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Abstract

Three moorings equipped with sediment traps were deployed in the north-western Alboran continental margin to study
downward particle fluxes in the Guadiaro submarine canyon depositional system. This area is located close to the Strait of
Gibraltar and is influenced by the upwelling induced by the Atlantic Jet and by episodic flood events from the Guadiaro River.
Sediment traps were installed in the Guadiaro Canyon, in the Guadiaro Channel and in the adjacent continental slope. The overall
duration of the deployment was 12 months (from November 1997 to October 1998). Time-series of downward particle fluxes,
major constituents (organic carbon, nitrogen, biogenic opal, calcium carbonate and lithogenics) and *'°Pb were determined near
the surface at mid-depths and near the bottom. Total mass fluxes (TMF) in this area fluctuated more than two orders of magnitude
and showed an important seasonal variability with higher fluxes in winter. Increases in TMF and lithogenics together with
decreases in >'°Pb, organic carbon and opal were recorded in all traps coinciding with river floods, indicating a direct response of
the system to these events and a rapid offshore transport of suspended matter affecting the entire water column. The channel site
received similar particle fluxes to the western open slope site, indicating that this channel did not act as a preferential sediment
conduit during the deployment period. In the Guadiaro Canyon, TMF were more than one order of magnitude higher, >'°Pb
concentration was lower (one half) and organic matter was more degraded than at the channel site during spring and summer, as a
consequence of receiving particles resuspended by internal waves and occasionally by trawling activities. These particles were
mainly retained in the canyon, which works as a trap. Also, during spring and summer, the opal and organic carbon percentages
increased in all traps both in magnitude and variability, and peaks seem to be associated with biological blooms.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Spatial and temporal estimations of particle fluxes
using sediment traps have been studied in several
continental margins of the world (e.g., Deuser, 1986;
Biscaye et al., 1988; Monaco et al., 1990; Biscaye
and Anderson, 1994; Puig and Palanques, 1998;
Thunel, 1998; De Lazzari et al., 1999; Heussner et
al., 1999; Walsh and Nittrouer, 1999; Palanques et
al., 2002). The main objective of these studies was to
understand the continent—ocean particle transfer and
to determine its role in the marine biogeochemical
cycles. In general, the continental margins are
regions characterised by sediment inputs from the
continent and by high primary production which
sequesters atmospheric carbon, and they therefore
have an important effect on global biogeochemical
cycles (Walsh et al., 1988; Walsh, 1991). However,
there is a high diversity of sedimentary regimes, not
only among continental margins, but also within
each continental margin itself, particularly in those
with canyon-incised slopes. The study of downward
particle fluxes in submarine canyons has revealed
their role as preferential conduits of matter between
the shallow and deep environments (Gardner, 1989;
Monaco et al., 1990; Puig and Palanques, 1998;
Heussner et al., 1999; Palanques et al., 2005). Sev-
eral of these studies found relationships between
storms and river flood events and increases in parti-
cle fluxes, although these relationships have not
always been evident. Therefore, it is still necessary
to study sediment fluxes in different geological con-
texts in order to better understand the mechanisms
that control particle fluxes in submarine canyons.
One specific area characterised by the presence of
several submarine canyons where canyon particle
fluxes have not yet been studied is the north-western
Alboran Margin.

Previous studies on particle fluxes in the Alboran
Sea include an indirect estimation of the interchange of
carbon through the Gibraltar Strait (Copin-Montegut
and Avril, 1993; Dafner et al., 2001) and short-term
particle flux measurements (Peinert and Miquel,
1994; Dachs et al., 1996, 1998). Downward particle
fluxes on the open slope off Malaga and in the
western deep Alboran basin have recently been stu-
died by Fabres et al. (2002) and Masqué et al. (2003).
However, none of these studies focused on the role

that submarine canyons play at present in the Alboran
Sea. The main objective of this work is to study the
temporal evolution of downward particle fluxes and
their major constituents in a submarine canyon
depositional system of the northwestern Alboran mar-
gin. Among the several canyon systems of this mar-
gin, the Guadiaro submarine canyon depositional
system was chosen because: (1) it is linked to one
of the few small rivers of this basin not affected by
dams, with continuous water discharge and sporadic
flood events, (2) it is in a margin with a very narrow
shelf where direct response between floods and cross-
margin sediment transfer is expected, and (3) it is in
an upwelling zone where increases in productivity
take place.

2. Regional setting

The Alboran Sea is an epicontinental sea adjacent
to the Gibraltar Strait (Fig. 1) and surrounded by
continental margins where small rivers discharge,
relatively short submarine canyons develop (Ercilla
et al., 1992; Alonso and Ercilla, 2003) and high
productivity occurs (Rodriguez et al., 1994, 1998;
Sarhan et al., 2000; Moran and Estrada, 2001). The
climatic regime in the Alboran Sea shows a well-
defined seasonal pattern with rains in autumn and
winter and dry periods in spring and summer. Some
of the small rivers discharging into the Alboran Sea,
such as the Guadiaro and the Guadalhorce, have a
continuous water discharge during the year, while
others, such as the Guadalmedina, Fuengirola, Man-
ilva and Verde, are characterised by smaller and irre-
gular discharges.

