sediment, advecting resuspended sediments 72 

towards deeper reaches of the westernmost canyons (Cap de Creus and Lacaze-Duthiers 73 
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submarine canyons) (Ulses et al., 2008a, b). Modeling results also indicate that shelf 74 

waters are transferred south from the GoL, towards the Catalan margin, and suggest the 75 

presence of DSWC events during anomalous cold winters in the Palamós and Blanes 76 

submarine canyons (Ulses et al., 2008b). The analysis of daily deep-sea shrimp landings 77 

along the Catalan coast also corroborates this fact (Company et al., 2008) although 78 

direct observations of DSWC events in such submarine canyons have not been 79 

conducted.  80 

The Palamós submarine canyon (also named La Fonera Canyon or Llafranc 81 

Canyon) is one of the most prominent topographic features in the NE Spanish margin 82 

(Serra, 1981). It was intensively studied in the context of the multidisciplinary project 83 

CANYONS (Palanques et al., 2005), although moored time series were not obtained 84 

during winter conditions, when DSWC events tend to occur. The CANYONS field 85 

experiment took place from March to November 2001 and involved measurements of 86 

downward fluxes and composition of particulate matter by means of sediment traps 87 

(Martín et al., 2006), as well as horizontal suspended particle fluxes through coupled 88 

turbidity and current meter measurements (Martín et al., 2007). During this 8-month 89 

experiment, net sediment transport at the Palamós canyon head was directed persistently 90 

up-canyon, suggesting retention of particles in the upper canyon reaches. Downward 91 

particle fluxes at the canyon head were almost constant throughout the experiment until 92 

November 2001, at the end of the observational period, when the off-shelf sediment 93 

transport associated to major storm overfilled the sediment trap. This transport event 94 

also overfilled the near-bottom sediment trap located within the Palamós canyon axis at 95 

1200 m depth and caused significant increases of downward particle fluxes in all the 96 

other moored traps placed near the bottom or at intermediate depths (Martín et al., 97 

2006). Suspended sediment concentrations at the canyon head during this off-shelf 98 
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transport event reached ~10 mg l
-1

 (Palanques et al., 2006b), but associated near-bottom 99 

current velocities were low, suggesting the detachment of particles at the shelf break 100 

which passively settled into the canyon (Martín et al., 2006).  101 

As it has been pointed out before, the Cap de Creus submarine canyon has been 102 

intensively studied during the past years and it has been identified as a major transport 103 

conduit in the northwestern Mediterranean during storms and DSWC events. On the 104 

contrary, almost no information exists about the sediment transport processes operating 105 

within the Palamós submarine canyon during wintertime. Therefore, the aim of this 106 

study is to determine the presence of DSWC events at the Palamós canyon head during 107 

winter conditions, and to compare these events with the contemporary ones occurring in 108 

the Cap de Creus canyon head.  109 

 110 

2.  Study area 111 

 112 

The Cap de Creus and the Palamós submarine canyons are located in the 113 

northwestern Mediterranean, at the northern Catalan continental margin (Fig. 1). The 114 

general water circulation in this area is governed by a baroclinic current that follows the 115 

continental slope from NE to SW in quasi-geostrophic equilibrium with a shelf/slope 116 

density front established between coastal and open sea saline waters (Font et al., 1998). 117 

This slope current is referred as the Northern Current (Millot, 1999) and in this area 118 

flows mainly towards the southwest (Font et al, 1998). The circulation exhibits a 119 

seasonal variability with significant spatial mesoscale variability which plays a decisive 120 

role in exchange process between shelf and oceanic waters (Font et al., 1995; La 121 

Violette et al., 1990; López García et al., 1994). The absence of significant tidal 122 

motions and of a prevailing wind field makes the internal dynamics of the currents and 123 
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its interaction with topography as the permanent source of variability in the area 124 

(Alvarez et al., 1996).  125 

The Cap de Creus Canyon belongs to a complex network of submarine canyons 126 

cutting the western Gulf of Lions continental shelf and slope, which converges into the 127 

larger Sète Canyon (Berné et al., 1999). It is the south westernmost submarine canyon 128 

in the Gulf of Lions margin, before the constriction of the Cap de Creus promontory, 129 

and its detailed geomorphological aspects has been recently described in Lastras et al., 130 

