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A B S T R A C T

Seafloor sediments were collected from the Barcelona continental shelf, NE Spain, to determine the textural characteristics 
and sedimentary processes related to different depositional systems and human pressures. The Barcelona continental shelf 
is principally influenced by the discharge of the Llobregat and Besòs rivers, and also by anthropogenic modifications such 
as the diversion of the Llobregat River or the enlargement of the Port of Barcelona. 
Sedimentological, physical and biogeochemical properties of 14 sediment cores and grabs indicate the presence of 
three distinct depositional environments linked to river-influenced, marine-influenced and mixed sedimentation. 
Sedimentological results have been used to groundtruth available backscatter data. The river-influenced environment, 
mainly associated to the Llobregat River input, does not reach the shelf edge as the prevailing oceanographic currents 
deflect sediments south-westward. Riverine sediments are fine-grained, with abundant plant debris, micas and relatively 
high organic carbon content. The associated sedimentary features are the Holocene prodelta and two modern mud patches. 
The marine-influenced environment extends north-easterly over the middle and outer shelf and on the upper continental 
slope. The sediments are coarser grained with abundant bioclasts and lower organic carbon content. Mixed sedimentation 
is present between the river- and marine-influenced areas. In addition, 210Pb, 226Ra and 137Cs radiometric analyses were 
used to estimate accumulation rates as well as to identify sites with disturbed sedimentation. Relatively high sediment 
accumulation rates (up to 0.70-1.03 g·cm-2·yr-1 equivalent to 6.4-10 mm·yr-1) are estimated on the Llobregat prodelta while 
moderate rates (0.21-0.46 g·cm-2·yr-1 or 1.6-3.6 mm·yr-1) are found between the Besòs and the Llobregat outlets. 
Two sediment cores show a sharp change from river-influenced to marine-dominated conditions that occurred in the mid-
1960s. This is interpreted as a significant regression (~2.5 km in 40 years) of the river-influenced domain that may be 
associated to the extension of the Port of Barcelona and the canalization of the Besòs River, amongst other reasons. Other 
important human impacts observed in the Barcelona continental shelf are (i) sediment mixing by dredging, ship anchoring 
and trawling; and (ii) possible organic pollution associated to river and sewage discharges.

Llobregat. Besòs. Prodelta. Continental shelf. accumulation rate. human impact.KEYWORDS
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INTRODUCTION

Modern continental shelves influenced by densely 
populated coastal areas and located off river mouths experience 
complex interactions between continental influences, 
marine processes and direct and indirect anthropogenic 
impacts. Studies around the world have demonstrated that 
changes in fluvial discharge and human activities modify 
the oceanographic conditions of the shelf waters and the 
accumulated seafloor sediments (e.g. Dounas et al., 2007; 
Gao and Ping Wang, 2008; Hartwell, 2008). The Barcelona 
continental shelf, off the Barcelona city (NE Spain), is a good 
area to study these complex relationships. The Barcelona area 
is under the influence of two typical Mediterranean rivers, 
Llobregat and Besòs, and it is the second European city in 
population density with more than 4 million people (European 
Communities, 2000). The disruption of the natural conditions 
in terms of sediment entry points and dynamics is illustrated 
by the recent diversion of the Llobregat river mouth and the 
enlargement of the Port of Barcelona that will occupy nearly 
one third of the adjacent continental shelf. This extension will 
likely cause major alterations on oceanographic conditions 
and sediment-dispersal patterns.

The study of the modern sediment supplies and the 
sediment distribution on the continental shelf is of great 
importance to better understand the seafloor morphology, 
to evaluate ecosystems vulnerability and to anticipate shelf 
evolution under the pressure of human activities. Previous 
works based on sedimentological and chemical analyses 
led, first, to identify the main sedimentary processes 
shaping the continental shelf off Barcelona and, secondly, 
to document a record of heavy metal pollution (Palanques 
and Diaz, 1994; Palanques et al., 1998; Puig et al., 1999; 
Sanchez-Cabeza et al., 1999; Palanques et al., 2008). 
Despite these studies, no comprehensive analysis of the 
fluvial and marine depositional environments in interaction 
with anthropogenic pressures and their impacts has been 
completed on the Barcelona continental shelf so far.

In this paper, surface sediment samples and seafloor 
geophysical data (backscatter) are presented. The aim of 
the present work is to (i) identify the imprint of the main 
sedimentary processes resulting from the combination of 
fluvial and marine influences, and (ii) elucidate the effect 
of anthropogenic impacts on the shoreline-prodelta-shelf 
system off the city of Barcelona. To achieve these goals 
sediment textural, compositional and radiometric data have 
been integrated with associated backscatter data.

REGIONAL SETTING

The Barcelona continental margin consists of a 
6-20 km wide shelf extending down to 110-120 m 

water depth, and a 25-60 km wide continental slope 
incised by a series of submarine canyons, such as the 
Foix Canyon to the south, the Berenguera and Morras 
troughs on the mid-slope in front of Barcelona, and the 
Besòs and Arenys canyons to the north (Canals et al., 
2004; Amblas et al., 2006) (Fig. 1). In general, the 30 m 
and 80 m isobaths define the inner-middle and middle-
outer shelf boundaries, respectively (ITGE, 1989). The 
Barcelona continental shelf has a gentle slope (0.6º in 
average) (Liquete et al., 2007) as well as the continental 
slope, which is rarely steeper than 4º except for the 
canyon walls (Amblas et al., 2006).

The Llobregat and Besòs rivers discharge represents 
the main sediment supply to the Barcelona continental 
shelf. The Llobregat River, with a watershed of 5045 
km2, flows north-south along 163 km from the Pyrenees 
to the Mediterranean Sea. The Llobregat Delta, located 
underneath the city of Barcelona and its suburbs, 
covers an area of 80 km2 defined by a coastline of 
21 km (Fig. 1). The regime of the Llobregat River is 
typically Mediterranean with a relatively low mean 
water discharge and extreme seasonal variations. Mean 
water discharge between 1967 and 2001 was 16.3 m3·s-1 
at Sant Joan Despí gauging station, at 9.5 km from the 
river mouth (Fig. 1), where a maximum daily discharge 
of 1600 m3·s-1 was measured in November 11th 1982 
(Liquete et al., 2009). The Besòs river basin has an 
area of 1029 km2 and its main course flows north-south 
along 52 km from the Catalan Coastal Ranges to the 
Mediterranean Sea (Fig. 1). The Besòs River forms a 
delta of 8.3 km2 with a coastal development of 7.6 km. 
Mean water discharge between 1968 and 2001 was 6.8 
m3·s-1 at Santa Coloma de Gramenet gauging station, 2.8 
km far from the river mouth (Fig. 1), where a maximum 
daily discharge of 270 m3·s-1 was measured in May 9th 
1991 (Liquete et al., 2009).

The Llobregat and Besòs rivers form coalescent 
prodeltas that cover 193 km2 extending NE-SW over 
the inner and middle shelf. Previous investigations 
identified a proximal area formed by clean and well 
sorted sand leading to a seaward belt of muddy sand 
to mud (Marquès, 1974; Manzano, 1986; ITGE, 1989). 
The prodelta wedge, with an approximate volume 
of 2.7 km3, thins toward the outer shelf where relict 
sands outcrop in sediment starved areas (Liquete et al., 
2008). 

On the Barcelona continental shelf, sediment tends 
to be transported south-westward from the entry points 
due to the action of (a) the dominant littoral drift, and 
(b) the Northern Current (NC), a geostrophic current 
that flows over the continental slope and shows episodic 
incursions on the continental shelf and some semi-
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 topographic map of the study area showing the location of the surface sediment samples. Letters “a” and “b” point to the gauging stations 
mentioned in the text, “Santa Coloma de Gramenet” and “Sant Joan Despí”, respectively. “M” points to the Montjuic hill. arrows in the top-right diagram 
indicate the main surface oceanographic currents after Millot (1999). 

FIGURE 1

permanent mesoscale features (Font et al., 1995; Flexas 
et al., 2002; Rubio et al., 2005). Castellón et al. (1990) 
measured spring peak velocities of the NC of 25-30 
cm·s-1 in the surface waters over the upper slope offshore 
Barcelona. Fine-grained suspended sediments derived 
from river’s plumes or storm’s sediment resuspension 
can be transferred to the slope and beyond through four 
permanent nepheloid layers (Puig and Palanques, 1998). 
Nepheloid layers originated on the Barcelona shelf 
may be trapped into the Foix submarine canyon head 
from where particles, and eventually pollutants, are 
transferred to deeper environments (Sanchez-Cabeza et 
al., 1999; Palanques et al., 2008).