The oceanography of the western Alboran basin is
influenced by the Atlantic Jet (AJ) that enters the
Alboran Sea through the Strait of Gibraltar and
forms a large anticyclonic gyre in this basin, known
as the Western Alboran Gyre (WAG) (Heburn and La
Violette, 1990; Tintoré et al., 1991; Viudez et al.,
1996; Millot, 1999; Baldacci et al., 2001). The AJ
shows important variations in its orientation, fluctua-
ting in a north—south direction (Sarhan et al., 2000).
The southward drifting of the AJ and the winds gene-
rate an upwelling region in the northern part of the
WAG that favours the fertilisation of the photic layer
(Gil and Gomiz, 1994; Packard et al., 1988; Garcia-
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Fig. 1. Map showing the bathymetry of the study area and the incisions of the Guadiaro and La Linea submarine canyons. The locations of the
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Gorriz and Carr, 1999; Sarhan et al., 2000; Rubin et
al., 1992).

The study area, in the north-western Alboran mar-
gin, is incised by the Guadiaro Canyon and also by La
Linea Canyon towards the west (Fig. 1). This area is
located northward from the AJ, which usually has a
more centred position in the basin and is therefore
under the influence of the upwelling zone. Associated
with the fluctuation of the AJ, a cyclonic gyre deve-
lops close to the coast in the Guadiaro continental
shelf, forming an anti-clockwise cell characterised by
less intense currents flowing towards the Strait of
Gibraltar (Garcia Lafuente and Cano Lucaya, 1994).

channel site”, and “open slope site”.

The continental shelf in the proximity of the
Guadiaro Canyon is the narrowest in the northwes-
tern Alboran margin, with an average width of 4
km and a steep gradient of 0.06°. The continental
slope is also narrow, being about 10 km wide with
a gradient of 0.8°. The base-of-slope starts at about
600 m water depth and extends to 945 m depth
with a gradient of less than 0.2° (Ercilla et al.,
1992). The Guadiaro Canyon head is 4.5 km off
the Guadiaro River mouth and the shelf-break at the
canyon head is at 70 m depth. The direction of this
canyon is NW-SE, showing an average incision of
100 m depth. The axial gradient along the Guadiaro
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Canyon decreases from 7° at the canyon head to 2°
at the canyon mouth. At the base-of-slope the can-
yon evolves to a leveed-channel that extends down
to 750 m water depth and a turbidite system devel-
ops. (Alonso and Ercilla, 2003).

3. Material and methods

Three mooring arrays equipped with pairs of
sediment traps and current meters were deployed in
the Guadiaro Canyon depositional system: one in the
lower part of the submarine canyon, another in the
turbiditic channel and the third on its western adja-
cent slope (Fig. 1), hereafter referred to as the
canyon, channel and open slope sites. The mooring
at the canyon site was deployed in the axis of the
canyon at 592 m depth, near the canyon mouth, with
one set of instruments placed at 25 m above the
seafloor. The mooring at the channel site was
deployed at 717 m depth and included three sets
of instruments: at 25 m above the seafloor (near-
bottom), at 500 m depth (intermediate waters), and
at 135 m depth (near-surface). The open slope moo-
ring was located westward from the Guadiaro Can-
yon at 720 m water depth, and included one set of
instruments placed at 25 m above bottom. The total
sampling period comprised 348 days divided into
two deployment periods: from 1 November 1997
to 11 May 1998 and from 20 May 1998 to 22
October 1998, with a 9-day gap (11-20 May 1998)
due to recovery and re-deployment operations. Dur-
ing the first deployment period, the sampling inter-
vals of the sediment traps were 16 days long,
whereas during the second period the first four
sampling intervals were 7 days and the remaining
16 days long.

After the first deployment, the channel and open
slope moorings were recovered, but not the canyon
mooring, which was lost presumably due to an acci-
dent caused by fishing activities. During the second
deployment, the instruments installed previously at
the slope site were moved to the canyon site in
order to collect measurements within the canyon, at
least for half of the study period. We thus obtained
data from the three instrumented levels of the channel
site during a complete year, data from the near-bottom
instruments at the open slope site during the Novem-

ber 97-May 98 period and data from the near-bottom
instruments at the canyon site during the May 98—
October 98 period.

The sediment traps used in this study were Techni-
cap PPS/3 traps, which have a collecting area of
0.125 m? and a sequential rotating carousel with 12
cups (Heussner et al., 1990), and the current meters
were the first generation of Aanderaa RCM9
equipped with a Doppler sensor. To prevent sample
degradation, the sediment trap collecting cups were
filled with a 5% (~1.7 M) formalin solution (40%
formaldehyde mixed with 0.2 um of filtered seawater)
before their deployment. According to Heussner et al.
(1990), swimmers were removed by wet sieving on a
1 mm nylon mesh and hand-picking under a dissect-
ing microscope. The total sample was divided with a
peristaltic pump into several homogeneous aliquots.
To determine total mass flux, four sub-samples were
filtered through pre-weighed, rinsed (with distilled
water) and dried (overnight at 40 °C) Millipore cel-
lulose acetate filters (0.45 pm pore size, 47 mm
diameter). Total mass fluxes were calculated from
the sample dry weight, the collecting trap area and
the sampling interval.