(2007). The Palamós Canyon is located 20 km south from the Cap de Creus Canyon, 131 

and it is roughly oriented along a north-south direction and when its axis reaches 132 

approximately 800 m water it is oriented in WNW-ESE direction and gradually 133 

broadens towards the open sea. The steep canyon walls are indented by numerous 134 

tributaries (i.e. gullies) (Martín et al., 2006). The head of both submarine canyons 135 

reaches the continental shelf-edge by the 90 m depth contour, and its western canyon 136 

rim is about 2–3 km away from the coastline.  137 

 138 

3. Materials and methods 139 

 140 

3.1 Canyon seafloor morphology 141 

 142 

Multibeam bathymetry data from the Cap de Creus canyon head (Fig. 2a) was 143 

acquired using Fugro‟s M/V Geo Prospector, equipped with a hull-mounted Kongsberg 144 

Simrad EM300 30kHz system (1° x 1° configuration). Data was processed and binned 145 

at a cell size slightly larger than the beam-to-beam spacing for each area. Multibeam 146 

bathymetry data from the Palamós canyon head (Fig. 2b) was collected with the 147 

SEABEAM 1050D Multibeam Echosounder dual frequency (50 and 180 KHz) mounted 148 
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on the R/V Garcia del Cid, which allows to collects bathymetric data in both shallow 149 

and medium depth waters over a wide swath in excess of 150 degrees. Multibeam data 150 

was corrected for heading, depth, pitch, heave and roll. The post-processing was 151 

produced with the HIPS system, a submarine mapping software developed by CARIS. 152 

Once the data was corrected for water column sound velocity variations and eventually 153 

cleaned with a ping graphical editor, gridding of the filtered soundings was carried out 154 

to obtain the final Digital Terrain Model (DTM). A 10m and a 25m bathymetric grid 155 

were produced for Cap de Creus and Palamós submarine canyons respectively, and 156 

visualization of bathymetric data was conducted using Golden Software Surfer. 157 

Multibeam bathymetric maps were used to locate the instrumented moorings deployed 158 

to characterize sediment transport processes along both submarine canyons. 159 

 160 

3.2 Instrumented moorings     161 

 162 

The observational work during this study consisted of a series of field 163 

measurements carried out with two near-bottom instrumented moorings deployed at the 164 

Cap de Creus Canyon (3°19.3‟; 42°23.4‟) at 315 m water depth (Fig. 2a) and at the 165 

Palamós canyon head (3°14.9‟; 41°56.1‟) at 325 m depth (Fig. 2b). These moorings 166 

were equipped with an Aanderaa RCM 9 current meter with temperature, pressure, 167 

conductivity and two turbidity sensors of 0-20 and 0-500 FTU, placed at 5 m above the 168 

sea floor. Time series were collected from October 2006 to April 2007, and also from 169 

November 2007 to June 2008, covering two consecutive winters, and the sampling 170 

interval of the current meters was set to 30 min. Turbidity data recorded in FTU 171 

(Formazin Turbidity Units) were converted into suspended sediment concentrations 172 

(SSC) following the methods described in Guillén et al. (2000). Instantaneous sediment 173 
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fluxes were obtained by multiplying the current speed by the SSC, and progressive 174 

cumulative fluxes were calculated for N-S and E-W components. In order to obtain the 175 

across- and along-canyon sediment fluxes, a rotation of the coordinates system was 176 

done using as reference the canyon axis orientation obtained from the multibeam 177 

bathymetries (Fig.2). In the case of the Cap de Creus Canyon, a clockwise rotation of 178 

50º was applied, and about 55º in the Palamós Canyon. Time-integrated cumulative 179 

across- and along-canyon sediment transport was calculated at the head of both 180 

canyons. Averaged over time, these give the net across- and along-canyon sediment 181 

fluxes. From the resultant vector of those flux components, the estimated magnitude and 182 

direction of the sediment net fluxes were obtained.  183 

 184 

3.3 External data  185 

  186 

Daily river discharges in the study area were supplied by the “Agència Catalana 187 

de l‟Aigua” and the “DDE Aude/HYDRO-MEDD/DE” (French ministry of 188 

environment and sustainable development). The Têt River was selected as the most 189 

representative river discharging north from the Cap de Creus Canyon, and the Fluvià 190 

River also as the most representative river north from the Palamós Canyon, since their 191 

watersheds are not affected by major dams (Fig. 1).  192 

Wave data during the study period was also analyzed. Data of the Leucate 193 

coastal buoy, located at 40 m depth (Fig. 1), was provided by the Centre d‟Études 194 

Techniques Maritimes Et Fluviales (Ministère de l‟Ecologie, de l‟Energie, du 195 

Développement durable et de la Mer. Forniture de données extradites de la base de 196 

données CANDHIS). Interruptions in the Leucate buoy time series were filled with data 197 

from the wind-wave model WAVEWATCH III. Data of the Palamós coastal buoy, 198 
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located at 90 m depth (Fig. 1), was provided by “Puertos del Estado” (Ministerio de 199 

Fomento). Since there were important interruptions in the buoy time series, data from a 200 