MATERIAL AND METHODS

This study integrates information from 14 surface 
sediment samples and a high-resolution multibeam 
bathymetry survey with associated backscatter data.

Surface sediment samples

Sediment samples were obtained during the 
oceanographic cruise PRODELTA (September 2004) on 
board of the R/V García del Cid. Surface sediment samples 
up to 36 cm long were collected using a multi-corer device 
(10 sites) and, where the multi-corer could not penetrate due 
to coarse-grained seafloor sediments, a box corer was used 
(4 sites) (Table 1 and Fig. 1). The multi-corer recovered 
3 cores from each site. Two of them were systematically 
sampled for laboratory analyses every 0.5 cm in the upper 
5 cm, every 1 cm down to 20 cm core length, and every 
2 cm until the core bottom. The third core was visually 
described and tested with a Geotester Pocket Penetrometer 
to determine the unconfined compressive strength.

All the wet sediment samples were weighted and dried 
at 50˚C in the laboratory. Dry samples were weighted to 
calculate dry density, water content and porosity. Selected 
sediment samples were then sub-sampled for grain size, 
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Sedime
nt core

Total 
length 
(cm)

Water 
depth 
(m)

Lat. N Long. E Pocket 
penetr.

Water 
content

Grain 
size Micros. Organic 

matter
Alpha 
spectr.

Gamma 
spectr.

L-1 24 64.6 41.300 2.182 0 27 11 4 1 13 5
L-2 24 69.0 41.337 2.231 9 27 11 4 1 26 12
L-4 17 149.5 41.289 2.237 0 22 9 6 1 20 12
L-5 24 95.8 41.304 2.214 0 27 9 4 1 19 6
L-6 36 57.0 41.320 2.192 9 33 11 4 1 17 8
L-7 36 40.0 41.287 2.153 0 33 11 4 1 14 3
L-8 34 66.3 41.277 2.155 10 32 11 4 1 25 6
L-9 24 84.5 41.272 2.167 9 27 11 4 1 15 5
L-10 23 71.0 41.260 2.133 8 27 11 4 1 18 4
L-11 8 92.0 41.327 2.262 4 13 7 4 1 13 5
L-A ~ 5 72.0 41.347 2.387 0 1 2 1 1 0 0
L-B ~ 5 70.8 41.346 2.279 0 1 2 1 1 0 0
L-C ~ 5 132.0 41.294 2.236 0 1 2 1 1 0 0
L-D ~ 5 69.5 41.345 2.274 0 1 2 1 1 0 0

Location Number of analytical measures

optical microscope, biogeochemical and radiometric 
analyses (Table 1).

Sedimentology

For grain size analyses, 96 samples of ~0.8 g of dry 
sediment were first treated to remove organic matter by 
two consecutive 24-hours attacks of H2O2 at 10%. Next, 
the samples were treated with HCl at 3% during 3 hours to 
remove carbonated components. A second set of 14 samples 
between 0.5-1 cm below seafloor were analyzed without 
HCl treatment in order to check grain size variations 
related to the presence of carbonate particles and make a 
semi-quantative interpretation of the backscatter mosaic. 

A Coulter Counter LS100 was used to determine the 
grain size distribution of the fraction finer than 1 mm. A 
solution of sodium polyphosphate at 5% was mixed with 
sediments and smoothly shivered during a few hours before 
the analyses to complete the grains deflocculation. For the 
samples containing a sediment fraction >1 mm, the grain 
size was recalculated on the basis of the dry weight of such 
fraction. Grain size fractions were classified according to 
the Udden-Wentworth scale (after Pettijohn et al., 1987) 
whereas textural statistical parameters were calculated 
arithmetically by the Coulter Counter software using the 
following formulae:

Mean size: ū = ∑ui×ni / ∑ni

Standard deviation: SD = √ [ ∑(ni (ui-
_
u)2) / ∑ni ]

Skewness: S = ∑(ni (ui-
_
u)3) / (SD3 ∑ni)

Where ui is the center size of the “i” Coulter Counter 
channel, and ni is the percentage of particles in the “i” 
channel. We will use these simple statistical parameters 
as standard deviation (sorting) and skewness to better 

describe the depositional environment and the sedimentary 
processes that have generated the deposit (e.g. Friedman, 
1967; Visher, 1969; McLaren and Boweles, 1985; 
Sutherland and Lee, 1994).

Moreover, qualitative sediment composition was 
determined through optical microscope investigation on 
the sand fraction after wet sieving at 63 µm. 

Biogeochemical analyses 

Total carbon (TC), total nitrogen (TN) and organic 
carbon (OC) contents were determined from the top 0.5 cm 
of 12 sampled sites using a Thermo NA 2100 Elemental 
Analyzer. Uncertainties were lower than 0.1% as determined 
from replicates of the Canadian National Research Council 
certified estuarine sediment MESS-1. TC and TN were 
measured from HCl-untreated samples. The samples for 
OC determination were attacked successively with HCl at 
25% until no effervescence was observed and dried at 60ºC 
following the methodology described by Nieuwenhuize 
et al. (1994). Carbonate content (assuming all inorganic 
carbon is calcium carbonate, CaCO3=(TC-OC)×8.33) and 
C/N atomic ratio (OC/TN) were calculated. C/N ratios are 
usually employed to determine the provenance of buried 
organic matter. In general, algal organic matter shows C/N 
ratios ranging between 5 and 10 (Emerson and Hedges, 
1988; Stein, 1991; Meyers, 1994), while vascular plants 
have N-free biomolecules that lead to C/N ratios larger than 
15 (Stein, 1991) or 20 (Emerson and Hedges, 1988; Meyers, 
1994; Hedges et al., 1997). 

Radiometric analyses

210Pb activity in multi-corer sediments was determined 
through the measurement of its grand daughter nuclide 

Location and number of analytical measures of the surface sediment cores and samples.TABLE 1
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210Po in equilibrium, following the methodology described 
by Sanchez-Cabeza et al. (1998). Aliquots of 100-200 mg 
were totally digested by using an analytical microwave 
oven after addition of 209Po as internal tracer. Plated onto 
high purity silver discs, polonium isotopes were counted 
by alpha spectrometry with low background PIPs detectors 
(CANBERRA). 226Ra and 137Cs were determined by 
gamma spectrometry using calibrated geometries on an 
n-type coaxial HPGe ORTEC detector. Uncertainties were 
calculated by standard propagation of the 1 sigma counting 
errors of samples and blanks.

Excess 210Pb (210Pbxs) was determined by subtracting 
the activity of the constant 210Pb activities in the deep 
sections of the sediment cores (210Pbsupported) from the total 
210Pb activity. Since cores L-6, L-7, L-8 and L-11 were too 
short to determine 210Pbsupported values, 210Pbxs was estimated 
in these cores by the difference of total 210Pb and 226Ra. 
Apparent accumulation rates were calculated based on the 
210Pbxs decay in the unperturbed sections of the cores using 
the CF:CS model (Goldberg, 1963). Mass accumulation 
rates were calculated by linear regression of the log for 
210Pbxs activity data versus cumulative mass (g·cm-2) 
using measured dry-bulk densities. Apparent sediment 
accumulation rates obtained from 210Pb CF:CS models are 
maximum because the compaction effect and the possible 
slight along-core mixing caused by human, physical or 
biological activities are not considered.

The accumulation rates and age models were constrained 
by 137Cs data considering the onset of the concentration 
profile as marker of the beginning of the atmospheric 
testing of nuclear weapons (1954), the deepest subsurface 
maximum related to the maximum of global fallout (1963), 
and the shallowest peak corresponding to the Chernobyl 
accident (1986).

Backscatter data

Backscatter data were acquired with a multibeam 
echosounder Simrad EM-3000D onboard the 12 m long 
Arraix boat between March and August 2004. Total 
coverage attains 625 km2. Technical details can be found in 
Liquete et al. (2007). The unprocessed backscatter mosaic 
represents the amount of acoustic energy that is scattered 
back from the seafloor. The recorded backscatter data 
were equalized to highlight the contrasts in digital number 
values (DN from 0 to 255) to allow semi-quantitative 
comparisons with the sedimentological results. The amount 
of backscattered energy may be influenced by the surface 
roughness, impedance contrast, volumetric heterogeneity, 
particulate sulfur concentration and/or benthic communities 
(Blondel and Murton, 1996; Borgeld et al., 1999; Urgeles 
et al., 2002; Nitsche et al., 2004; Sutherland et al., 2007), 
but amongst all these factors the backscatter strength is 

typically linked to sediment grain size (e.g. Blondel and 
Murton, 1996; Goff et al., 2000; Urgeles et al., 2002; 
Edwards et al., 2003; Collier and Brown, 2005; Sutherland 
et al., 2007). Generally, coarser grains are related to high 
backscatter intensity. 