To determine total carbon (TC), organic carbon
(OC) and nitrogen (N) concentration, six sub-samples
were filtered onto pre-weighed and pre-combusted
(overnight at 550 °C) Whatman GF/F glass microfibre
filters (47 mm diameter). Two subsamples were used
to determine the TC and N in a LECO CN 2000
analyser. The inorganic carbon (IC) was obtained by
acid digestion (HC1 6M) of another two sub-samples
in a LECO CC-100 connected to the CN analyser. The
difference between the TC and IC was considered OC.
The calcium carbonate (CaCOs) was calculated by
multiplying IC by 8.33.

The biogenic silica (opal) concentration was
obtained using a wet-alkaline extraction with sodium
carbonate according to the Mortlock and Froelich
(1989) method, modified for small trap samples
(Biscaye and Anderson, 1994).

The lithogenic fraction was defined as the differ-
ence between the total mass and the sum of the
biogenic constituents [organic matter (twice the
weight of organic carbon), calcium carbonate and
opal].

219ph analyses were performed following the
methodology described by Sanchez-Cabeza et al.
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(1998), assuming that *'°Pb was in secular equili-
brium with its daughter radionuclide 2'°Po. An ali-
quot of each sample was spiked with **’Po and
totally digested using an analytical microwave
oven. After digestion, samples were made 1 N HCl
and *”Po and ?'°Po were deposited onto silver
disks, previously coated on one side with a plastic
lacquer, and left at 60-70 °C for 8 h while stirring.
Polonium isotopes were counted with «-spectro-
meters equipped with low-background SSB surface
barrier detectors in vacuum conditions (EG and G
Ortec).

Mean fluxes and mean concentrations of constitu-
ents were estimated as time-weighted mean fluxes and
flux-weighted mean concentrations (Heussner et al.,
1990; Biscaye and Anderson, 1994), which is equiva-
lent to what had been collected by a single cup during
the entire mooring deployment time.

Time series of Guadiaro River water discharge
were facilitated by the “Confederacion Hidrografica
del Sur” and measured daily at the gauging station
from San Pablo de Buceite, located 25 km upstream of
the river mouth. Significant wave height was supplied
by “Puertos del Estado” and recorded hourly by a
hydrographical buoy located at 585 m water depth
(36°13.8'N 5°1.8'W) about 16 km eastward from the
Guadiaro Canyon. Additional information about cur-
rents in surface and intermediate waters during the
study period was also supplied by ‘“Puertos del
Estado”. Currents were recorded at approximately
150 and 500 m water depth on a mooring line located
at 4°59.7W, 36°13.0'N at 704 m water depth, about
10 km away from the study area.

4. Results
4.1. Total mass fluxes

The temporal series of the total mass fluxes (TMF)
are represented in Fig. 2. The TMF showed great
variability, ranging more than two orders of magni-
tude (from 101 to 27397 mgm~2d ™ ").

At the Guadiaro channel site, TMF decreased from
the autumn—winter period to the spring—summer per-
iod at the three depths. At this site, the higher TMF
peaks (up to 5669 mg m~2 d~') occurred near the
bottom and at 500 m depth in late December and in

February, whereas at 135 m they occurred in Novem-
ber and also in late December. An isolated TMF peak
took place in August at 500 m depth. The lowest TMF
(down to 101 mgm~>d ") took place at 135 and 500
m depth in June and July and near the bottom in
September (Fig. 2a, b and c). In relation to the
upper level, the mean TMF increased with depth by
a factor of 1.6 in the mid-water level and by 2.3 near
the bottom.

At the open slope site, the near-bottom TMF trend
during the autumn—winter period was relatively simi-
lar to that of the channel site, but the mean TMF at the
open slope site was about 1.2 times higher than that of
the channel site (Fig. 2¢ and d; Table 1B). TMF at the
open slope site increased in December reaching maxi-
mum values over 6000 mg m~ > d~' both in early
December and in late December. Other TMF increases
were in November and in February (Fig. 2d). The
December near-bottom peak was stronger on the
open slope than in the channel but the February
peak was weaker.

In the Guadiaro submarine canyon, near-bottom
TMF during the spring—summer period were much
higher than at the other sites, the mean value being 8
times higher than those at the channel site (Table 1C).
Very strong TMF peaks occurred in late May and in
mid-July (Fig. 2e). The May peak correspond to the
highest TMF recorded in the study area.