WANA point (daily wave forecast output from the fourth generation WAve Model, 201 

WAM) was also used.  202 

 203 

 204 

4. Results    205 

 206 

4.1 Forcing conditions  207 

 208 

Time series of river discharges and significant wave height, from October 2006 209 

to July 2008, are shown in Figure 3. The Têt and the Fluvià Rivers discharges reflected 210 

the most important flash floods from the Pyrenees‟ watershed rivers discharging onto 211 

the southwestern GoL and the northern Catalan shelf during the study periods. Both 212 

River discharges were relative low during all the time period, usually below 5 m
3
 s

-1
. On 213 

the 14
th

 of April 2007, a maximum of 56.2 m
3 

s
-1

 was registered at the Têt River 214 

discharge, concurrent with an increase of 76.3 m
3 

s
-1

, just after a previous increase of 215 

18.8 m
3 

s
-1

 at the Fluvià River discharge. A second peak was recorded also at both rivers 216 

on the 26
th

 of May 2008. The Têt River and the Fluvià River discharges reached values 217 

of 52 m
3 

s
-1

 and 59.84 m
3 
s

-1
 respectively. Maximum significant wave heights (Hs) at the 218 

Leucate (Fig. 3c) and Palamós (Fig. 3d) wave buoys reached ~5 m and maximum period 219 

peaks (not shown) were around 10 s. Several moderate eastern and northern storm 220 

events with significant wave heights of > 4 m occurred, and some of these storms were 221 

identified (highlighted with arrows in Fig. 3c and Fig. 3d) as the ones that triggered or 222 

enhanced DSWC events into the studied submarine canyons.  223 
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 224 

4.2 Time series Cap de Creus 2006 – 2007       225 

 226 

Time series of temperature, current speed, SSC, sediment flux and cumulative 227 

transport along and across-canyon of the Cap de Creus Canyon during the first study 228 

period are shown in Figure 4a. Temperature time series maintained relatively constant 229 

value of 13.3 °C from November 2006 to late January 2007. During this interval, 230 

current speed increased several times, reaching values of > 50 cm s
-1

. These increases 231 

were caused by several northern and eastern storms affecting the study area (Fig. 3c), 232 

without causing any significant peak in SSC and sediment fluxes at the canyon head. 233 

Between the 28
th

 and 31
st
 of January 2007 and between the 4

th
 and 9

th
 of February 2007 234 

the first two DSWC events of winter 2007 were recorded. In both events temperature 235 

decreased abruptly to values of 12.2 ºC and current speed increased simultaneously 236 

reaching values of > 60 cm s
-1

 and of > 70 cm s
-1

, respectively. SSC remained low in 237 

both events, 6.4 mg l
-1

 and 5.7 mg l
-1

, and also low sediment fluxes were recorded, 4.2 g 238 

m
-2

 s
-1

 and 1.7 g m
-2

 s
-1

, respectively. Between the 16
th

 and the 19
th

 of February 2007 239 

another DSWC event was recorded. In this occasion, the DSWC event was enhanced by 240 

an eastern storm (Fig. 3c). Temperature decreased to values < 12.4 ºC and current speed 241 

increased up to > 70 cm s
-1

, coinciding with a SSC peak of 173.1 mg l
-1

 and a sediment 242 

flux peak of 113.2 g m
-2 

d
-1

. This event caused an important cumulative sediment 243 

transport towards NNE direction (0.8 T m
2
) and down-canyon (2.7 T m

-2
). On 26

th
 of 244 

March 2007 a long DSWC event occurred and temperature decreased to 12.2 ºC, current 245 

speed increased to > 60 cm s
-1

, and SSC and sediment fluxes decreased to 20 mg l
-1

 and 246 

5 g m
-2

 s
-1

, respectively. Cumulative transport slightly increased towards NNE (0.2 T m
-247 

2
), and down-canyon (0.8 T m

-2
). This long episode ended on mid April 2007. On the 248 
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16
th

 of April, an eastern storm took place and temperature decreased to 12.8 ºC and 249 

current speed increased to 50 cm s
-1

 but low SSC (2 mg l
-1

) and sediment transport (> 1 250 

g m
-2

 s
-1

) were recorded. Net flux and direction during this time period accounted for a 251 

net flux of 0.3 g m
2
 s

-1
 towards the south-east (117º), in a down-canyon direction. 252 

 253 

4.3 Time series Cap de Creus 2007 – 2008    254 

 255 

In winter 2008 (Fig. 4b), the first DSWC event affecting the Cap de Creus 256 

canyon head was detected between the 19
th

 and the 25
th

 of December 2007. 257 

Temperature decreased from 13.4 °C to 12.5 °C, at the same time as the current speed 258 

increased from values ~ 10 cm s
-1

 to > 80 cm s
-1

. SSC and sediment fluxes values 259 

reached during this event were ~ 12 mg l
-1 

and ~ 5 g m
2
 s

-1
, respectively. Cumulative 260 

sediment of 0.3 T m
-2

 was transported towards NNE, and of 1.7 T m
-2

 down-canyon. 261 

Afterwards, between the 2
nd

 and the 6
th

 of January 2008 a second DSWC event, 262 

enhanced by an eastern storm took place (Fig. 3c). Temperature recorded a minimum of 263 

