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Shelf-to-canyon suspended sediment transport during major storms was studied at the southwestern
end of the Gulf of Lions. Waves, near-bottom currents, temperature and water turbidity were measured
on the inner shelf at 28-m water depth and in the Cap de Creus submarine canyon head at 300 m depth
from November 2003 to March 2004. Two major storm events producing waves Hs46 m coming from
the E–SE sector took place, the ﬁrst on 3–4 December 2003 (max Hs: 8.4 m) and the second on 20–22
February 2004 (max Hs: 7 m). During these events, shelf water ﬂowed downcanyon producing strong
near-bottom currents on the canyon head due to storm-induced downwelling, which was enhanced by
dense shelf water cascading in February 2004. These processes generated different pulses of
downcanyon suspended sediment transport. During the peak of both storms, the highest waves and
the increasing near-bottom currents resuspended sediment on the canyon head and the adjacent outer
shelf causing the ﬁrst downcanyon sediment transport pulses. The December event ended just after
these ﬁrst pulses, when the induced downwelling ﬁnished suddenly due to restoration of shelf water
stratiﬁcation. This event was too short to allow the sediment resuspended on the shallow shelf to reach
the canyon head. In contrast, the February event, reinforced by dense shelf water cascading, was long
enough to transfer resuspended sediment from shallow shelf areas to the canyon head in two different
pulses at the end of the event. The downcanyon transport during these last two pulses was one order of
magnitude higher than those during the December event and during the ﬁrst pulses of the February
event and accounted for more than half of the total downcanyon sediment transport during the fall
2003 and winter 2004 period. Major storm events, especially during winter vertical mixing periods,
produce major episodes of shelf-to-canyon sediment transport at the southwestern end of the Gulf of
Lions. Hydrographic structure and storm duration are important factors controlling off-shelf sediment
transport during these events.
& 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
Off-shelf transfer of sediment has been widely studied during
the last few decades, and it has been described and quantiﬁed on
various continental margins within the framework of several
integrated research projects (e.g., Carson et al., 1986; Hickey et al.,
1986; Walsh et al., 1988; Biscaye et al., 1988, 1994; Monaco et al.,
1990; van Weering et al., 1998; Nittrouer and Kravitz, 1996;
Nittrouer, 1999). On the continental slope, it is widely recognized
that canyons are preferential conduits for the transfer of
sediments from the shelf even during the present high sea-level
stand (e.g., Drake and Gorsline, 1973; Gardner, 1989a; Durrieu de
Madron, 1994), because they have higher downward particle
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ﬂuxes (Monaco et al., 1990; Puig and Palanques, 1998a; Hung and
Chung, 1998; Puig et al., 2003) and sediment accumulation rates
(e.g., Carpenter et al., 1982; Thorbjarnarson et al., 1986; SánchezCabeza et al., 1999; Schmidt et al., 2001) than those found on the
open slope. However, the shelf-to-canyon sediment transport
activity is not always well known because it is variable in time
and differs among canyons.
Across-shelf transport is complex and generally involves
mechanisms such as wind-driven ﬂows, internal waves, wave
orbital ﬂows, infragravity phenomena and buoyant plumes
(Nittrouer and Wright, 1994; Sternberg and Nowell, 1999). The
energy of such hydrodynamic processes, shelf morphology,
latitudinal constraints and the time scale considered are also
important factors that determine the shelf-to-canyon transfer.
Canyons incised in margins with narrow continental shelves can
receive higher sediment inputs. The transfer of these inputs can be
mainly controlled by river ﬂoods if the wave energy is low, as in
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Canyon (the most active GoL canyon in terms of sediment
transport) during major storms.

2. Study area
The GoL is a micro-tidal continental and river-dominated
margin that is fed by several rivers, the most important of which is
the Rhône, discharging into the eastern part of the GoL (Fig. 1). The
bottom sediment distribution displays a mud belt along the midshelf and mixed sandy mud deposits on the inner and outer shelf
regions (Aloisi et al., 1973). The GoL continental shelf stores
sediment supplied by rivers, which can be subsequently resuspended by storms with waves from the E–SE (E–SE storms) and
exported to the slope by storm-induced downwelling and dense
water cascading (Palanques et al., 2006; Ulses et al., this issue).