4.2. Currents

The current meters used in this study were the
very first version of the Aanderaa RCM9 model.
Unfortunately, due to the low concentrations of sus-
pended particles in the water at the study sites,
scattering was insufficient for the correct functioning
of this early version of the acoustic Doppler sensor.
Recorded currents were only reliable in the near-
bottom waters of the canyon site, where suspended
particulate matter concentrations were higher. For
this reason, the current regime at the near-surface
(135 m) and mid-depth (500 m) trap levels during
the study period was obtained from current meter
data supplied by “Puertos del Estado”. The currents
at 150 m water depth showed maximum -current
velocities of 42 cm/s, with tidal peak velocities of
between 20 and 30 cm/s most of the time, whereas
current velocities at 500 m water depth reached
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Fig. 2. Time series of the total mass fluxes of particulate matter collected in the Guadiaro Canyon depositional system during this study. The gap
between May and June was due to recovery and deployment between the first and the second sampling period.

maximum values of only 18 cm/s. Near the bottom
at the canyon site, maximum velocities recorded by
the Aanderaa RCM9 current meter during regular
tidal cycles were about 20 cm/s.

According to the results obtained by Gardner et al.
(1997), the collection efficiency of the type of sedi-
ment traps used in this study is not significantly
affected by currents below 23 cm/s. Thus, sediment

traps installed at 500 m depth and near the bottom
were not affected by bias, whereas the collection
efficiency at 135 m water depth could be influenced
by currents, and reported fluxes at this level should
therefore be considered as semi-quantitative values.
However, fluxes at 135 m depth are coherent with the
fluxes measured at the other traps and do not alter the
results of this paper.
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4.3. Major constituents

Mean percentages and mean fluxes of major con-
stituents of the downward particulate flux are pre-
sented in Tables 1A—1C, whereas the temporal series
of major constituent percentages and fluxes during the
study period are presented in Figs. 3 and 4. As
deployment periods in the open slope and canyon
sites are not the same, in this section we assume
that the channel is compared with the open slope for
the first period (November 97-May 98) and with the
canyon for the second period (May 98—October 98).
In general, fluxes of the major constituents (Fig. 4)
followed the same pattern as the TMF (Fig. 2) because
the variability of the TMF is much higher than the
variability of the major constituents concentrations.

The OC concentration in all traps ranged from
1.4% to 8.1%. At the channel site, the variability,
the maximum values and the mean values of the OC
concentration during the year decreased with depth
(Fig. 3a; Table 1A). OC percentages maintained simi-
lar low values during the autumn—winter period, with
minimum concentrations in late December and Feb-
ruary, but increased in spring and summer at all levels,
and especially at 135 m, where there were significant
peaks in late May, June and September. At the channel
site the mean near-bottom OC concentration was
similar to that at the open slope site (Fig. 3d; Table
1B) and significantly higher than that at the canyon
site, showing a mean value twice that of the canyon
(Fig. 3a; Table 1C). In general, the OC concentration
in the downward particulate matter tended to decrease
with depth in the water column, while near the bottom

Table 1A

29

it increased from the canyon to the channel site, where
it was similar to that of the open slope site.

The CaCOj; percentages ranged from 5.9% to
18.1%. At the channel site, maximum CaCOj percen-
tages occurred at 135 m depth in late May and early
June. At the open slope site, the near-bottom CaCOj3
percentage was slightly higher than at the channel site,
with similar maximum and minimum concentrations
(Table 1B; Fig. 3b). At the canyon site, the mean near-
bottom CaCO; percentage was slightly higher than at
the channel, showing similar maximum values and
lower minimum values (Fig. 3b; Table 1C). Trends
with depth changed during the deployment period
(Fig. 3b), although the mean concentrations decreased
with depth (Table 1A). Near the bottom it was rela-
tively similar at the three study sites, with slightly
lower values at the channel site.

Time series of opal percentage during the study
period are represented in Fig. 3c. At the channel site,
the opal concentration at the three depths showed
lower and more homogeneous percentages during
the autumn—winter period and higher and more vari-
able percentages during the spring—summer period,
when the mean opal concentration was twice that of
the previous deployment period (Fig. 3c; Tables 1A—
1C). Maximum opal concentrations at the channel site
were around 12% in late May, late June and early
August, while minimum concentrations occurred in
November, late December and February. At the open
slope site, the opal percentage was lower than at the
channel (Table 1B) and the minimum values were in
November and in late December, whereas the maxi-
mum was in late January. At the canyon site, the near-

Time-weighted mean fluxes of total mass and major constituents (mg m 2 d~ ') and flux-weighted mean concentrations (wt.%) of major
constituents of the sinking particles collected in the moored traps installed at the Guadiaro channel site during the two FLUXALB deployments
made between 1 November 1997 and 22 October 1998 (almost one year period)