RESuLtS aND iNtERPREtatiON

Sedimentological and biogeochemical properties

Grain-sized analyses, microscope qualitative 
determination and biogeochemical properties indicate the 
presence of three distinct depositional environments on 
the Barcelona continental shelf: river-influenced, marine-
influenced and mixed environments. 

In general, in all cores the upper sediments are coarser-
grained. In most of the cores the sand fraction is dominated 
by the very-fine (63-125 µm) and fine-grained (125-250 
µm) sub-fractions (Fig. 2 and Appendix). Water content 
and porosity trends are rather similar in all samples 
showing progressive down-core decreases (Fig. 2). Some 
punctual variations of this trend usually correspond to grain 
size changes. As expected, the unconfined compressive 
strength presents an opposite trend, with higher values at 
the core base where sediments are more compacted (Fig. 
2). Usually, the unconfined compressive strength increases 
considerably from 5-10 cm depth to the core base, although 
in core L-11 this increase occurs at only 3 cm depth. Organic 
matter C/N ratio shows transitional values between algae 
and vascular plants, from 16 to 8, with a general seaward 
decreasing trend. 

River-influenced environment

Cores L-1, L-6, L-7, L-8, L-9, L-10 and the lower part of 
core L-4 (from 5 cm depth to the core bottom) present major 
river inputs. Based on the grain size triangle subdivision of 
Shepard (1954) (Fig. 3A), cores L-1, L-6, and L-7 contain 
predominantly sandy silt sediments with mean grain sizes 
ranging between 10 and 26 µm (fine-medium silt). Cores 
L-8, L-9, L-10 and the lower part of core L-4 contain clayey 
silt sediments with mean grain sizes between 10 and 14 
µm (fine silt). In general, grain size is larger in the HCl-
untreated surface samples than in the respective HCl-treated 
ones (Fig. 3B) indicating that carbonate grains, usually 
bioclasts, are relatively large. The only exceptions are L-8, 
L-9 and L-10 samples where the sparse carbonate fraction 
seems to be represented by fine-grained calcite. Generally, 
all grains are badly sorted and slightly negatively skewed 
(i.e. with high percentage of silt and clay trapped within 
coarser grains), reflecting probable fluvial conditions (see 
Appendix). Predominant terrigenous components formed 
by abundant micas, quartz, dark minerals, Fe-oxides, rock 
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fragments and rarely calcite were identified by microscope 
analyses. A minor fraction of bioclasts comprises benthic 
foraminifera and echinoid spines. These sediments 
contain also abundant plant debris and display relatively 
high values of organic carbon (between 0.99 and 1.65%), 

relatively low carbonate contents (between 20 and 30%), 
and relatively high C/N ratios (between 12 and 16) (Table 2 and 
Fig. 4). In general, river influence on sediment properties 
progressively diminishes seaward and south-westward as 
grain size increases.

Down-core logs of grain size and physical properties of the studied sediment cores. vF= very fine; F= fine; M= medium; C= coarse. See 
location in Fig. 1.
FIGURE 2
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Marine-influenced environment

The composition of sediments from sites L-A, L-B, L-C, 
L-11 and the upper part of core L-4 shows a clear marine 
influence. Sediments in L-A, L-B and L-C contain abundant 
sand, gravel and carbonates. The siliciclastic component of 

these samples (HCl-treated material) ranges between fine 
silt (L-B ~12 µm) and fine sand (L-A ~160 µm), while the 
bulk sediments with carbonates (HCl-untreated material) 
range between very fine sand (L-B ~83 µm) and fine 
sand (L-A ~229 µm) (Fig. 3B). L-11 samples are entirely 
composed of silty sand (Fig. 3A) with mean grain size of 
47 µm (coarse silt). The upper 5 cm of core L-4 show a 
mean grain size of 21 µm (medium silt). In general, the 
bulk sediments of all these samples are typically unsorted 
due to the large variety of bioclasts, while the siliciclastic 
component is negatively skewed and better sorted than 
the river-derived material (see Appendix). Marine-derived 
sediments are characterized by typical shelf fauna with 
predominant bioclasts of bryozoa, bivalves, gasteropods, 
ostracods, echinoid spines, sponge spicules, pteropods and 
benthic and planktonic foraminifera. Abundant micrite is 
present in the form of faecal pellets. A minor terrigenous 
fraction is formed by micas and quartz, with rare calcite. 
In core L-11, the terrigenous fraction is more abundant 

and very well sorted, with rounded quartz minerals having 
high sphericity. The OC content within the marine-derived 
sediments ranges from 0.29 to 0.50% (the lowest values 
of the study area), while carbonates represent 33-54% (the 
largest values obtained), and C/N ratios range between 8 
and 12 (the lowest values measured) (Table 2 and Fig. 4).

Abundant authigenic glauconite is observed as infilling 
of foraminifer shells. Glauconite is an aluminosilicate that 
forms by dissolution of the host mineral, precipitation in 
micropores and later maturation (Odin and Matter, 1981). 
The glauconitic minerals found in modern continental 

shelves may come from recent formation or from erosion 
of ancient deposits (e.g. Amorosi, 1995). In the modern 
oceans, these minerals form between 50 and 500 m depth, 
at sites of slow sediment accumulation and in reducing and 
confined environments (Logvinenko, 1982; Odin, 1988; 
Bremner and Willis, 1993; Rao et al., 1993). 

Mixed environment

Admixture of bioclastic and terrigenous components 
are observed in cores L-2, L-5 and L-D. The upper part 
of core L-2 shows a remarkable decrease of fine mineral 
components (Fig. 2) and an increase of large bioclasts and 
biogenic fragments. L-2 contains sandy silt in the upper 
9 cm with mean grain size of ~29 µm (medium silt) and 
clayey silt down-core (~13 µm, fine silt) (Fig. 3A). L-5 
is characterized by clayey silt sediments with mean grain 
size of 12 µm (fine silt). The siliciclastic component of 
L-D is fine sand (~148 µm) while the bulk sediment is 
medium sand (~455 µm). Cores L-2 and L-5 contain 
predominantly marine bioclastic material, although the 
textural characteristics (near symmetrically skewed 
sediments), the abundant mica, the presence of plant 
debris, and the moderate OC content (0.7-0.8%) and C/N 
ratio (13-14) (Table 2, Fig. 4 and Appendix) indicate a 

a) Grain size data of the entire sediment cores used in this 
study following the sediment classification for unconsolidated sedi-
ments of Shepard (1954). Cores are grouped according to their sedi-
mentary similarity. B) Grain size distribution of the surface samples 
comparing hCl-treated and untreated samples.

FIGURE 3

Surface 
sediment 
sample

% OC % TC % CaCO3 C / N

L-1 1.65 4.07 20.19 16
L-2 0.70 3.52 23.49 14
L-4 0.48 4.92 36.99 12
L-5 0.80 4.33 29.40 13
L-6 1.02 3.86 23.66 13
L-7 1.07 4.60 29.40 15
L-8 1.62 5.00 28.16 15
L-9 0.99 4.51 29.32 12
L-10 1.22 4.47 27.07 15
L-11 0.31 4.81 37.50 10
L-A 0.30 6.74 53.62 8
L-B 0.29 4.30 33.40 10

Biogeochemical results of the surface sediment samples.TABLE 2
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relevant fluvial influence. Sites L-2 and L-5 are interpreted 
as the border between the river- and the marine-influenced 
domains. Sediment sample L-D contains abundant sand 
and bioclasts and a large variety of rock fragments 
including granitoids, metamorphic and clastic rocks. The 
mixed composition of this sample and direct observations 
during the PRODELTA survey suggest that L-D probably 
contains dumped sediments from the submarine works of 
the Port of Barcelona. 

Backscatter mosaics and surface sediments

Sea bed textural maps from ITGE (1989) following 
Shephard’s classification (1954) and backscatter data 
from Liquete et al. (2007) have been integrated with the 
sedimentological and biogeochemical results from this 
study (Fig. 5). Most of our HCl-untreated surface samples 
show a grain size slightly coarser than the corresponding 
data from ITGE (1989), some of them are identical (L-8, 
L-9, L-10 and L-D) and only two are slightly finer (L-A 
and L-B). 