The GoL continental slope is incised by numerous submarine
canyons. However, most of the near-bottom shelf–slope sediment
transfer occurs through the southwesternmost submarine canyon
(Cap de Creus Canyon), which is the ﬁnal outlet before the
constriction of the Cap de Creus promontory (Fig. 1). Near-bottom
suspended sediment ﬂuxes in this canyon are up to two orders of
magnitude higher than in the other GoL canyons (Palanques et al.,
2006).
Three small rivers discharge onto the continental shelf northward from the Cap de Creus Canyon head. From north to south,
they are the Agly, the Têt and the Tech Rivers (Fig. 1). They have an
average water discharge o10 m3 s1, but during exceptional ﬂoods
their discharge can increase sporadically by up to two orders of
magnitude (Palanques et al., 2006).
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the Guadiaro Canyon (Palanques et al., 2005) or by storms if the
wave energy is high, as in the Eel Canyon (Puig et al., 2004). The
importance of short-term processes like ﬂoods and storms for
sediment delivery and reworking on the shelf has been recently
highlighted on the Eel continental margin (e.g., Ogston et al.,
2004), where the sediment discharged by the Eel River is
resuspended during storms and deposited on the middle shelf
(Traykovski et al., 2000). Later, storms can resuspend and
transport the sediment again towards the Eel canyon head
(Ogston et al., 2000; Puig et al., 2003; Fan et al., 2004). This
multi-event storm-induced sediment transport was also observed
in the western Gulf of Lions (GoL) towards the Cap de Creus
Canyon head (Guillén et al., 2006; Palanques et al., 2006).
The amount of sediment-transferred off-shelf can determine
the type of transport processes in the submarine canyons. Some
authors have categorized sediment transport processes in submarine canyons into two types: gravity-driven turbidity currents
(Shepard et al., 1979; Komar, 1969; Seymour, 1990; Greene et al.,
1991), and ﬂow-driven resuspension and transport events among
which storms are special occurrences (Hotchkiss and Wunsch,
1982; Gardner, 1989b; Lyne and Butman, 1988; Durrieu de
Madron et al., 1999). At the present time, the most frequent
processes monitored in submarine canyons by moored instruments are ﬂow-driven resuspension and transport events. Several
mechanisms can produce these ﬂows, such as storms, internal
waves, tidal motions and dense shelf water cascading (DSWC)
(Gardner 1989a, b; Mulder and Syvitski, 1995; Okey 1997; Puig
and Palanques 1998b; Johnson et al., 2001; Puig et al., 2004;
Palanques et al., 2006; Canals et al., 2006).
Although it is widely known that the most evident mechanisms producing offshore sediment transport are storms and ﬂoods,
direct relationships of those events with submarine canyon
sediment transport are not always found, and few studies
combine sediment transport data recorded simultaneously in a
submarine canyon and on the adjacent shelf (e.g., Puig et al.,
2003). In the GoL, sediment transport during the fall 2003 and
winter 2004 period was studied on the SW inner shelf (Guillén et
al., 2006) and at the head of seven submarine canyons (Palanques
et al., 2006). However, detailed links and timing of the main shelfto-canyon processes and shelf sediment transport during this
period of time were not analyzed. This paper presents combined
hydrographic, hydrodynamic and near-bottom suspended sediment concentration (SSC) data collected simultaneously in the
Cap de Creus Canyon head and on the inner part of the adjacent
continental shelf during the major storm events of the fall 2003
and winter 2004 period. The aim of this paper is to analyze the
detailed sequence of forcing processes and the resulting nearbottom shelf-to-canyon suspended sediment transport at the
southwestern GoL during these events.
Several papers of this special issue analyze other aspects of the
shelf–slope exchange in the GoL. Downward particle ﬂuxes of
several GoL submarine canyons during the fall 2003 and winter
2004 are studied in Bonnin et al. (submitted) and Fabres et al.