Channel near-surface

Channel mid-depth

Channel near-bottom

Mean conc. Mean flux Mean conc. Mean flux Mean conc. Mean flux
TMF - 822.6 - 1302.4 - 1870.5
oC 2.9 24.2 2.5 324 2.2 40.5
N 0.4 3.6 0.3 4.5 0.3 5.4
CaCOs 13.2 108.5 12.4 161.5 11.7 218.7
Opal 5.0 414 5.5 71.6 5.4 101.3
Lithogenics 75.9 624.3 73.1 1004.5 78.6 1469.0
210pp 539.0 0.4 566.0 0.7 596.0 1.1

#219ph mean concentration is in Bq kg™’

and 2'°Pb mean fluxes in Bqm~ % d~".
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Time-weighted mean fluxes of total mass and major constituents (mg m~ > d~') and flux-weighted mean concentrations (wt.%) of major
constituents of the sinking particles collected in the near-bottom traps installed at the Guadiaro channel and open slope sites between 1

November 1997 and 11 May 1998 (1st deployment period)

Channel near-bottom (Nov 1997-May 1998)

Open slope near-bottom (Nov 1997-May 1998)

Mean conc. Mean flux Mean conc. Mean flux
TMF - 2744.2 - 3303.3
oC 1.9 54 1.8 60.4
N 0.2 7.1 0.2 7.6
CaCOs 11.7 321.9 12.5 413.1
Opal 4.7 129.7 3.5 115.1
Lithogenics 79.6 2260.2 80.3 2654.3
210pp 564.0 1.5 556 2.01

*219ph mean concentration is in Bq kg~ ' and *'°Pb mean fluxes in Bq m 2 d

bottom opal percentage was lower than at the channel
site, showing a mean concentration one third lower
than there (Fig. 3c; Table 1C). Thus, the opal con-
centration did not decrease with depth and the maxi-
mum values were at the channel site. Opal was the
major constituent that showed the greatest content
variability and thus its flux (Fig. 4c) trend did not
entirely coincide with that of TMF as it does for the
other major constituents.

The lithogenic fraction was the dominant consti-
tuent of the settling particulate matter. At the chan-
nel site, the lithogenic percentage increased with
depth (Fig. 3d and Table 1A). The lithogenic per-
centage was higher during the autumn—winter period
than during the spring—summer period at the three
studied depths of this site. This decrease between the
two periods was very abrupt at 135 m depth and
more gradual at 500 and 692 m depth (Fig. 3d).
Maximum lithogenic concentrations occurred in late

Table 1C

-1

December and February. At the open slope site the
lithogenic percentage was similar to that from the
channel, with maximum values occurring in the
same periods (late December and February), and
its mean concentration was only slightly higher
than that at the channel site (Table 1B). At the
canyon site, the lithogenic percentage was higher
than that at the channel site (Fig. 3d and Table
1C). In general, the lithogenic percentage in the
water column increased with depth, whereas near
the bottom it was higher at the canyon and similar
at the channel and open slope sites.

4.4. Organic carbon to nitrogen (OC/N)

The OC/N ratio of the collected material is shown
in Fig. 5. At the channel site, the mean OC/N ratio
during the year increased slightly with depth from 7.7
at 135 m to 8.8 near the bottom. At 135 m depth the

Time-weighted mean fluxes of total mass and major constituents (mg m 2 d~ ') and flux-weighted mean concentrations (wt.%) of major
constituents of the sinking particles collected in the near-bottom traps installed at the Guadiaro channel and Guadiaro canyon sites between 20

May 1997 and 22 October 1998 (2nd deployment period)

Channel near-bottom (May 1998-Oct 1998)

Canyon near-bottom (May 1998-Oct 1998)

Mean conc. Mean flux Mean conc. Mean flux
TMF - 795.3 - 6126.6
oC 3 23.9 1.9 114.4
N 0.4 32 0.1 8.1
CaCOs 11.5 91.8 12.8 786.7
Opal 8.3 66.3 5.5 3354
Lithogenics 74.1 628.1 77.9 4775.7
210pp 732.0 0.6 400.0 2.4

#219ph mean concentration is in Bq kg~ '

and *'°Pb mean fluxes in Bq m % d

—1
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Fig. 3. Time series of major constituent fluxes (a: organic carbon, b: calcium carbonate, c: opal, d: lithogenics ) at the three study sites during the
deployment period. Near-bottom fluxes are represented by solid lines and mid-depth and near surface fluxes by dashed lines. OC: organic

carbon. Lith: lithogenics.
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organic carbon. Lith: lithogenics.

OC/N ratio was more constant in autumn—winter depths was similar, their trends were different. At the
(7.3-8.9) than in summer (5-8.4). The mean OC/N open slope site the mean near-bottom OC/N ratio
ratios at 500 m depth and near the bottom were similar (9.2) was similar to that at the channel site (8.9) and

and although the variability of this ratio at the two this ratio showed similar variability (7.5-11.2),
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Fig. 5. Time series of OC/N (mol ratio) of the particulate matter collected at the three study sites during the deployment period. Near-bottom
fluxes are represented by solid lines and mid-depth and near surface fluxes by dashed lines.

although it followed different trends at these sites.
Inside the canyon, the OC/N ratio was much higher
than at the other sites (mean ratio 16.54) and it
showed a higher variability (11-33) (Fig. 5).