The backscatter mosaics from the study area provide 
continuous data that allow developing an accurate semi-
quantitative seafloor characterization. The Barcelona 
continental shelf backscatter values have been classified into 
5 strength DN classes that correlate reasonably well with 
the grain size classification of ITGE (1989) (Fig. 5). The 
very low and low backscatter classes roughly correspond 
to clayey silt; the medium backscatter is produced by 
sandy silty clay; and the high and very high backscatter 
is due to the presence of sand and silty sand sediments. 
Figure 6 shows (i) a significant linear correlation between 
the backscatter DN and the grain size of the HCl-untreated 
surface samples, and (ii) the existence of two groups, one 
with DN between 90 and 140 and another with DN between 
160 and 200. The first group is essentially associated with 
river-influenced sediments found on the prodelta area, 
while the second group corresponds to coarser marine-
influenced sediments located outside the prodelta limit. 

Backscatter data show also two very low intensity 
patches linked to the Besòs and Llobregat outlets 
extending 6.5 and 13 km south-westward, respectively. 
These patches are tentatively linked to particles settling 
from hypopycnal river plumes (Liquete et al., 2007). Cores 
L-8, L-9 and L-10, recovered at the limit of one of these 
patches, show relatively homogeneous very fine (clayey 
silt) river-influenced material. The highest backscatter 
intensities, generally constrained to the middle and outer 
shelf to the north of the Llobregat River, are interpreted as 
coarse material (probably relict sands) barely covered by 
fine-grained modern sediments. The highest backscatter 
data reflect the presence of several bedforms like the 
sediment waves of the Llobregat prodelta front (“a” in 
Fig. 5), the sand bars discernible in the outer shelf to 
the north of Barcelona (“b” in Fig. 5), or the seafloor 
impacts caused by the enlargement works of the Port of 
Barcelona (“c” in Fig. 5) (Liquete et al., 2007; Urgeles et 
al., 2007).

The minor differences between ITGE (1989) textural 
maps and the new backscatter mosaics can be attributed 
to i) changes in surface sediment distribution between 
1986-88 and 2004, when the corresponding surveys were 
carried out, ii) local influence of factors other than surface 
roughness in the backscatter intensity, or iii) inaccuracies 
due to the lower resolution and gridding method of the 
ITGE data, and also to poor positioning accuracy as ITGE 
surveys were done in pre-DGPS times. Although we cannot 
ignore any of these possibilities, the last one is considered 
the most important.

Radiometric analyses

Total 210Pb activity profiles present evident signals 
of sediment mixing in several cores (Fig. 7). The river-

Gridded distribution of organic carbon, calcium carbonate and 
C/N ratio in surface sediments. Gridding method is kriging with a spheri-
cal variogram. Black dots correspond to the surface sediment samples 
located in Fig. 1. Black thin lines represent bathymetric contours every 
10 m and bold lines are isolines of the represented parameter.

FIGURE 4



G e o l o g i c a  A c t a ,  8 ( 2 ) ,  1 6 9 - 1 8 7  ( 2 0 1 0 )
D O I :  1 0 . 1 3 4 4 / 1 0 5 . 0 0 0 0 0 1 5 2 8

C .  L I Q U E T E  e t  a l . Sedimentation and human impacts on the Barcelona continental shelf

177

influenced L-1, L-9 and L-10 cores show a similar 
pattern with an upper mixing layer of 2.5, 7.5 and 7.5 cm, 
respectively, and a constant profile below section 7.5, 
8.5 and 9.5 cm, respectively. In these three cores, mean 

210Pb value of the basal sections is still higher than the 
concentrations of 226Ra and, for example in the L-1 case, 
the assumption of an unperturbed base level of 210Pb below 
7.5 cm would be incompatible with the presence of 137Cs 

Sea bed textural map from itGE (1989) (upper map) and backscatter mosaic from the Barcelona continental shelf (bottom map). Black dots 
correspond to the surface sediment samples analyzed in this study. the dashed line points to the outer prodelta limit as defined by Liquete et al. (2008). 
DN: digital number indicating the backscatter magnitude. a) sediment waves on the Llobregat prodelta front; b) sand bars on the outer shelf; c) seafloor 
impacts caused by the enlargement works of the Port of Barcelona. the ortophotomap onland shows the densely populated and industrialized coastal 
area and the old Llobregat river mouth deviated in 2004. Map projection is utM zone 31N datum WGS84.

FIGURE 5
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at 19.5 cm. Even if we considered that the 210Pb at the core 
bottom is the 210Pbsupported, the resultant concentrations of 
210Pbxs could be calculated from only two measurements in 
core L-9 and three measurements in cores L-1 and L-10, 
which is insufficient to infer accumulation rates. Therefore, 
L-1, L-9 and L-10 are considered too short for a 210Pb 
chronology reconstruction and practically whole mixed, 
according to the 210Pb activity profiles and the relatively 
constant grain size and sedimentological composition. 
This is the most plausible interpretation since the sampling 
sites are within the trawling zone and close to the anchor 
and dredging areas of the Port of Barcelona. However, 
and alternative explanation could be that these cores show 
very high and variable sedimentation rates, as typical from 
prodeltaic areas.

River-influenced cores L-6, L-7 and L-8 present 
continuous and slightly decreasing activity profiles with 
small deviations (Fig. 7), which could be linked to sediment 
mixing or very high accumulation rates. Radiometric 
results point to sediment mixing in the top 12.5 cm of 
L-7. L-6, L-7 and L-8 seem too short to reach the base of 
the 210Pb activity profile (210Pbsupported) and, hence, 226Ra is 
used instead of 210Pb at the bottom core to estimate 210Pbxs 
and the derived accumulation rate (Table 3). The same 
procedure was applied to core L-11, which shows an upper 
mixed layer of 3.5 cm. The detection of 137Cs in the bottom 
part of these cores supports this approach and restricts the 
possible chronology to the second half of the 20th century. 
Maximum apparent accumulation rates can be estimated 
for these cores, but it should be taken into account that they 
could present slight sediment mixing along them.

The total 210Pb activities from cores L-2, L-4 and 
L-5 show an exponential decay profile that indicates a 
continuous sedimentation (Fig. 7). 210Pbsupported and 226Ra 
activities are in general coincident, ranging between 23±3 
and 29±4 Bq·kg-1 (Table 3). Still, while core L-2 shows 
an undisturbed 210Pb profile, cores L-4 and L-5 present 
signs of mixing in their upper 2.5 and 7.5 cm, respectively 
(Fig. 7). Both 210Pb and 137Cs nuclides give a congruent 
geochronology.

Radiometric analyses of L-4 and L-11 sediments, where 
glauconite was observed, indicate that they were deposited 
during the last 100-150 years. These measures would agree 
with previous studies (e.g. Nelsen et al., 1994; Fernández-
Bastero et al., 2001) that propose a decadal time scale for 
glauconite formation instead of the traditional thousand-to-
million years rate (e.g. Odin and Matter, 1981; Odin, 1988). 
However, some glauconitic grains show a relatively mature 
aspect reflected by dark green colour, coarser size, and 
advanced dissolution of the host mineral. The terrigenous 
component of L-11 is very well sorted and very negatively 
skewed (see Appendix) with highly spherical and rounded 
quartz grains. This textural facies is consistent with that 
of sand beaches in which the persistent mechanical action 
of the waves on sediments generate grain’s abrasion and 
depletion of the fine fraction. In addition, L-11 presents 
relatively low 210Pb and 137Cs concentrations. Therefore, 
we suggest that some of the sediment contained in L-11, 
and possibly also in L-4, in particular the coarsest fraction, 
is likely reworked from ancient shelf deposits like relict 
sand beaches.

Accumulation rates on the Barcelona continental shelf 

The radiometric results of cores L-2, L-4, L-5, L-6, 
L-7, L-8 and L-11 allow estimating maximum apparent 
sediment accumulation rates at different locations of 
the Barcelona continental shelf (Fig. 8 and Table 3). 
Mass accumulation rates range from 0.21 to 1.03 g·cm-

2·yr-1 (1.6-10.0 mm·yr-1) (Table 3). Maximum rates are 
found off the Llobregat River (L-6, L-7 and L-8) while 
minimum values are measured in the outer shelf (L-5) or 
upper slope (L-4) between the Besòs and the Llobregat 
river mouths. 

The apparent sediment accumulation rates measured 
on the Barcelona continental shelf are normal-to-high 
compared with previous NW Mediterranean data (Table 
4). Most of the radiometric analyses of shallow marine 
sediments in the NW Mediterranean Sea correspond to the 
Gulf of Lion (e.g. Radakovitch et al., 1999; Tateda et al., 
2003; Miralles et al., 2005) although some studies have 
been carried out near Barcelona (see compilation in Fig. 9). 
Depositional rates in the Llobregat prodelta are smaller than 
those from largest rivers like the Amazon, the Yangtze or 

Bivariate plot of backscatter digital number (DN) versus sur-
face sediment mean grain size of hCl-untreated samples. the linear 
regression ignores surface sample L-D as an outlier. Samples L-a and 
L-4 are not represented because they lie beyond the backscatter data 
coverage (see Fig. 5).