(this issue), and the impact of storms and dense water cascading
in the whole GoL during the same period of time was modeled in
Ulses et al. (this issue). The effects of an oceanic ﬂood in April
2004 are analyzed in Bourrin et al (submitted). Shelf–slope
exchange in the Cap de Creus Canyon during the fall 2004 and
winter 2005 period, when intensiﬁed DSWC occurred without
major storms, are studied in Puig et al., (submitted) and Ogston et
al (this issue). Once we know the global role of ﬂoods, storms and
DSWC in the GoL and that most of the near-bottom sediment
transport in the fall 2003 and winter 2004 period occurred during
storm events (Palanques et al., 2006; Guillén et al., 2006; Ulses
et al., 2008), in this paper we focus on how near-bottom shelf-tocanyon suspended sediment transport occurs in the Cap de Creus
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Fig. 1. Map of the NW end of the Gulf of Lions (north-western Mediterranean)
showing: the Agly, Têt and Tech Rivers, the position of the tripod installed on the
Têt inner shelf (black triangle), the Lacaze Duthier Canyon (LDC) and the Cap de
Creus Submarine Canyon (CCC), and the position of the mooring installed at the
CCC head (black circle).
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From spring to autumn, a seasonal thermocline forms and
deepens in the GoL, as in the whole Mediterranean Sea, and
during winter this stratiﬁcation disappears and the waters
become homogeneous (Millot, 1990). The main winds in the
western part of the GoL are the northwesterly ‘‘Tramontane’’ and
the southeasterly ‘‘Marin’’. Estournel et al. (2003) and Ulses et al.
(2008) showed that Tramontane and Marin winds induce a
cyclonic circulation over the shelf. The cold and dry northerly
‘‘Tramontane’’ is responsible for the strong cooling and homogenization of the shelf water column in winter, which may
promote dense shelf water formation.
On this shelf, where tidal currents are negligible, surface waves
are the main mechanism causing bottom sediment resuspension
and major easterly–southeasterly storms can generate waves with
signiﬁcant wave height (Hs) 46 m and period (Tp) o12 s (Ferré
et al., 2005; Guillén et al., 2006). Sediment resuspension during
major Marin storms generate large off-shelf particulate matter
export specially through the Cap de Creus Canyon by forcing
downwelling of turbid shelf water, especially when downwelling
is reinforced by DSWC, and when the storm was preceded by a
ﬂood event leaving fresh and easily erodible sediment on the shelf
(Guillén et al., 2006; Palanques et al., 2006).
A special situation occurs during some years, when intense
and persistent action of dry northerly winds in winter intensiﬁes
dense shelf water formation in the GoL (Heussner et al., 2006).
In this situation, shelf water become denser than usual
and cascading can reach the deep slope transporting a signiﬁcant suspended sediment load towards the basin (Canals et al.,
2006). Intensiﬁed DSWC occurred in winter 2005 but not in
winter 2004.

3. Methods
An Aanderaa current meter (RCM 9) equipped with pressure,
temperature, conductivity and turbidity sensors was installed 1 m
above bottom (mab) on a tripod deployed 2 km off the mouth of
the Têt River on the inner shelf at 28-m water depth (Fig. 1). This
tripod was deployed twice, from 26 November 2003 to 12
December 2003 and from 4 February 2004 to 18 March 2004.
The sampling interval of the RCM 9 current meter was set to
5 min.
Three D&A Instruments OBS were also mounted on the tripod
(see Guillén et al., 2006 for details). These instruments collected
data every 3 h in 20-min bursts logged at 2 Hz. Laboratory
calibrations were used to convert the signals from these
instruments into SSC. In this study, we present the burst-averaged
SSC from the OBS mounted at 0.15 mab. In the ﬁrst deployment,
the tripod was knocked over during the peak of a strong storm on
4 December, after 8 days of sampling. The 0.15 mab OBS continued
to produce sensible data.
Continuous information on wave conditions was obtained by
an autonomous ADCP RDI Sentinel 600 kHz model equipped with
a wave pressure sensor and deployed at the shelf study site. It was
mounted on a bottom platform with an upward-looking conﬁguration. Waves were measured during 20 min bursts at 2 Hz every
3 h. Currents were measured between wave-burst measurements
at 1 Hz and were averaged over that period. In this paper, we show
ADCP currents at 2 mab. The ADCP collected data between 26
November 2003 and 16 January 2004, and between 4 February
and 26 March 2004. Additional wave data were obtained from a
Datawell wave buoy deployed 11 km south of the study area.