12ºC, current speed reached a peak of 86.8 cm s
-1

 and the SSC reached a maximum of 264 

175.3 mg l
-1

 causing an instantaneous sediment flux of 125.9 g m
-2 

d
-1

. Cumulative 265 

transport calculated across and along canyon reached 1.2 T m
-2

 towards NNE direction 266 

and > 5.5 T m
-2

 downcanyon. After this DSWC, from mid January to late March 2008, 267 

temperature showed a decreasing trend with some small drops that coincided with 268 

moderate increases of current speed (reaching values of 40 cm s
-1

) while SSC, sediment 269 

fluxes and cumulative transport maintained relatively constant values. From 2
nd

 April to 270 

27
th

 May 2008, temperature and current speed time series showed high variability with 271 

several small peaks of SSC and sediment fluxes. This high frequency variability 272 

affecting the current regime and water properties can be attributed to inertial (~18 h) 273 
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fluctuations, as seen in the time series spectral analysis (not shown). During this period, 274 

current speed maintained slightly higher values and contributed to increase sediment 275 

fluxes. Overall, in this second deployment, the net flux was 0.5 g m
2
 s

-1
 towards down-276 

canyon (124º) direction.  277 

 278 

4.4 Time series Palamós submarine canyon 2006 – 2007  279 

 280 

Time series of temperature, current speed, SSC, sediment fluxes and cumulative 281 

sediment transport along and across the Palamós canyon head during the first study 282 

period are shown in Figure 5a. Only temperature and current speed records are shown 283 

for all the period, since intense fouling of the turbidity sensor did not allow to calculate 284 

SSC, sediment flux and cumulative transport during the end of the recording period. 285 

From November 2006 to mid-February 2007, temperature, current speed and SSC at the 286 

study site, showed variable, but almost constant values. During this period several 287 

eastern and northern storms took place (Fig. 3d) and small increases of temperature, 288 

SSC and sediment fluxes were recorded, accounting for a moderate continuous 289 

progressive cumulative transport during this period towards the SSW and down-canyon. 290 

Between the 16
th

 and 19
th

 of February 2007, first temperature slightly increased from 291 

13.2 to 13.4 ºC and immediately afterwards decreased to 12.6 ºC while current speed 292 

increased from 10 to > 40 cm s
-1

. This DSWC event was concurrent with an eastern 293 

storm, during which SSC within the canyon increased up to > 6 mg l
-1

, and 294 

instantaneous sediment fluxes reached > 2.4 g m
-2 

s
-1

. Cumulative transport across-295 

canyon changed direction, being first directed towards NNE and then towards SSW. 296 

Along-canyon cumulative transport was always down-canyon accounting for ~ 0.2 T m
-297 

2
. Some days after this event, the turbidity sensor started to be affected by fouling and 298 
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the SSC record became useless. Nonetheless, temperature and current speed time series 299 

showed the effects of several DSWC associated with storms events, several of them 300 

concurrent with the ones registered at the Cap de Creus Canyon. A northern storm 301 

occurred between the 8
th

 and the 11
th

 of March 2007, causing an increase of temperature 302 

from 13.2 ºC to 13.5 ºC and maximum current speeds of > 50 cm s
-1

. Between the 21
st
 303 

and the 23
rd

 of March 2007, concurrent with an eastern storm (Fig. 3d), temperature 304 

decreased to 12.6 ºC, and current speed also increased up to > 50 cm s
-1

, indicating 305 

another DSWC event. The 28
th

 of March temperature started to decrease again to values 306 

~ 12.6 ºC and current speed increased to ~ 40 cm s
-1

 until the 7
th

 of April 2007, 307 

indicating a long DSWC event, also recorded at the Cap de Creus Canyon (Fig. 4a). 308 