FIGURE 6
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Sediment 
core

Mixing 
depth 
(cm)

Surface 210Pb 
activity 

(Bq·kg-1)

210Pb at the 
core bottom 

(Bq·kg-1)

226Ra              
(Bq·kg-1)

Apparent 
accum. rate 
(g·cm-2·yr-1)

Apparent 
accum. rate 

(cm·yr-1)

L-1 > 23 87.8±4.8 41.7±7.0 14.5±2.5 ― ―
L-2 0 99.6±5.1 26.9±2.5 27.6±2.7 0.24±0.01 0.20±0.01
L-4 2.5 96.2±3.0 29.3±4.5 22.8±1.5 0.21±0.02 0.16±0.02
L-5 7.5 82.0±2.9 27.8±0.5 24.5±2.5 0.21±0.01 0.17±0.01
L-6 0 77.6±3.4 40.7±9.2 20.3±2.0 1.03±0.28 0.80±0.21
L-7 12.5 64.4±2.8 46.0±3.4 23.3±1.1 0.70±0.21 0.64±0.17
L-8 0 85.0±2.7 43.1±2.0 20.8±1.9 0.94±0.04 1.00±0.04
L-9 > 23 89.5±4.9 33.6±1.5 22.1±0.4 ― ―
L-10 7.5 74.7±2.9 29.3±1.7 19.6±3.2 ― ―
L-11 3.5 63.6±3.1 44.6±2.1 19.3±2.2 0.46±0.12 0.36±0.09

Radiometric results and apparent accumulation rates of the sediment cores. TABLE 3

 210Pb excess activity data versus cumulative mass and the linear regressions used to estimate mass accumulation rates. Grey points cor-
respond to mixed sediments and they are not taken into account for the linear regressions.
FIGURE 8
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the Po submarine deltas, where sediments may accumulate 
at a rate of up to 100 mm·yr-1 (Table 4). However, they 
are comparable with other worldwide continental shelves 
(Table 4). 

Accumulation rates over continental margins usually 
decrease with depth and with the distance to major rivers 
and submarine canyon heads (e.g. Palanques et al., 1998; 
Radakovitch and Heussner, 1999; Sommerfield and 
Nittrouer, 1999; Lewis et al., 2002; Alexander and Venherm, 
2003). In the Barcelona continental shelf, accumulation 
rates are particularly high near the Llobregat river mouth 
and tend to decrease offshore (with minor exceptions in 
cores “c” and L-11, see Fig. 9). These results confirm that 
the modern deposition is controlled by fluvial inputs and, in 
particular, by the major input of the Llobregat River. When 
the suspended sediment load carried by the Llobregat and 
Besòs rivers reaches the shelf, it is mostly deflected south-
westward (alongshore) by the prevailing littoral drift and 
oceanographic currents, which are especially intense over 
the continental slope. Puig et al. (2000) stated that settling 
of suspended particles must be relatively low over the 
Barcelona continental slope due to advective processes. 
However, we find a moderate accumulation rate in site 
L-4, most probably influenced by the nearby Llobregat 
River and by the narrowness of the continental shelf on 
that position. An important part of the suspended material 
on the Barcelona continental shelf may become trapped by 
the Foix Canyon (Sanchez-Cabeza et al., 1999; Puig et al., 
2000; Palanques et al., 2008), as evidenced by data shown 
in Figure 9. 

HUMAN IMPACTS

Regression of the river-influenced depositional 
environment

River-influenced sediments were observed in the 
deeper part of core L-4 (between 5-17 cm below the 
seafloor). According to the estimated accumulation rate, 
core L-4 contains the sedimentary record of the last 
century going back to the end of 19th century. The observed 
change in sediment input occurred around 1966. The core 
section that contain river-derived sediments spans an age 
of about 70 years and, hence, it cannot be referred to an 
exceptional river flood or seafloor instability process (e.g. 
landslide, debris flow) that could allow the river-derived 
material to reach the upper slope. In addition, the 137Cs 
chronology confirms the 210Pb-decay accumulation rate, 
which indicates that only the top 2.5 cm of L-4 may be 
affected by mixing processes. We hypothesize that the 
change from river-derived to prevailing marine-derived 
sediments recorded in core L-4 responds to the first major 
enlargement of the port of Barcelona, as 1966 is the year 

when it was extended from its earlier northeastern position 
(the old port or “Port Vell”) to the south of Montjuic hill 
(“M” in Fig. 1) through the building of an inner port that 
invaded a considerably long stretch of the Llobregat Delta 
(APB, 2003). The hardening of this part of the delta coast, 
and its likely effect on littoral drift and currents, would 
have caused the cessation of the arrival of river-derived 
inputs to the location of L-4. At present, off the Llobregat 
River, river-derived sediments do not accumulate beyond 
the outer shelf (site L-5). As a result, the offshore farthest 
boundary of river-derived sedimentation off the Llobregat 
outlet has receded 2.5 km after 1966.

Similarly, we observed a reduction of river-derived 
components in the upper interval of L-2, which is an 
undisturbed core. Only some micas and rare plant debris 
were observed in the upper 9 cm of this core. However, 
grain size, statistical parameters and compositional 
changes down-core (abundant large bioclasts and biogenic 
fragments) suggest a greater marine influence since 
about 1964. In the case of L-2, such a reduction in fluvial 
inputs could be linked not only to the extension of the 
Barcelona harbor but also to the increasing hardening of 
the Besòs coast and to the canalization of the lower river 
course after the catastrophic floods of 1962 (CLABSA, 
2007). 

Other factors that may have contributed to the 
regression of river-derived inputs and sedimentation are:

- Sediment retention in the Llobregat River reservoirs. 
Four dams placed in the upper course regulating 17.5% 
of the basin area were constructed in the Llobregat River 
between 1957 and 1999. These dams have a trapping 
efficiency of 74-97% that, related to their position within 
the watershed, translates into an effective trapping 
efficiency at the river mouth of 1.1-9.7% (Liquete et al., 
2009). 

- Sand and gravel mining from the Llobregat riverbed 
during the fifties and sixties. The open pits may have 
trapped substantial volumes of sediment coming from 
upstream. 

- The rapid urbanization of the Llobregat Basin and 
Delta related to the expansion of the city of Barcelona 
and other surrounding towns, industrial areas and 
infrastructures. 

- A significant decrease in the Besòs and Llobregat 
water discharge estimated in 0.6 and 3.4 m3·s-1, respectively, 
between 1960 and 2000 (Liquete, 2008).

- The decrease of river sedimentation agrees with 
Puchades (1948) and Marquès and Julià (1983) who 
warned about the severe regression of the Llobregat Delta 
since the mid-20th century. Recent data (EEA, 2005) 
demonstrate that most of the Llobregat Delta undergoes 
coastal recession.
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Modern sediment accumulation rates estimated through radiometric analyses in different worldwide continental shelves. C.S.= continental 
shelf.  *: Compilation from different authors.
TABLE 4

Mixing of seafloor sediments 

Uniform 210Pb activity profiles, as well as other 
homogeneous textural and physical characteristics, indicate 
that cores L-1, L-9 and L-10 are discontinuously but entirely 
disturbed. L-1 is located only 0.4 km far from the harbor’s 
anchoring zone and 1.5 km far from the Port of Barcelona new 
enlargement area, which probably affected its sedimentation. 
The great impact of the enlargement works of the port of 

Barcelona has been evidenced by multibeam data (Liquete et 
al., 2007; Liquete, 2008). These works translate into dredging, 
loading and infilling that affect more than 5 km of shoreline 
and 2 km offshore. The bathymetric images show also clear 
evidences of ship anchoring as hollows that penetrate up to 70 
cm within the sediment. Cores L-9 and L-10 are sited off the 
Llobregat River below the minimum trawling limit (50 m depth). 
Therefore, these cores may have been disturbed by trawling 
activities that are common in the study area (Liquete, 2008). 