Bottom shear stress (t) was estimated using the combined wave
and current boundary-layer model of Grant and Madsen (1986).
Inputs to the model were wave–orbital velocity (urms) obtained by
applying linear wave theory to the ADCP, Hs and Tp measurements,
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current speed (uc) at 2 mab and wave–current angle. The bottom
was assumed to be ﬂat and the bottom roughness was given by
the sediment grain size (D50) (see Guillén et al., 2006 for details).
The Têt River water discharge was obtained from the HYDRO
national data bank.
Concurrent with the shelf observations, a RCM11 Aanderaa
current meter also equipped with pressure, temperature, conductivity and turbidity sensors was moored 5 mab in the Cap de
Creus Canyon head at a depth of 300 m depth from 1 November
2003 to 5 May 2004 with a mooring turnaround from 3 to 5
February. The sampling interval of the canyon-head current meter
was set to 20 min.
Temperature and conductivity sensors from the canyon and
shelf Aanderaa current meters were calibrated using simultaneous CTD measurements recorded during the mooring deployment. Turbidity data recorded in FTU were converted into
SSCs following the methods described in Guillén et al. (2000).
Instantaneous and cumulative along-canyon sediment ﬂuxes
were obtained by multiplying along-canyon current speed
with SSC.

4. Results
To illustrate the storm-driven shelf-to-canyon sediment transport in the SW GoL, two major storms events (Hs46 m) with
waves coming from the E–SE sector during the study period are
analyzed in detail: one that occurred in December 2003 while the
shelf water was still stratiﬁed and concurrent with a ﬂood of all
GoL rivers, the other in February 2004 when shelf water was
unstratiﬁed and DSWC occurred.
4.1. December major storm with water stratiﬁcation
The ﬁrst major storm on the Têt inner shelf occurred from 3 to
4 December 2003 (Fig. 2). It was preceded by a 1 1C decrease (from
15.5 to 14.4 1C) in water temperature on 3 December at around
11:30. Six hours later, at 17:30, the storm began and the peak of
the storm was at 02:00 on 4 December with Hs of 8.45 m and
bottom shear stresses at the study site (28-m water depth) of
3.74 N m2. The recorded turbidity peak measured by the OBS at
0.15 mab was 1.9 g l1 at 00:00 on 4 December, whereas at 1 mab
it was 0.7 g l1 at 01:00 just before the tripod was knocked on its
side. Currents 2 mab reached maximum values between 47 and
53 cm s1 after the peak of the storm. The dominant current
direction and sediment advection was towards the SSE during the
entire event. At 10:30 on 4 December, the storm decreased. The
Têt river maximum discharge (363 m3 s1) occurred at 12:00 (data
not shown), when waves and currents were weak. Therefore, the
river ﬂood hardly affected near-bottom turbidity (Fig. 2).
At the canyon head, there was a sudden increase in
temperature (from 13.4 to 15.5 1C) and current speed (from 2.5
to 450 cm s1) at 01:35 on 4 December, which generated the ﬁrst
peaks of bottom shear stress (0.28 N m2) and turbidity (from 0.8
to 19.2 mg l1) (Fig. 2). After this ﬁrst turbidity peak, SSC
maintained values between 8 and 15 mg l1 and peaked suddenly
up to 48 mg l1 at 04:40. At 9:00, the event ended with a sudden
decrease in temperature, currents and turbidity that coincided
with the end of the storm on the shelf.
4.2. February major storm without water stratiﬁcation and with
shelf water cascading
The second major storm occurred from 20 to 22 February 2004
(Fig. 3), when river discharge was low (o75 m3 s1). On the Têt
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Fig. 2. Time series of waves, near-bottom temperature, near-bottom currents, near-bottom turbidity, orbital velocity and shear stress measured on the Têt inner shelf
during the December 2003 event, and time series of near-bottom temperature and density, near-bottom currents, near-bottom shear stress and near-bottom turbidity
measured at the head of the Cap de Creus (CC) during the same event.

inner shelf, it began with a temperature decrease of 1 1C and a
density increase of 0.15 kg m3 at around 10:40 on 20 February.