4.5. Lead-210

The ?'°Pb concentration in all traps ranged from
291 to 846 Bq kg '. At the channel site, flux-
weighted mean 2'°Pb concentration increased slightly
with depth (Table 1A) due to scavenging of *'°Pb
with settling particles. The 2'°Pb concentrations fol-
lowed a similar trend at all the depths during the
year, being lower in winter and increasing during
spring and summer (Fig. 6a). Minimum values
occurred in February and were similar at the three
depths (385-410 Bq kg~ '). Near the bottom there
was also a significant decrease in late December.
Maximums were also similar at the three depths
and occurred at the end of summer. At the open
slope site the mean near-bottom 2'°Pb concentration
was similar to that at the channel site (Table 1B) and
the minimum *'°Pb concentration occurred in late
December, although in February there was also a
significant decrease (Fig. 6a). At the canyon site,
the near-bottom 2'°Pb concentration was only about
half that at the channel site and the minimum values
were in late May and mid-June (Fig. 6a; Table 1C).

In general, 2'°Pb concentrations showed a more simi-
lar variability among traps in winter than in summer
and were relatively similar at the channel and open
slope sites, but not at the canyon site, where they
were significantly lower. 2'°Pb fluxes (Fig. 6b) fol-
lowed the same pattern as the TMF (Fig. 2).

5. Discussion
5.1. General trends of the downward particles fluxes

In the depositional system of the Guadiaro sub-
marine canyon, near-bottom TMF at the channel and
open slope sites was relatively similar whereas it
decreased between the canyon and the channel sites.
TMF in the water column showed an increasing trend
with depth, as has been observed in other submarine
canyon studies (Monaco et al., 1990, 1999; Heussner
et al., 1999). The temporal evolution of TMF indicates
a clear seasonal variation with maximum values in
autumn and winter and minimum values in spring and
summer (Fig. 2). The fluxes collected at different
depths of the channel site show that this trend is
more accentuated near the bottom, where the mean
TMF of the autumn—winter period is more than 3
times higher than that of the spring—summer period
(Tables 1B and C).
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Fig. 6. Time series of >'°Pb concentrations (a) and fluxes (b) of particulate matter collected at the three study sites during the deployment period.
Near-bottom fluxes are represented by solid lines and mid-depth and near surface fluxes by dashed lines.

The temporal evolution of major constituents and
219ph contents at the channel site also indicates a clear
seasonal variation showing higher lithogenic percen-
tages and lower 2'°Pb and biogenic constituent con-
centrations during the autumn—winter period (Figs. 3
and 6). This is consistent with a higher river lithogenic
sediment discharge during winter and a faster offshore
transfer of resuspended and/or new discharged particles
that would lead either to a >'°Pb content dilution or to a
lower 2'°Pb scavenging during the flood season. In
addition, the more similar lithogenics and *'°Pb con-

centrations and trends in winter are coherent with a
transfer of more similar particulate matter to near-bot-
tom, mid-depth and near surface waters and probably
indicates more active particle matter detachments and
lateral transport in the water column during this season.

In spring and summer, the increase in biogenic
constituent and *'°Pb concentrations and the decrease
in TMF and lithogenics content at the channel site traps
(Figs. 3 and 6) suggest a higher influence of primary
produced particles with a higher residence time
together with a lower lithogenic sediment discharge.
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Actually, Moran and Estrada (2001) detected a phyto-
plankton bloom about 40 miles eastward from the study
area with primary production values of about 1 g C
m~2d" ' from1to 16 May 1998 and Fabres et al., 2002
detected opal and organic matter increases in the sedi-
ment trap samples collected nearby in mid-May 1998.
Thus, the OC and opal peak observed in May seems to
be associated with a biological bloom that could have
affected the entire NW Alboran region. Other OC and/
or opal peaks that occurred in June, August and Sep-
tember could be associated with other blooms events.
The decrease in the OC percentage with depth and the
increase in the OC/N ratio with depth in the spring—
summer period are due to recycling and remineralisa-
tion of organic matter in the water column and to a
higher dilution with lithogenic inputs near the bottom.
The similar opal concentrations at different depths
indicate preservation of biogenic silica during settling
in the water column.

Comparison between downward particle fluxes in
the Guadiaro depositional system and other studied
systems is difficult because of the small size of the
Guadiaro submarine canyon, the relatively shallow
and proximal area where the canyon ends, and the
fact that in the other submarine canyons studied no
fluxes were recorded in the channel environment
beyond the canyon mouth. However, in general it is
possible to say that TMF at the end of the Guadiaro
canyon are similar to those measured at the canyon
heads (500 m depth) of northwestern Mediterranean
canyons (Heussner et al., 1996; Puig and Palanques,
1998), which indicates that TMF in this canyon are
relatively important in spite of its small size. TMF at
the Guadiaro channel and open slope sites are higher
than those on the open slope adjacent to these Med-
iterranean canyons. This could be due to the narrow
shelf of this margin and the proximity of the Guadiaro
River mouth to the mooring sites, and also to the
lower canyon incision (lower canyon walls) and/or
the effect of sediment resuspension by internal
waves on the NW Alboran margin (Puig et al., 2004).