Accumulation rate 
(mm·yr-1)

Physiographic 
province Site location Ocean margin Reference

1.0-2.0 Middle C.S. Ebro margin (NE Spain) NW Mediterranean Zuo et al., 1997
2.1-26.0 Prodelta area Gulf of Lion (S France) NW Mediterranean Radakovitch et al., 1999
0.7-2.2 C.S. Barcelona margin              

(NE Spain)
NW Mediterranean Sanchez-Cabeza et al., 1999

1.5-1.8 Outer C.S. Offshore Monaco             
(S France)

NW Mediterranean Tateda et al., 2003

0.7-3.6 C.S. Gulf of Lion (S France) NW Mediterranean Miralles et al., 2005*
2.0-6.5 Prodelta area Gulf of Lion (S France) NW Mediterranean Miralles et al., 2005*
1.6-10 C.S. Barcelona margin             

(NE Spain)
NW Mediterranean This study

3.3-12.8 Subaqueous delta          
(26-65 m depth)

Gargano Promontory, 
Adriatic Sea

N Mediterranean Cattaneo et al., 2003

0.2-16.4                  
(max. 48)

C.S. (6-238 m depth) Western Adriatic Sea N Mediterranean Frignani et al., 2005*

1.1-20.2 C.S. (12-73 m depth) Appennine Shelf, central 
Adriatic Sea

N Mediterranean Palinkas and Nittrouer, 2006

2.3-46 Prodelta area                
(<25 m depth)

Po Shelf, northern 
Adriatic Sea

N Mediterranean Palinkas and Nittrouer, 2007

1.0-2.7 (max. 5.6) Mud fields on C.S. 
(30-75 m depth)

Gironde Shelf, Bay of 
Biscay (W France) 

NE Atlantic Lesueur et al., 2001

0.8-5.7 Semi-enclosed bay 
(<8 m depth)

Albemarle Estuary 
(North Carolina)

NW Atlantic Corbett et al., 2007

<10-100 Prodelta area Amazon Shelf (Brazil) SW Atlantic Kuehl et al., 1986
2.0-8.0 C.S. (50-150 m depth) Eel Shelf (California) NE Pacific Sommerfield and Nittrouer, 

1999
1.0-3.9 C.S. (10-130 m depth) Monterey Bay 

(California)
NE Pacific Lewis et al., 2002

0.9-12.8                  
(max. 51.9)

C.S. (<200m depth) Santa Monica Bay 
(California) 

NE Pacific Alexander and Venherm, 2003

4.7-8.1 Middle C.S. Eel Shelf (California) NE Pacific Bentley and Nittrouer, 2003
1.0-30.0 C.S. Northern Gulf of Alaska NE Pacific Jaeger and Nittrouer, 2006
2.2-4.3 C.S. and upper slope 

(20-450 m depth)
Sagami Bay (Tokyo) NW Pacific Kato et al., 2003

10-50 Prodelta area Yangtze Shelf, East 
China Sea

W Pacific DeMaster et al., 1985

1.0-6.6 C.S. and upper slope 
(30-370 m depth)

Eastern Arabian Sea NW Indic Somayajulu et al., 1999
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Bottom trawling tracks are reflected in the multibeam images 
of the study area as parallel furrows <1 m deep (Liquete et al., 
2007). Surface sediment re-suspension by trawling activities is 
responsible for an important increase in water column turbidity 
several meters above the sea bottom, and for important 
changes in the biogeochemical composition of the suspended 
particulate organic matter (Palanques et al., 2001; Pusceddu et 
al., 2005).

Apart from the entirely disturbed cores, the uppermost 2.5-
12.5 cm of cores L-4, L-5, L-7 and L-11 seem to be mixed. 
The shallowest and most affected of these cores, L-7, is only 
0.6 km far from the harbor’s anchoring zone and 1.0 km far 
from the Port of Barcelona new enlargement area. In general, 
the surface mixed layer of the Barcelona continental shelf gets 
thinner with water depth. This surface sediment disturbance 
must be due to the human activities reported above, since the 
other possible origin, bioturbation, has a minor importance 
according to our observations. 

We can conclude that, in the Barcelona continental shelf, 
(a) sea floor sediments can be intensively disturbed by human 
activities at least down to 85 m depth, and (b) a surface mixed 
layer is detected at least down to 150 m depth.

Possible organic contamination

Some authors (e.g. Hedges and Keil, 1995; Hedges et 
al., 1997) suggest that less than 1% of the OC delivered 
to the ocean is ultimately buried in marine sediments. 
Such a low preservation results, for instance, in marine 
sediments’ OC concentrations of 0.8% (in weight 
percentage) near the Rhone river mouth decreasing 
offshore until 0.3-0.4% at 100 m depth (Aloisi et al., 
1976); from 0.6% to 1.8% in the Gulf of Lion with 
maximum values off the Rhone and Petit-Rhone river 
mouths (Roussiez et al., 2006); 1% in flood layers of 
the Po River prodelta (Miserocchi et al., 2007); 0.3% 
as the mean OC concentration of the southern European 
continental margins (Seiter et al., 2004); and 1-1.5% 
in the Eel continental shelf (Sommerfield et al., 2007), 
which is considered one of the most OC-enriched areas 
of the Pacific Ocean (Seiter et al., 2004).

The provenance of OC in the Barcelona shelf 
environment can be attributed to several sources, which 
include phytoplankton and algae (marine origin), soil-
derived organic matter and land plants’ debris (continental 
origin), and sewage delivery (human origin).

Sediment ac-
cumulation rates in the 
study area. Numbers refer 
to the cores analyzed in 
this study; a-b) after Pa-
lanques et al. (1998); c-h) 
after Sanchez-Cabeza et al. 
(1999). the dashed white 
line points to the Llobregat 
river mouth before 2004. 
Bathymetric contours every 
10 m.

FIGURE 9
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The sediments ascribed to marine sedimentation on the 
outer Barcelona continental shelf contain in average 0.35% 
of OC that can be tentatively related to marine biological 
productivity. In contrast, the OC content recorded in the 
fine-grained Llobregat prodelta (up to 1.6% with an average 
of 1.3%) seems high compared with the abovementioned 
reference values. This relatively high OC concentration 
can be associated to natural continental inputs and/
or to anthropogenic pollution dispersed through rivers’ 
discharge, emissaries and pipelines in the surroundings of 
Barcelona. Since the Llobregat River is a medium-sized 
system with relatively low water and sediment discharge 
(Liquete et al., 2009), the OC content of the Llobregat 
prodelta may reflect at least moderate organic pollution. 
The polluted fluvial discharge together with direct inputs 
to the Barcelona shelf from two sewage treatment plants, 
“Sant Adrià del Besòs” and “El Prat de Llobregat”, able 
to process a total volume of 945,000 m3 per day, are the 
most likely source of the possible OC contamination on 
the Llobregat prodelta sediments. In particular, the “Sant 
Adrià del Besòs” submarine emissary is only 1 km far from 
site L-8. 

Previous studies indicate that the Barcelona continental 
shelf receives an important input of inorganic pollutants, 
namely heavy metals, that augmented drastically during the 
twenties and the sixties due to industrial development and 
population increase (Palanques and Diaz, 1994; Palanques 
et al 1998; Sanchez-Cabeza et al., 1999). Moreover, 
Palanques et al. (2008) conclude that anthropogenic 
contamination is affecting, not only the littoral and the 
continental shelf, but also the adjacent continental slope 
through submarine canyons. 

CONCLUSIONS

The Barcelona continental shelf is dominated by 
sediment inputs from the Besòs and Llobregat rivers, which 
during the Holocene built up a joint prodelta occupying 
193 km2. The fluvial material is characterized by clayey to 
sandy silt minerals with abundant plant debris, high organic 
carbon content (>1%), and a C/N ratio larger than 13. 
Backscatter and sedimentological data show two modern 
mud patches extending south-westward 6.5 and 13 km from 
the Besòs and Llobregat river mouths, respectively. The 
present river-derived sediment spreads beyond the prodelta 
limit, as far as the middle shelf off the Besòs River and 
the outer shelf off the Llobregat River. However, before 
1966, the river-influenced environment reached at least the 
upper slope off the Llobregat River. The regression of the 
river-derived sedimentation (estimated in ~2.5 km in 40 
years) was likely caused by the occupation of the southern 
coast of the Llobregat Delta by new port facilities and by 
the canalization of the Besòs lower course, amongst other 

factors. Sediment organic carbon contents up to 1.65% near 
the Llobregat river mouth may indicate, apart from high 
organic matter levels typical from prodeltaic areas, possible 
organic pollution derived from the fluvial discharge and/or 
from the emissaries of two sewage treatment plants.

To the north of the Llobregat River, over the middle 
and outer shelf, the Barcelona along-shelf currents prevent 
the accumulation of modern fluvial sediment. This area 
represents a marine-influenced environment characterized 
by medium silt to medium sand deposits, rich in large 
bioclasts (33-52% of calcium carbonate), with relatively 
low organic carbon content (<0.5%). Within this area, 
backscatter mosaics allow identifying relict bedforms and 
important seafloor impacts like the enlargement works of 
the Port of Barcelona. The highest backscatter values have 
been associated to the coarsest sediments of the study area 
after groundtruthing with sediment samples.