Seven hours later, at 17:30, the storm began to resuspend

sediment on the inner shelf with shear stresses higher than
0.12 N m2. The peak of the storm (Hs ¼ 7 m) occurred at 03:00
on 21 February, generating the maximum shear stress
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Fig. 3. Time series of waves, near-bottom temperature and density, near-bottom currents, near-bottom turbidity, orbital velocity and wave shear stress measured on the Têt
inner shelf during the 21 February 2004 event, and time series of near-bottom temperature and density, near-bottom currents, shear stress, and near-bottom turbidity
measured at the head of the Cap de Creus (CC) Canyon during the same event.

(2.61 N m2) and turbidity (2.5 g l1 at 0.15 mab). During most of
the storm, turbidity was 41 g l1 at 0.15 mab and 40.2 g l1 at
1 mab. Simultaneously, currents at 2 mab maintained speeds

higher than 20 cm s1 (maximum speed: 42 cm s1), advecting
resuspended sediment towards the S–SE. After the peak of the
storm, waves, shear stress and density decreased gradually but
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turbidity increased again along with a decrease in density and
temperature, giving a secondary peak 1 day later, which was not
correlated with orbital velocity. All parameters returned progressively to pre-storm values at around 20:00 (Fig. 3).
At the canyon head, the temperature decreased suddenly
from 13.1 to 12.5 1C and current speed increased from 3.0 to
21.9 cm s1 at 16:00 on 20 February. For 9 h, current speeds
increased progressively and turbidity remained low. Turbidity
began to increase at 01:00 on 21 February, when shear stress
reached values 0.14 N m2. Several turbidity peaks between
20 and 34 mg l1 occurred between 02:00 and 16:00 with
shear stresses between 0.27 and 0.59 N m2. A major turbidity
peak began at 22:19 on 21 February and maintained values
468 mg l1 (i.e., turbidity above the sensor range) for 10 h. At the
end of the storm, downcanyon currents and turbidity began to
decrease progressively. However, turbidity again exceeded
68 mg l1 at 17:00 on 22 February. After this last SSC peak,
turbidity decreased drastically and the event ended a few hours
later with a sudden increase in temperature and a decrease in
current speed (Fig. 3).

1

5.1. Resuspension and near-bottom advection on the shelf during the
storms
The two major storms analyzed in this paper were exceptional
events with relatively similar maximum signiﬁcant wave height at
the study site and recurrence intervals of tens of years (Puertos del
Estado). Storm duration was arbitrarily deﬁned as the time when
shear stress was higher than 0.12 N m2 at the inner shelf site
(Fig. 4), which theoretically, according to Madsen and Grant
(1976), could resuspend at least unconsolidated silt and ﬁne sand
fractions of the bottom sediment. Following this criterion, the
December storm lasted for 26 h and the February storm for 37 h.
The peak of the two E–SE storms occurred 9 h after their start.
Near-bottom turbidity peaks were correlated with high bottom
shear stresses. However, in February there was a second SSC peak
between 25 and 50 h after the start of the storm, when waves and
shear stresses had already decreased, which was probably due to
the advection of sediment resuspended on shallower parts of the
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Fig. 4. Time series of near-bottom turbidity and shear stress measured on the Têt inner shelf and at the head of the Cap de Creus (CC) Canyon during the December 2003
event (discontinuous line) and the February 2004 event (solid line) drawn against time since the start of the storm 1: start of wave storms on the inner shelf; 2: peak of the
storms.
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shelf. Current direction on the inner shelf during the December
and February storms was towards the south and southeast.
Guillén et al. (2006) estimated from recorded data that in the
December event, the dominant sediment transport on the Têt
inner shelf was along-shelf towards the south (13 t m2) with a
signiﬁcant across-shelf component (3 t m2), whereas in the 21
February event the across-shelf transport was higher and similar
to the along-shelf component (15 and 16 t m2, respectively).
No data were recorded on the middle and outer shelf but
considering the peak wave conditions during both major storms,
the potential wave shear stresses estimated using the Grant and
Madsen (1986) model were higher than 0.12 N m2 down to 110 m
depth for the December event and 90 m depth for the February
event. This means that resuspension of sandy or unconsolidated
ﬁne sediment could have occurred near the shelf break. Ulses et al.