5.2. The role of river floods and storms in the study
area

In the study area, significant river discharge
increases took place mainly in winter and the major
river floods took place in December and February. On

the other hand, high wave energy events did not occur
during the study period. The strongest storm (H of
about 3 m) was recorded in February and some small
storms (H of about 2 m) occurred in January, May
and September (Fig. 7).

The TMF trend is correlated with the Guadiaro
river water discharge, showing large increases in win-
ter that coincide with river flood events. In November,
relatively high TMF were associated with small
increases in the river discharge after the dry season,
probably caused by the erosion of the first rain events
in the dry watershed of the rivers discharging in the
study area (Fig. 7). Afterwards, the stronger TMF
peaks during the deployment period were clearly
related to the two major river floods that occurred in
December and February (Fig. 7a). These flood events
produced TMF and lithogenics percentage increases
and opal, OC and *'°Pb concentration decreases in all
the traps maintaining similar variability in all of them
(Figs. 3 and 6). This indicates the influence of simul-
taneous lateral transport of flood-discharged terrige-
nous material in most of the water column and not
only through the submarine canyon. TMF increases
reached higher values near the bottom and, in general,
TMEF of the sampling periods corresponding to river
flood events increased by a factor of 2 with respect to
the previous and next sampling periods at the channel
and open slope sites. The *'°Pb decrease during the
flood periods at all the studied depths is coherent with
a more rapid shelf-slope sediment transfer during
these events which caused a lower 2'°Pb scavenging
in the transferred particulate matter.

The most important TMF increases in the study
area occurred during the December flood, when the
river discharge reached maximum values. The peak of
this flood began on December 17th and a high river
discharge (>100 m® s') lasted until December 24th. At
the open slope site, the TMF increase and 2'°Pb
concentration decrease associated with this flood
event affected the third and fourth cups (the change
between them was on December 19th), indicating that
the flood-induced sediment transfer at this site, began
within a time interval of less than 2 days, between
December 17th and 19th. However, at the channel
site, located 11 miles from the river mouth, the
TMF increase and *'°Pb concentration decrease
affected only the fourth cup, indicating that the
flood-induced sediment transfer reached this site
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Fig. 7. Temporal variability of the Guadiaro river discharge (a), significant wave height (b) and downward particulate fluxes collected at the
three study sites during the deployment period of this study (c). Near-bottom fluxes are represented by solid lines and mid-depth and near

surface fluxes by dashed lines.

later, at least two days after the beginning of the flood.
In addition, the TMF during the fourth sampling
period at the open slope site reached a higher value
than that at the channel site (Fig. 7) and, indeed, if the
flood-discharged particles had been collected in a
single cup, the difference between the two sites
would have been much greater. This indicates a
more direct transfer of the flood sediment discharge
towards the western slope of the Guadiaro Canyon
and La Linea Canyon during this event. Thus, the
shelf circulation, predominantly directed towards the

Strait of Gibraltar (Garcia Lafuente and Cano Lucaya,
1994), could have generated the higher TMF and
lithogenic content and the faster sediment transfer at
this site during the flood period.

The second flood began on February 2nd and the
river discharge increase lasted until February 8th. In
this event, the traps of the channel and the open slope
site recorded the TMF increase in the seventh cup,
which was open from February 5th to 20th. This
means that the particulate matter discharged during
this flood reached both study sites at least 3 days after
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the beginning of the flood, a little later than during the
first flood. During the February flood, the higher near-
bottom TMF and the lower 2'°Pb concentration at the
channel site in comparison with the open slope site
suggests a lower direct particle transfer towards the
western slope than during the first flood. In addition,
the much lower TMF in the 135 m trap of the channel
site indicates a more dominant near-bottom particle
transfer during the February event. The absence of
storms during the December flood could have
favoured the advective along-margin transfer towards
the Strait of Gibraltar, whereas the storm during the
February flood (Fig. 7b) could have induced a more
relevant near-bottom cross-margin transport.

In the central part of the western Alboran basin
(WAB), 40 miles south-eastward and offshore from
the study area, TMF recorded by Fabres et al. (2002)
during the first deployment period showed increases
related to the same flood events, although they were
about three times lower than the peaks recorded in this
study and had a delay of 10-20 days in intermediate
waters and 20-30 days in near-bottom waters.
Furthermore, these authors did not record any TMF
increases associated with these floods on the open
slope off Malaga, 30 miles eastward from the study
area and not incised by submarine canyons. All this
indicates that river-flood particle inputs were trans-
ferred to the slope of the study area in very few days
and towards the centre of the WAB some weeks later.