Finally, on the 16
th

 of April 2007, temperature slightly increased, and current speed 309 

increased to > 45 cm s
-1

, due to another eastern storm. The net flux during this first 310 

study period was of 0.097 g m
2
 s

-1
 towards down-canyon (145º).  311 

 312 

4.5 Time series Palamós submarine canyon 2007 – 2008 313 

 314 

At the beginning of the second study period several eastern and northern storms 315 

occurred, which caused temperature fluctuations and small increases of current speed 316 

and SSC (Fig. 5b). Between the 2
nd

 and 6
th

 of January 2008, due to an eastern storm, 317 

temperature increased significantly and reached a maximum of 13.8 °C and rapidly 318 

decreased to < 13 ºC during the same day. During this storm that enhanced a DSWC 319 

event, peaks of current speed (44.6 cm s
-1

), SSC (5.7 mg l
-1

) and sediment flux (1.45 g 320 

m
-2 

d
-1

) were recorded. Cumulative transport across canyon was initially towards NNE 321 

and then turned towards the SSW, while cumulative flux along-canyon was down-322 

canyon and reached 0.1 T m
-2

. This DSWC event was concurrent with the one recorded 323 
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at the Cap de Creus Canyon on early January 2008 (Fig. 4b). Afterwards all values 324 

recovered and maintained the previous baseline until the 6
th

 of March 2008 when 325 

another DSWC event was registered. Temperature decreased to values of < 12.6 ºC, 326 

current speed increased to ~ 40 cm s
-1

, and SSC and sediment flux increased up to 5.69 327 

mg l
-1

 and 2.12 g m
-2

 s
-1

, respectively. Cumulative transport across-canyon was almost 328 

nil, while the down-canyon component accounted for ~ 0.1 T m
-2

. This DSWC event 329 

was enhanced by a northern storm (Fig. 3d) and was only detected at the Palamós 330 

canyon head (no DSWC event was recorded at the Cap de Creus Canyon during the 331 

same day) (see Figure 8 in Discussion for details). Several minor storm events caused 332 

small temperature decreases and current speed increases. From mid April to early May 333 

2008, high variability in temperature and current speed records was observed with ~ 18 334 

h fluctuations related to inertial motions, as it has been registered in the Cap de Creus 335 

(Fig. 4b). Afterwards all parameters progressively recovered the previous baseline 336 

values until the mooring recovery, only showing two isolated drops in temperature 337 

associated to minor eastern storms. Cumulative transport during this second half of the 338 

record was towards the NNE and slightly up-canyon. The net flux during this second 339 

deployment was of 0.0069 g m
2
 s

-1 
(towards 112º).  340 

 341 

 342 

 343 

5. Discussion 344 

 345 

5.1 Sediment dynamics events 346 

 347 
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In this study, several sediment transport events were identified in the Cap de 348 

Creus and Palamós canyon heads during winter 2007 and 2008. No relation between 349 

these events and nearby river discharges was found, and in both canyons, most of the 350 

sediment transport occurred during DSWC events enhanced or triggered by storms. 351 

Such behaviour was already documented for the Cap de Creus submarine canyon in 352 

previous similar studies conducted in the GoL (e.g. Palanques et al., 2006a, 2008; 353 

Ogston et al., 2008). Now, this new data set provides further insight of the off-shelf 354 

transport processed on this continental margin, as it also addressed the transport through 355 

the Palamós canyon head.  356 

Several authors observed in the GoL submarine canyons asymmetries in the 357 

sediment transport from the shelf, mostly controlled by the shelf morphology and also 358 

by the morphology of the canyon head and adjacent coast. As Ongston et al. (2008) 359 

indicated, these characteristics play a large role in determining how much impact dense-360 

water cascading and other downslope flows can have on the removal of shelf sediment 361 

in the GoL. However, both the Cap de Creus and Palamós submarine canyons are 362 

located in regions with a narrow and steep shelf and close to a coastal promontory, but 363 

differ considerably in the magnitude and frequency of DSWC and the associated 364 

sediment transport events. The observed sediment fluxes in the Palamós Canyon are 365 

much lower than the ones in the Cap de Creus Canyon and comparable to the ones 366 

recorded in the central canyons of the GoL, particularly in the Aude Canyon (Palanques 367 

et al.; 2006a), which are characterized by a broad and relatively flat shelf. 368 

 369 

 370 

5.2 Comparison between the Cap de Creus and the Palamós submarine canyons  371 

 372 
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 Recorded DSWC events during winter 2007 and 2008 were more intense 373 

in the Cap de Creus and Palamós Canyons, accounting for faster down-canyon current 374 

velocities (> 60 cm s
-1

 versus > 40 cm s
-1

, respectively), larger drops in temperature (~ 375 

1ºC versus ~ 0.5 ºC) and higher SSC peaks (> 170 mg l
-1

 versus ~ 6 mg l
-1

). 376 

Consequently, cumulative transport during the two consecutive winters was one order 377 

of magnitude greater at the Cap de Creus Canyon than at the Palamós Canyon (13.2 T 378 