(this issue), modeling the combined effect of waves and currents
for both storms, also predict sediment resuspension across
the outer shelf, where simulated near-bottom currents are
425 cm s1.
Other more moderate storms such as those occurring on
8 December 2003 (max Hs: 4.5 m) and 13 March 2004 (max Hs:
3.0 m) (Guillén et al. (2006), produced lower sediment resuspension on the inner shelf, and they could not generate bottom
shear stresses higher than 0.12 N m2 at depths beyond the
middle shelf.

5.2. Shelf water advection at the canyon head during the storms
The shelf cyclonic circulation induced by the December and
February major E–SE storms caused a massive convergence of
water and suspended sediments at the southwestern end of the
GoL. The excess of water that could not escape the GoL’s shelf
alongshore due to the Cap de Creus promontory was downwelled
mainly into the Cap de Creus Canyon (Palanques et al., 2006; Ulses
et al., 2008). This water generated a sharp increase in current
speed when it reached the canyon head. In both events, the
downcanyon water intrusion reached similar maximum current
speeds in similar time periods after the beginning of the storms
(11 h) but the acceleration and deceleration periods were much
shorter and more abrupt in the December event (2 h) than in the
February 2004 event (13 h) (Figs. 2 and 3).
In the December event, when shelf water was still stratiﬁed,
the downwelled warmer and lighter shelf water reached the
canyon head, suddenly increasing current speed and shear stress
8 h after the beginning of the storm (Figs. 2 and 4). Ulses et al.
(2008) and Bonnin et al. (submitted) have shown that this
downwelling displaced the upper slope isopycnals downcanyon,
giving a strong density contrast between the slope and the shelf
waters. The downwelling ended suddenly at the end of the storm
because the isopycnals relaxed back to the initial near-horizontal
position.
In February, however, during the mixed period, the colder and
dense shelf water intrusion arrived at the canyon head increasing
current speed and shear stress 90 min before the start of the storm
(Figs. 3 and 4) and 5 h after the temperature decrease and density
increase that occurred on the Têt inner shelf (Fig. 3). Thus, in
February, the intrusion of shelf water at the canyon head started
by sinking of dense shelf water before the start of the storm waves
at the Têt inner shelf. The lower acceleration was probably due to
the small density contrast between the canyon water and the
downwelled shelf water (only 0.05 kg m3). The storm-induced
downwelling probably began when current advection by cascading of dense shelf water was already occurring. At the end of the
February storm, the advection of shelf water at the canyon head
did not end suddenly, but decreased progressively similar to the
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beginning of the event, also due to the DSWC and low density
contrast.
During the moderate storms of the study period, shelf water
was advected into the canyon only when associated DSWC
occurred during the mixed period (Palanques et al., 2006). This
indicates that stratiﬁcation prevents shelf-to-canyon water advection during moderate storm events.
5.3. Downcanyon sediment transport during the storms
In both the December and the February events, near-bottom
turbidity at the canyon head began to increase 9 h after the start of
the storms, coinciding with their peaks, when the higher waves
produced shear stresses 40.12 N m2 on the outer shelf and
simultaneously when canyon current speed increased above
50 cm s1, generating shear stresses of between 0.14 and
0.59 N m2 at the canyon head (Fig. 4). This suggests that the
increases in sediment transported downcanyon during the ﬁrst
few hours could correspond to sediment resuspended either at the
canyon head by currents and/or on the outer shelf near the canyon
head during the peaks of the storms.
In the December storm, the near-bottom downcanyon sediment transport lasted only for 9 h and ended suddenly along with
the storm-induced downwelling as soon as the storm abated and
shelf water stratiﬁcation was restored. However, in the February
event, the downcanyon sediment transport lasted for longer
(a total of 43 h), continuing even after the end of the storm due to
DSWC and lack of water stratiﬁcation. The highest turbidity
increase took place 27 h after the start of the February storm when
SSC in the canyon head increased sharply to over 68 mg l1
(Fig. 4). This 27-h time interval is sufﬁcient for advection to
transport water and ﬁne sediment over 20–50 km from the inner
shelf to the canyon head, given off-shelf bottom water current
speeds of 20–42 cm s1 measured during the storm events or
30 cm s1 as resulting from the circulation model of Ulses et al.