TMF increases during the February flood were
lower than during the December flood, particularly
near the surface. The February flood could have dis-
charged less sediment due to lower particle avail-
ability on the watershed after the December flood.
The storm during the February event could also have
caused a greater dispersion of the discharged sedi-
ment. In any case, the storm during the second flood
did not increase TMF in relation to the first flood, and
the other smaller storms did not produce any signifi-
cant TMF increase during the deployment period
either. This suggests that river floods by themselves
can play a relevant role in the shelf-slope sediment
transfer in this area, where rivers have a very irregular
water discharge, the shelf is narrow and the wave
regime is not very energetic: H;>3 m occurs during
less than 0.5% of the time (from the “Puertos del
Estado” hydrographic buoys website). The dominant
controlling role of river floods on the TMF of the

study area differs from what has been observed in
other submarine canyons in which particle flux peaks
were mainly controlled by storm events occurring
with or without associated river floods (Monaco et
al., 1990; Puig et al., 2003; Palanques et al., 2005).

5.3. Fluxes inside the canyon. The role of trawling
activities and internal waves

At the canyon site, the very strong TMF peaks
(>10.000 mg m~* d™ ') coinciding with the lowest
219ph concentrations (<350 Bq kg~ ') and highest
OC/N ratios (Figs. 2, 5 and 6) in May and June, in
absence of river floods or significant storm events,
indicate a strong local resuspension nearby. These
sudden and sporadic increases were not observed at
the channel site and cannot be explained by natural
processes. The fact that the mooring at the canyon site
was caught by a fishing boat during the first deploy-
ment suggests that trawling activities could have
generated these strong TMF peaks. Similar peaks
interpreted as caused by trawling have been observed
in other submarine canyons (Puig and Palanques,
1998; Palanques et al., 2005).

Independently of these peaks, near-bottom TMF at
the Guadiaro canyon site maintained values 5 to 10
times higher than those at the channel site during the
whole spring—summer period, indicating the presence
of a continuous mechanism enhancing TMF inside the
canyon. In addition, the constant higher OC/N ratio
(1.5 to 5 times that of the channel), higher lithogenics
content, lower 2'°Pb concentration (half that of the
channel), and lower OC and opal concentrations at the
canyon site, without the occurrence of any flood or
storm event, suggest that a large part of the particulate
matter may come from sediment resuspended by a
continuously active process such as internal waves
focused along the canyon axis. This process was
identified by the study of the nepheloid structure
and the currents and turbidity temporal series in this
canyon (Puig et al., 2004). This study revealed the
development of a thick near-bottom nepheloid layer
(170 m thick near the canyon mooring site) that
extended up to 600 m depth and was generated by
internal wave resuspension. These authors also deter-
mined that the net transport of near-bottom currents at
the canyon site was almost null which favoured the
settling of particles resuspended along the canyon
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axis. These observations and the recorded TMF sug-
gest that this submarine canyon works as a natural
sediment trap and this behaviour explains the strong
TMF differences recorded between the canyon and the
channel sites.

This near-bottom nepheloid layer that developed
along the canyon did not reach the channel and the
open slope sites but internal wave activity also created
detachments of intermediate nepheloid layers at about
300 m depth that could extend more seaward than the
near-bottom nepheloid layer (Puig et al., 2004). The
isolated peak in the 500 m depth trap of the channel site
in August indicates that intermediate nepheloid layers
can reach this site sporadically. Sediment resuspension
by internal waves in submarine canyons has also been
suggested to occur in other submarine canyons that
showed a similar suspended matter distribution and
downward particle flux pattern (e.g., Gardner, 1989).

The channel and open slope sites received similar
particle inputs, both in composition and amount, and in
fact the open slope site received slightly higher parti-
cles inputs than the channel because it can also receive
inputs from the western slope and La Linea submarine
Canyon. This suggests that the channel receives only
unconfined sediment like the open slope region and
that the retention of resuspended material inside the
canyon contributes to it. Both sites receive only the
particles that manage to overflow the canyon walls,
that are detached from the canyon axis or that are
transferred directly through the open slope waters.

6. Conclusions

The Guadiaro canyon works as a natural trap
retaining high TMF that include sediment periodically
resuspended by internal waves and sediment resus-
pended occasionally by trawling. The Guadiaro chan-
nel did not work as a preferential conduit of sediment
during the deployment period and received consider-
ably lower TMF than those of the canyon and similar
unconfined particle fluxes to those of the open slope
site. In the water column of the channel site TMF
increased with depth and had a seasonal variation
showing maximum values in autumn and winter and
minimum values in spring and summer.

River flood events controlled the high winter TMF
in the study area. These events generated a rapid

lateral sediment transport in the entire slope water
column producing TMF and lithogenics percentage
increases and Opal, OC and *'°Pb concentration
decreases in all the traps. The flood-sediment inputs
reached the open slope and channel sites at least
between 1 and 3 days after the beginning of the floods
and the central part of the WAB between 10 and 20
days later. In the study area, usual storm events are not
strong enough to generate major shelf-slope transport
events, and river floods by themselves play a very
relevant role in the shelf-slope sediment transfer.
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