m
-2

 versus 0.4 T m
-2

, respectively). These differences agree with the idea that the Cap de 379 

Creus Canyon is the main pathway of most of the off-shelf sediment transport in the 380 

northwestern Mediterranean during DSWC events (Palanques et al., 2006a). During 381 

both study periods all storm events could be considered moderate storms, with 382 

maximum wave heights < 5 m. Storm duration was arbitrarily defined as the time when 383 

the wave height started to increase. Nonetheless there were three storm events that 384 

particularly enhanced DSWC events generating large sediment fluxes in both submarine 385 

canyons. These events are here analyzed in detail: 386 

 387 

5.2.1 February 2007 eastern storm with shelf water cascading 388 

 389 

The DSWC event recorded on mid February 2007 affected both canyons and 390 

was enhanced by an eastern storm occurred between the 16
th

 and the 19
th

 of February 391 

2007. Figure 6 shows the time series of wave data from the Leucate and Palamós wave 392 

buoys, and also the time series of temperature, current speed and SSC. Significant wave 393 

height reached values of 4.39 m at the Leucate buoy and values of 3 m at the Palamós 394 

buoy, and wave mean direction was between 90º and 100º, indicating an eastern storm. 395 

At the beginning of the storm, temperature at the Cap de Creus canyon head decreased 396 

irregularly 1ºC (from 13.4 to 12.4 ºC) concordant with irregular current speed increases. 397 
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Temperature maintained low values for almost two days, concordant with high current 398 

speed values and relatively low SSC. Towards the end of the event, SSC increased 399 

progressively until reaching a peak of 173.1 mg l
-1

. Afterwards turbidity decreased 400 

abruptly, at the time that temperature recovered previous values and current speed 401 

dropped to ~10 cm s
-1

. Therefore, most of the suspended sediment was transported 402 

down-canyon in few hours during the latter stages of this DSWC.  403 

At the Palamós Canyon, sediment transport was quite different during this event 404 

(Fig. 6). Once the storm started, temperature slightly increased (0.2 ºC) and current 405 

speed and SSC maintained low values. At the peak of the storm, on the 18
th

 of February 406 

current speed started to increase and reached values of > 40 cm s
-1

, and an isolated peak 407 

of SSC, up to 6 mg l
-1

, was recorded. This turbidity peak was caused either by local 408 

resuspension within the canyon or by the advection of shelf resuspended sediments 409 

towards the canyon caused by the storm-induced downwelling. Few hours later, SSC 410 

increased again (reaching 4 mg l
-1

), along with warm temperature and current speed 411 

maximums (> 40 cm s
-1

 and 13.4 ºC, respectively). At the end of the storm event, 412 

temperature decreased rapidly concurrent with another increase of current speed and 413 

SSC, indicating the occurrence of a mild DSWC event at the canyon head. It has to be 414 

noticed that the arrival of this DSWC event into the Palamós Canyon occurred almost 3 415 

days later than the one recorded in the Cap de Creus Canyon. Few hours later, current 416 

speed dropped to values ~10 cm s
-1

, but waters within the canyon head maintained low 417 

temperatures and relatively high SSC values for several days. Temperature and SSC 418 

records recovered previous values the 25
th

 February (not shown) 6 days after the end of 419 

the storm. 420 

 421 

5.2.2 January 2008 eastern storm with shelf water cascading 422 
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 423 

The early January 2008 DSWC event was also enhanced by an eastern storm that 424 

affected both Cap de Creus and Palamós canyons between the 2
nd

 and 6
th

 of January 425 

(Fig. 7). Significant wave heights reached maximum values of 4.9 m at the Leucate 426 

buoy and of 4.2 m at the Palamós buoy, and mean wave direction was between 70º and 427 

100º. At the beginning of the storm, temperature at the Cap de Creus canyon head, 428 

abruptly decreased from 13.6 to 12.2 ºC, and irregularly maintained low values, with 429 

some sudden drops, until the 5
th

 of January when it started to recover. During this time 430 

interval, current speed increased to values of > 70 cm s
-1

 and also turbidity increased 431 

progressively. Approximately 2 days after the beginning of the storm and DSWC event, 432 

SSC reached maximums of 175.3 mg l
-1

 (Fig. 7). Afterwards turbidity and current speed 433 

started to decrease concurrent with a progressive temperature increase. The DSWC 434 

event finished coinciding with the end of the storm, the 6
th

 of February, when 435 

temperature, current speed and SSC recovered previous baseline values.  436 

In the Palamós Canyon, this storm also produced a downwelling and posterior 437 

DSWC event, following the same pattern as in the February 2007 event. At the 438 

beginning of the storm, temperature at the Palamós Canyon increased (from 13.4 to 13.8 439 