(2008). Thus, this strong peak was probably produced by shelf-tocanyon advection of the sediment resuspended during the storm
on the inner and middle shelf located southward from the Agly
River mouth (Fig. 1), where an ephemeral mud layer was
previously deposited after the December storm and ﬂood event
(Guillén et al., 2006). This major turbidity peak ended after 12 h
when waves subsided and inner-shelf and canyon-head current
speeds began to decrease (Fig. 3).
The last strong SSC peak at the canyon head occurred after the
February storm had ended but while DSWC was still able to advect
shelf resuspended sediment towards the canyon (Figs. 3 and 4).
After this peak, the downcanyon sediment transport event ended,
although cascading of clean dense water continued for 6 more
hours.
5.4. Canyon-head near-bottom suspended sediment ﬂuxes during
the storms
In the period of autumn 2003 to winter 2004, most of the
shelf-to-canyon near-bottom sediment transport occurred by
advection of sediment resuspended during major storms. However, we can discriminate between (1) the ﬂuxes of sediment
resuspended by surface waves and near-bottom currents on and
around the canyon head, which occurred during both the
December and February events, and (2) the ﬂuxes of sediment
resuspended on the shallower shelf and advected seaward by
storm-induced downwelling and/or DSWC, which only reached
the canyon head during the February event.
The downcanyon ﬂuxes of sediment resuspended around the
canyon head during the peaks of the December and February
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Fig. 5. Time series of downcanyon cumulative sediment transport and instantaneous suspended sediment (SS) ﬂuxes during the December 2003 and February 2004 events.
ACH: sediment resuspended around the canyon head; AD1: advection of sediment resuspended on the adjacent inner shelf; AD2: advection of sediment resuspended in
more distant areas of the continental shelf.

storms were of similar magnitude. The cumulative sediment
transport was slightly less in December (380 kg m2) than in
February (470 kg m2), but the maximum instantaneous ﬂuxes
were slightly higher in December (31 g m2 s1) than in February
(23 g m2 s1) (Fig. 5).
In February, the main peak of suspended sediment advected
from the shallower shelf by downwelling and DSWC accounted for
a cumulative transport of at least 2230 kg m2 and maximum
instantaneous ﬂuxes of 50 g m2 s1. The last peak of sediment
advected through the canyon mainly by DSWC produced a
cumulative sediment transport of 220 kg m2 and maximum
instantaneous ﬂuxes of 23 g m2 s1. Thus, from the total
cumulative sediment transport in the February event
(2920 kg m2), 18% occurred during the ﬁrst peak of sediment
resuspended around the canyon head, 70% during the major peak
of sediment resuspended on the shelf and advected by storminduced downwelling and cascading, and 10% during the last peak
of sediment resuspended on the shelf and advected only by
cascading. The downcanyon transport of sediment resuspended
on the shelf during the last pulses of the February event accounted
for more than half of the total downcanyon sediment transport
during the whole fall 2003 and winter 2004 period (4350 kg m2)
estimated in Palanques et al. (2006).
During the December event, near-bottom sediment transport
from the inner shelf to the canyon was inhibited by the short
duration of the storm and by water stratiﬁcation. In February,
with mixing conditions, the longer storm period reinforced by
cascading favored near-bottom sediment advection from inner
shelf to the canyon. Another factor that contributed to increase
downcanyon near-bottom suspended sediment ﬂuxes was the
ﬂood sediment layer accumulated on the shelf after the December
ﬂood (Guillén et al., 2006; Ulses et al., this issue), which remained
available to be resuspended during the February storm.
Fluxes and processes controlling shelf-to-canyon suspended
sediment transport at the Cap de Creus Canyon head can have a
strong interanual variability. Most of the downcanyon cumulative
ﬂuxes at the canyon head during winter 2003–2004
(4350 kg m2) occurred during the studied major storms events.