In general, accumulation rates and surface sediment 
disturbance decrease gradually with the distance to the 
Llobregat river mouth. Maximum accumulation rates (up 
to 10 mm·yr-1) are observed off the Llobregat River, near 
a large field of wavy bedforms. Moderate accumulation 
rates (1.6-3.6 mm·yr-1) are found in the middle and outer 
shelf between the Besòs and Llobregat rivers. Similar rates 
were estimated for the nearby Foix Canyon head, where 
a substantial amount of suspended sediment bypassing 
the Barcelona shelf seems to be trapped. Dredging, ship 
anchoring and trawling activities, especially intense off 
the Port of Barcelona down to 85 m depth, cause sediment 
mixing in the upper 2.5-24 cm of the sediments.
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APPENDIX

Sample clay VF silt F silt M silt C silt VF sand F sand M sand C sand >1 mm Mean S.D.
Skew-

ness
Core L-1
0-1 (cm) 21.04 15.66 22.26 17.92 16.33 6.68 0.13 0 0 0 11.78 3.40 -0.30
2-3 22.32 16.21 21.9 17.46 15.77 6.17 0.18 0 0 0 11.28 3.39 -0.23
4-5 21.1 15.51 21.72 17.67 16.99 6.7 0.29 0 0 0 11.95 3.43 -0.28
6-7 25.13 18.69 24.05 17.61 14.04 0.48 0 0 0 0 9.15 3.03 -0.30
9-10 17.51 12.57 17.29 18.95 29.26 4.42 0 0 0 0 14.71 3.34 -0.65
12-13 23.71 16.82 22.93 19.09 17.21 0.24 0 0 0 0 9.89 3.11 -0.42
15-16 29.4 21.95 24.85 14.15 8.97 0.68 0 0 0 0 7.62 2.89 -0.12
18-19 26.3 19.65 24.48 15.76 11.35 2.45 0 0 0 0 8.80 3.10 -0.16
21-22 29.33 21.26 25.2 15.41 8.75 0.04 0 0 0 0 7.56 2.86 -0.22
23-24 23.86 18.36 24.71 16.27 12.18 3.89 0.69 0 0 0 9.83 3.27 -0.14
averages 23.97 17.67 22.94 17.03 15.09 3.18 0.13 0 0 0 10.26
Core L-2
0-0.5 (cm) 14.26 10.54 17.74 19.29 25.56 11.17 0.73 0 0 0.68 18.18 3.59 -0.42
1-1.5 11.62 8.42 13.37 13.42 17.54 12.05 11.21 7.1 3.64 1.62 35.28 5.40 -0.13
2-2.5 13.2 9.27 15.09 15.28 17.94 11.88 10.41 4.89 0.56 1.46 27.33 4.93 -0.12
4-4.5 9.96 7.35 11.97 12.15 16.29 11.57 12.59 9.78 5.31 3.04 46.10 5.79 -0.21
6-7 14.78 11.29 17.76 16.91 18.71 8.86 4.64 4.48 0.75 1.82 21.68 4.75 0.16
8-9 13.44 10.3 16.85 16.93 19.62 7.69 4.53 5.03 4.08 1.56 25.42 5.15 0.20
10-11 19.34 14.24 19.76 16.13 16.93 8.72 0.25 0 0 4.61 15.82 4.70 0.55
14-15 22.48 16.35 21.36 15.8 15 7.65 0.23 0 0 1.12 11.96 3.80 0.20
18-19 24.17 17.72 22.36 15.31 10.91 5.06 2.96 0 0 1.49 11.25 4.00 0.48
22-24 22.6 15.7 21.69 16.7 12.11 5.28 1.28 0 0 4.62 13.15 4.80 0.72
averages 16.59 12.12 17.8 15.79 17.06 8.99 4.88 3.13 1.43 2.2 22.62
Core L-4
0-0.5 (cm) 18.26 11 15.23 12.1 11.18 19.01 13.25 0 0 0 20.81 4.86 -0.38
1-1.5 14.63 8.71 11.68 9.51 10.93 18.5 23.04 2.53 0.5 0 32.22 5.30 -0.56
2-2.5 21.46 12.48 16.49 12.33 10.44 15.82 11.02 0 0 0 16.92 4.85 -0.20
4-4.5 21.38 12.87 17.33 12.92 11.49 15.62 8.37 0 0 0 15.97 4.64 -0.19
6-7 28.05 16.48 20.61 14.03 6.25 7.76 6.85 0 0 0 10.58 4.26 0.20
10-11 28.82 18.09 22.86 15.13 8.22 4.79 2.07 0 0 0 8.78 3.62 0.07
14-15 26.25 15.79 19.37 12.05 7.45 8.43 9.83 0.81 0 0 12.45 4.80 0.18
16-17 32.05 18.59 21.79 11.97 5.38 7.99 2.2 0 0 0 8.36 3.85 0.26
averages 23.86 14.25 18.17 12.51 8.92 12.24 9.58 0.42 0.06 0 15.76
Core L-5
0-0.5 (cm) 18.96 13.94 19.24 16.31 17.51 10.4 3.65 0 0 0 14.86 3.80 -0.22
2-2.5 19.01 13.66 19.87 17.32 17.38 9.18 3.65 0 0 0 14.48 3.78 -0.25
4-4.5 17.97 13.22 18.1 15.31 16.99 10.44 7.26 0.42 0.3 0 17.05 4.16 -0.12
6-7 21.35 15.4 22.1 18.17 15.64 6.64 0.67 0 0 0 11.77 3.47 -0.27
10-11 23.02 17.15 22.93 16.91 13.54 5.93 0.55 0 0 0 10.74 3.39 -0.15
14-15 29.22 21.98 26.17 14.46 7.44 0.7 0 0 0 0 7.46 2.85 -0.17
18-19 27.81 20.87 25.13 15.38 8.58 2.25 0.02 0 0 0 8.16 3.00 -0.09
22-24 27.06 19.44 23.56 14.69 8.72 4.89 1.6 0 0 0 9.13 3.41 0.10
averages 23.05 16.96 22.14 16.07 13.23 6.3 2.17 0.05 0.04 0 11.71
Core L-6
0-0.5 (cm) 11.03 8.34 13.3 13.07 17.13 16.9 16.89 2.28 0.68 0.42 32.43 4.55 -0.45
2.5-3 10.17 7.67 12.85 13.47 17.81 17.38 16.76 3.1 0.61 0.17 34.17 4.43 -0.52
4-4.5 9.63 7.3 11.85 11.54 14.86 16.08 20.43 5.63 1.2 1.45 41.97 4.95 -0.46
6-7 12.08 9.08 14.04 12.74 15.59 15.35 15.91 3.88 1.02 0.31 31.08 4.83 -0.34
10-11 14.22 10.68 15.98 13.72 16.9 11.48 10.68 3.05 0.73 2.56 25.72 5.14 0.01
14-15 14.53 11.28 17.44 14.87 14.77 9.59 10.94 3.94 0.84 1.86 24.21 5.11 0.06
18-19 14.16 10.83 15.37 10.67 10.27 10.82 15.27 5.93 2.28 4.38 32.99 6.31 0.00
22-23 16.48 12.06 16.83 12.87 12.93 11.64 12.23 2.69 1.1 1.14 22.68 5.18 0.01
28-30 24.68 18.55 25.94 16.91 10.31 3.13 0.16 0 0 0.31 9.28 3.24 -0.02
34-36 25.57 18.75 24.8 16.38 10.94 3.32 0.02 0 0 0.21 9.10 3.27 -0.08
averages 15.25 11.45 16.84 13.62 14.15 11.57 11.93 3.05 0.85 1.28 26.36