ºC) coinciding with current speed increases of ~50 cm s
-1

 and subtle peaks of SSC. 440 

During the storm peak nearby the Palamós Canyon, temperature decreased concurrent 441 

with a second current speed increase (up to 40 cm s
-1

) coinciding with a SSC maximum 442 

of 5.7 mg l
-1

 (Fig. 7). The arrival of this DSWC event into the Palamós canyon head 443 

occurred 2 days after the one recorded in the Cap de Creus Canyon. Current speed and 444 

SSC associated to this DSWC event maintained relatively high values for more than two 445 

days, as long as the water temperature within the canyon was low. 446 

 447 
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5.2.3 March 2008 northern storm with shelf water cascading  448 

 449 

A long and moderate northern storm, between the 4
th

 and the 8
th

 of March 2008, 450 

also enhanced a DSWC event. Time series of significant wave height, temperature, 451 

current speed and turbidity are shown in Figure 8. Significant wave height was only 1.9 452 

at the Leucate buoy and 3.3 m at the Palamós buoy, and mean wave direction was north 453 

(360º and 0º) in both buoys. At Cap de Creus Canyon, during the 5
th

 of March, 454 

temperature slightly decreased (0.3 ºC), current speed irregularly increased (up to 40 cm 455 

s
-1

), and turbidity showed just a subtle increase (2 mg l
-1

) indicating small transport 456 

event at the canyon head. Conversely, at the Palamós Canyon, during the storm peak, 457 

temperature decreased ~ 1 ºC, current speed increased to > 40 cm s
-1

, and SSC reached a 458 

maximum value of 5.6 mg l
-1

. During this northern storm, no downwelling of warmer 459 

shelf waters was registered at the Palamós Canyon, providing a different pattern of 460 

sediment transport at the canyon head observed during eastern storms.  461 

The amount of sediment transported through the Cap de Creus Canyon was 462 

insignificant compared with the other DSWC events previously analyzed. This could be 463 

because although even northerly winds in the GoL facilitate dense water formation 464 

during wintertime, only small waves are generated on the inner shelf, due to the short 465 

fetch (Estournel et al., 2003), and low amounts of sediment can be resuspended and 466 

transported toward the GoL submarine canyons. Furthermore, dense water flows 467 

southwardly dodging the Cap de Creus promontory, arriving to the Catalan margin. As 468 

numerical models predict (Ulses et al., 2008b), dense water from the GoL as well as 469 

water formed in the Gulf of Roses, can reach the Palamós canyon head advecting shelf 470 

sediment resuspended by the higher waves developed in the Palamós area. 471 

 472 
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5.3 High concentrated sediment transport events  473 

  474 

Sediment fluxes in the canyon heads of the GoL are closely related to local 475 

hydrology and atmospheric events (Bonin et al., 2008). As it has been already 476 

mentioned, during winters 2007 and 2008 the highest concentrated sediment transport 477 

was recorded in the Cap de Creus Canyon during DSWC events enhanced by the first 478 

moderate eastern storm of the winter season. The first observational evidence of a 479 

strong winter eastern storm (Hs=7 m) associated with moderated DSWC that generated 480 

a major sediment transport event through the GoL submarine canyons and particularly 481 

through the Cap de Creus Canyon was recorded in February 2004 (Palanques et al., 482 

2006, 2008). Such transport event was even detected at the north western Mediterranean 483 

basin by increasing downward particle fluxes in a moored sediment trap deployed at 484 

2350 m deep (Palanques et al., 2009). Maximum SSC reached at the Cap de Creus 485 

canyon head during this event was unknown (i.e. 0-20 FTU turbidity sensor reached its 486 

limit during 10 hours) and it was reported as SSC > 68 mg l
-1

. Palanques et al. (2008) 487 

observed that during the initial stages of the February 2004 event, SSC slightly 488 

increased and such signal was attributed to sediment resuspended either at the canyon 489 

head and/or on the outer shelf near the canyon head during the peak of the storm. The 490 

strong SSC peak (> 68 mg l
-1

) was observed 27 hours after the beginning of the storm 491 

and lasted for 10 hours. Such high concentrations were interpreted as produced by shelf-492 

to-canyon advection of the sediment resuspended during the storm at inner shelf 493 

locations. Few hours later, a third SSC peak was observed, which was attributed to the 494 

settling of suspended particles through the water column (Palanques et al., 2008). 495 

Comparing this event with the ones analyzed here at the Cap de Creus canyon for winter 496 