However, during the following winter (2004–2005), a larger
sediment transport through the canyon head (6000 kg m2)
occurred without major storms, due to exceptionally intensiﬁed

DSWC working almost permanently from February to early April
(Puig et al., submitted). Although intensiﬁed DSWC is very
important for the off-shelf sediment transport in the GoL (Canals
et al., 2006; Puig et al., submitted; Ogston et al., this issue), it is
also relevant to point out that only during the 43 h February 2004
storm event, the downcanyon cumulative ﬂuxes at the canyon
head were half of those during the 2 months of intensiﬁed DSWC
in winter 2004–2005. In winters with major storms, downcanyon
suspended sediment ﬂuxes at the canyon head can reach at least
the same order of magnitude as in winters with intensiﬁed DSWC.

5.5. Comparison with other submarine canyons
In canyons located on continental margins with narrow
shelves, with signiﬁcant sediment inputs from rivers and highenergy wave regimes (e.g., Quinault, Monterey and Eel canyons),
across-shelf sediment transport is strong and signiﬁcant amounts
of sediment can be temporarily stored at the head of the canyon,
therefore providing unconsolidated material for generation of
density-driven ﬂows (Xu et al., 2002; Puig et al., 2004). In the GoL,
wave regime is less energetic than in the Eel Canyon and the
smaller across-shelf sediment transport does not provide enough
unconsolidated material to the outer shelf to form density-driven
ﬂows. During high-energy events in the SW GoL, sediment
bypasses the outer shelf and only an ephemeral veneer of
unconsolidated ﬁne sediment can be formed when advection
ends (Ogston et al., this issue), which is resuspended at the
beginning of the following event.
Puig et al. (2003) also pointed out that in submarine canyons
located on continental margins with relict or coarse-grained
sediments on the shelf edge around the canyon head (e.g.,
Baltimore and Foix canyons), contemporary sediment transport
mechanisms within the upper canyon section appear to be mainly
dominated by internal wave resuspension along the canyon axis
and by storm-induced intermediate nepheloid layer detachments
at the shelf break (Gardner, 1989a, b; Puig et al., 2000). In the case
of the Cap de Creus submarine canyon, with relict sand around its
head, intermediate nepheloid layer detachments at the shelf break
are probably induced by storms but a dominant sediment
transport caused by internal wave resuspension has not been
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observed (Ogston et al., this issue). In this area, the off-shelf
transport is dominated by storm-induced downwelling, which is
restricted during water stratiﬁcation periods, and by DSWC that
occurs during unstratiﬁed conditions. Therefore, hydrographic
structure is an important factor controlling the dominant shelf-tocanyon sediment transport processes.

6. Conclusions
In the Cap de Creus Canyon, different pulses of near-bottom
shelf-to-canyon suspended sediment transport can be produced
during major storms coming from the E–SE sector. The ﬁrst pulses
can be only sediment resuspended in the canyon itself and the
nearby outer shelf area during the peak of the storm. Later, other
pulses of sediment resuspended on the inner shelf can reach the
slope and be funneled through the canyon head.
During the December event, there was only one main downcanyon pulse of sediment resuspended on the canyon head and
the adjacent outer shelf by the highest waves and the increasing
canyon near-bottom currents during the peak of the storm. As this
event was short and restricted by water stratiﬁcation, inner shelf
resuspended sediment could not be transferred near the bottom
towards the canyon head.
During the February storm, there were several pulses of
downcanyon near-bottom sediment transport. The ﬁrst pulses
were of sediment resuspended in the canyon head and the
adjacent outer during the peak of the storm as during the
December event. However, the February event was reinforced by
DSWC and was long enough to transfer resuspended sediment
from the shallow shelf to the canyon head in two different pulses.
The ﬁrst and most intense occurred at the end of the storm and
the last just after the storm when only DSWC was still going on.
Downcanyon cumulative transport of sediment resuspended in
and around the canyon head during the December event and
during the ﬁrst sediment transport pulses of the February event
was similar. However, the downcanyon transport of shelf
resuspended sediment during the last pulses of the February
event was one order of magnitude higher and accounted in less
than 1 day for more than half of the total downcanyon sediment
transport during the fall 2003 and winter 2004 period.
The hydrographic structure and the storm duration are factors
that determine the intensity and the pattern of the storm-driven
shelf-to-canyon sediment transport events. The combination of
different mechanisms such as waves, storm-induced downwelling
and cascading during storms can generate various downcanyon
sediment transport pulses. Detailed observations recorded simultaneously on the shelf and submarine canyons are required in
order to better understand off-shelf sediment export.
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