GRAIN SIZE RESULTS (%)
TEXTURAL STATISTICAL 

PARAMETERS
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aPPENDiX

Grain size results (in weight percentage) and textural statistical parameters.  vF= very fine; F= fine; M= medium; C= coarse; S.D.= stan-
dard deviation.
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Sample clay VF silt F silt M silt C silt VF sand F sand M sand C sand >1 mm Mean S.D.
Skew-

ness

GRAIN SIZE RESULTS (%)
TEXTURAL STATISTICAL 

PARAMETERS

Core L-7
0-0.5 (cm) 16.58 11.27 16.7 15.15 18.47 20.43 1.41 0 0 0 18.37 3.92 -0.48
2-2.5 13.12 9.61 13.87 12.28 16.8 22.6 11.73 0 0 0 26.27 4.22 -0.59
4-4.5 13.58 10.22 14.92 13.35 18.09 22.38 7.45 0 0 0 23.62 4.06 -0.55
6-7 13.65 9.99 14.42 12.63 15.79 19.92 13.51 0.04 0 0 25.56 4.35 -0.50
10-11 13.11 9.67 14.44 13.05 16.27 20.41 13.03 0.03 0 0 25.97 4.28 -0.53
14-15 18.19 14.09 20.86 17.41 22.56 6.84 0 0 0 0 13.66 3.37 -0.46
18-19 15.74 11.26 15.78 15.52 21.4 13.73 5.32 0.59 0.68 0 19.79 4.11 -0.31
22-24 15.53 11.17 16.54 15.38 20.39 16.08 4.86 0 0 0 19.30 3.93 -0.46
28-30 22.86 16.54 22.18 17.35 14.83 6.14 0.1 0 0 0 10.94 3.39 -0.23
34-36.5 22.91 16.69 22.69 16.52 14.16 6.81 0.04 0 0 0.13 10.93 3.46 -0.15
averages 16.53 12.05 17.24 14.86 17.88 15.53 5.75 0.07 0.07 0.01 19.44
Core L-8
0-0.5 (cm) 18.94 14.34 20.61 16.94 16.96 7.78 3.24 0.53 0.65 0 14.46 3.88 -0.03
2-2.5 20 15.5 22.67 18.24 17.1 6.47 0.04 0 0 0 12.08 3.35 -0.35
4-4.5 20.36 15.57 22.11 17.66 17.31 6.94 0.04 0 0 0 12.11 3.39 -0.33
6-7 20.68 16.33 24.14 18.79 16.22 3.82 0 0 0 0 11.12 3.20 -0.37
10-11 23.34 17.75 23.66 17.58 15.53 2.13 0 0 0 0 10.05 3.13 -0.28
14-15 23.77 18.79 25.11 18.28 13.23 0.79 0 0 0 0 9.40 2.97 -0.31
18-19 26.28 17.81 22.84 16.64 14.41 2.04 0 0 0 0 9.19 3.25 -0.25
22-24 22.64 17.15 24.26 18.97 14.23 2.75 0 0 0 0 10.18 3.14 -0.33
28-30 24.74 18.26 25.78 18.94 11.91 0.39 0 0 0 0 8.91 3.02 -0.41
32-34 24.5 18.54 24.31 16.6 12.08 3.95 0.02 0 0 0 9.60 3.19 -0.17
averages 22.53 17 23.55 17.86 14.9 3.71 0.33 0.05 0.06 0 10.71
Core L-9
0-0.5 (cm) 21.49 15.38 22.75 19.05 16.46 4.89 0 0 0 0 11.33 3.31 -0.36
1-1.5 20.57 15.81 23.27 18.72 16.53 5.14 0 0 0 0 11.55 3.27 -0.36
2-2.5 22.07 15.81 22.59 17.57 15.49 6.21 0.04 0 0 0.23 11.36 3.45 -0.17
4-4.5 21.79 16.35 23.2 18.03 15.33 5.31 0.02 0 0 0 11.06 3.31 -0.30
6-7 23.21 17.99 24.12 17.22 14.31 3.15 0 0 0 0 10.06 3.16 -0.25
8-9 24.97 18.88 24.77 16.39 12.98 2.02 0 0 0 0 9.20 3.11 -0.24
10-11 23.81 18.23 24.34 16.78 14.44 2.43 0 0 0 0 9.72 3.16 -0.28
14-15 23.38 17.9 23.68 16.58 15.28 3.14 0 0 0 0 10.07 3.22 -0.27
18-19 24.23 17.35 24.43 17.82 13.11 3.02 0 0 0 0 9.68 3.20 -0.28
22-24 23.34 17.71 25.2 18.15 14.28 1.34 0 0 0 0 9.66 3.10 -0.36
averages 22.89 17.14 23.84 17.63 14.82 3.67 0.01 0 0 0.02 10.37
Core L-10
0-0.5 (cm) 11.49 8.12 11.35 9.46 15.55 42.05 2.01 0 0 0 30.60 3.90 -0.94
1-1.5 19.2 14.56 20.59 16.89 17.66 10.31 0.77 0 0 0 13.71 3.56 -0.28
2-2.5 18.89 14.6 19.94 15.58 16.86 11.83 2.26 0 0 0 14.57 3.71 -0.21
4-4.5 21.92 16.63 21.63 14.57 12.12 9.93 3.2 0 0 0 12.43 3.79 -0.02
6-7 17.39 12.72 18.44 15.99 17.76 11.15 5.07 0.02 0 1.45 17.39 4.25 0.02
8-9 22.68 17.07 23.53 16.84 12.7 6.27 0.94 0 0 0 10.85 3.42 -0.13
10-11 22.27 16.11 21.86 15.11 11.53 7.43 5.68 0.01 0 0 12.44 3.96 0.04
14-15 24.52 18.61 24.79 16.48 11.01 4.34 0.28 0 0 0 9.57 3.23 -0.13
18-19 24.29 17.83 23.14 16.28 12.66 5.19 0.63 0 0 0 10.13 3.38 -0.12
22-23 22.32 17.06 24 18.25 13.85 4.32 0.16 0 0 0 10.53 3.24 -0.26
averages 20.5 15.33 20.93 15.55 14.17 11.28 2.1 0 0 0.15 14.22
Core L-11
0-0.5 (cm) 8.89 5.85 7.71 6.68 8.87 14.51 45.03 2.48 0 0 58.39 4.65 -1.11
1-1.5 9.56 6.22 8.56 7.05 7.55 13.5 45.63 1.94 0 0 55.11 4.83 -1.05
2-2.5 11.84 7.53 9.54 7.67 8.77 13.71 39.89 1.07 0 0 44.63 5.08 -0.82
3.5-4 10.66 6.67 8.92 7.07 7.48 13.22 44.04 1.92 0 0 51.17 5.04 -0.96
5-6 13.92 8.53 11.49 9.21 8.82 12.71 35.2 0.13 0 0 35.33 5.24 -0.64
7-8 13.42 9.01 11.64 8.82 8.8 12.3 35.23 0.78 0 0 36.45 5.27 -0.61
averages 11.38 7.3 9.64 7.75 8.38 13.33 40.84 1.39 0 0 46.85
Surface samples HCl-treated
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Sample clay VF silt F silt M silt C silt VF sand F sand M sand C sand >1 mm Mean S.D.
Skew-

ness

GRAIN SIZE RESULTS (%)
TEXTURAL STATISTICAL 

PARAMETERS

L-A 8.36 5.25 6.05 4.05 2.86 0.58 2.1 11.59 18.29 40.9 160.40 8.74 -0.97
L-B 26.26 17.18 21.37 14.5 9.17 3.44 2.17 0 0 5.92 12.09 5.28 0.94
L-C 18.8 10.35 12.97 10.85 13.25 20.49 13.31 0 0 0 22.04 4.72 -0.33
L-D 7.96 4.87 5.92 4.04 2.82 2.9 12.89 30.79 26.64 1.17 147.70 6.72 -1.24
Surface samples HCl-untreated
L-A 9.38 5.23 6.45 4.79 4.13 3.09 6.59 17.51 16.1 26.7 229.50 8.86 -1.19
L-B 13.38 7.98 10.11 7.13 5.46 3.08 5.12 14.49 19.77 13.4 83.20 10.00 -0.46
L-C 6.65 4.11 5.73 5.38 8.16 18.06 32.46 12.81 5.78 0.88 86.46 4.80 -1.13
L-D 2.46 1.51 1.93 1.44 1.36 1.68 7.66 19.34 21.95 40.7 454.60 4.08 -2.47
L-2 12.4 8.29 13.43 13.6 18.37 13.52 4.94 4.82 6.1 4.52 35.30 6.05 0.03
L-4 7.44 4.46 6.06 5.37 7.38 16.73 32.29 15.04 4.83 0.42 82.94 5.01 -1.13
L-5 18.01 11.75 17.74 16.01 17.4 11.33 3.55 0 0 4.21 18.49 4.98 0.24
L-6 12.55 8.56 13.51 12.78 17.13 18.01 13.34 2.05 1.49 0.65 29.97 4.80 -0.38
L-7 13.72 9.04 13.26 11.93 17.04 20.77 13.13 0.82 0.28 0 27.09 4.52 -0.55
L-8 22.72 16.07 22.8 17.25 17.48 3.67 0 0 0 0 10.72 3.35 -0.35
L-9 35.93 22.91 26.85 12.83 0.92 0 0 0 0 0.54 5.74 2.95 0.22
L-10 18.65 12.63 20.19 18.42 20.49 4.77 0 0 0 4.85 15.72 4.68 0.50
L-11 6.14 3.77 5.29 4.63 5.9 11.04 37.57 11.85 7.69 6.14 111.80 5.17 -1.12
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