2007 and 2008, we observe that the same sediment transport pattern also occurred 497 
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during the first long-lasting DSWC event concurrent with the first moderate storm of 498 

the winter season (Figs. 6 and 7). It has to be noted, that these transport events occurred 499 

after several months without significant storms during which the continental shelf was 500 

presumably covered by easily resuspendable sediments. Palanques et al. (2008) 501 

suggested that such a large sediment transport event should occur linked to major 502 

storms (Hs >7 m) with a recurrence period of several years. However, this new data 503 

suggest that even  storms with Hs between 4 and 5 m associated with moderate DSWC 504 

events, can also generate high suspended sediment concentrations and fluxes, being 505 

more frequent than previously thought. This idea agrees with Ogston et al. (2008) that 506 

found that even a minor storm event can induce significant off-shelf and downslope 507 

sediment transport if occurs during a period of dense-water cascading.  508 

 509 

 510 

6. Conclusions 511 

 512 

Analysis of contemporary measurement conducted at the Cap de Creus and Palamós 513 

submarine canyon heads during winter 2007 and 2008 have supported the following 514 

conclusions: 515 

1) New observations indicate that DSWC events also take place at the Palamós 516 

Canyon being concurrent with the ones occurring at the Cap de Creus Canyon. 517 

This confirms what numerical models simulated, that the Palamós Canyon also 518 

contributes to the down-slope flow of dense shelf water. 519 

2) In both submarine canyons, the major suspended sediment transport was during 520 

DSWC events enhanced by moderate eastern storms. At the Palamós Canyon 521 
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northern storms can also enhance DSWC without any significant effect at the 522 

Cap de Creus Canyon. 523 

3) Different sediment transport patterns were observed between both canyons. 524 

During eastern storms, DSWC events were immediately observed in the Cap de 525 

Creus Canyon, while in the Palamós Canyon, downwelling always precede 526 

DSWC. Conversely, during northern storms, small cascading was detected in the 527 

Cap de Creus Canyon and DSWC without downwelling was recorded at the 528 

Palamós Canyon.      529 

4) High-concentrated transport events (reaching >170 mg l
-1

) were observed during 530 

both winters only in the Cap de Creus Canyon coinciding with the first long-531 

lasting DSWC event concurrent with a moderate eastern storm. 532 

5) The amount of sediment transported during DSWC events is one order of 533 

magnitude grater at the Cap de Creus Canyon than at the Palamós Canyon, 534 

corroborating that the maximum off-shelf sediment transport in the northwestern 535 

Mediterranean during DSWC events occur at the southwestern end of the Gulf 536 

of Lions, through the Cap de Creus Canyon.  537 

 538 
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Figure captions 686 

 687 

Figure 1. Map of study area in the north-western Mediterranean basin showing the 688 

location of the areas covered by the multibeam bathymetry at the Cap de Creus Canyon 689 

and Palamós Canyon. Circles indicate mooring positions and triangles indicate Leucate 690 

(north) and Palamós (south) wave buoys positions. 691 

 692 

Figure 2. Multibeam bathymetric maps of Cap de Creus Canyon (a) and Palamós 693 

Canyon (b). 694 
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 695 

Figure 3. Temporal evolution of the Têt (a) and the Fluvià River discharges (b), 696 

significant wave height at the Leucate buoy (c) and at the Palamós buoy (d). Study time 697 

periods are indicated at the bottom of the figure. Storm events that triggered or 698 

enhanced DSWC events are highlighted with arrows and letters E (eastern storms) N 699 

(northern storms). 700 

 701 

Figure 4. Time series of in situ temperature, currents and suspended sediment transport 702 

recorded at the Cap de Creus Canyon, for the time periods 2006-07 (a) and 2007-08 (b). 703 

 704 

Figure 5. Time series of in situ temperature, currents and suspended sediment transport 705 

recorded at the Palamós Canyon, for the time periods 2006-07 (a) and 2007-08 (b).  706 

 707 

Figure 6. Time series of significant wave height and wave direction registered at the 708 

Leucate and Palamós wave buoys. Time series of temperature, current speed and 709 

turbidity recorded at the Palamós and Cap de Creus submarine canyon heads, during the 710 

DSWC event enhanced by the eastern storm on mid February 2007. 711 

 712 

Figure 7. Time series of significant wave height and wave direction registered at the 713 

Leucate and Palamós wave buoys. Time series of temperature, current speed and 714 

turbidity recorded at the Palamós and Cap de Creus submarine canyon heads, during the 715 

DSWC event enhanced by the eastern storm on early January 2008. 716 

 717 

Figure 8. Time series of significant wave height and wave direction registered at the 718 

Leucate and Palamós wave buoys. Time series of temperature, current speed and 719 
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turbidity recorded at the Palamós and Cap de Creus submarine canyon heads, during the 720 

DSWC event enhanced by the eastern storm on early March 2008. 721 
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