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Abstract. The high touristic potential of the north-west region in Morocco plays an important socio-economical role, raising the question
of the monitoring of its environmental quality. This study provides a preliminary dataset for dissolved heavy metal concentrations in water
and grain-size, mineralogy, carbon (organic and inorganic) and heavy metal contents in surface sediments from the Loukkos and Sebou
estuaries). The results refer to samples taken at six sites in June 2009. In this article, the concentrations of twelve heavy metals (Al, As,
Cd, Cr, Cu, Fe, Hg, Li, Mn, Ni, Pb and Zn) in sediments with grain size and mineralogy, and concentration for 7 heavy metals (As, Cd,
Cu, Fe, Ni, Pb and Zn) in water are reported. The results show, in general, a low concentration of almost all of the studied metals in water
and sediments, but with random higher levels. In water, the highest levels were found for Cu, Ni and Zn denoting some toxicity for living
organisms. For estuarine sediments, As and Cr show strong levels of contamination, ranging from 7.96 to 18.5 mg kg™ for As and from 33
to 137 mg kg'* for Cr in Loukkos and from 7.77 to 8.34 mg kg™ for As and from 85 to 109 mg kg™ for Cr in Sebou. Stations L1 and S1,
with predominantly sandy sediments, present the lower metals concentrations (except L1 for As), which is in agreement with the
knowledge that metal concentrations are generally higher in areas richer in clay sediments than in sandy sediments. The As and Cr values
are above the upper-EAC (The Ecotoxicological Assessment Criteria) and can have long-term and acute biological effects. The strong Cr
concentration can be explained by the presence of tanneries located along both rivers, upstream from collection sites, denoting a direct
anthropogenic source. The As is linked to sand that has a beach and shelf sediments predominant source. The hypothesis that can be
considered is these sediments richer in As are injected to the Loukkos lower estuary by the tidal influence.
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Caractéristiques géochimiques de I’eau et du sédiment en été des estuaires du Loukkos et du Sebou (NW du Maroc) ; étude
préliminaire.

Résumé. Le potentiel touristique de la région nord-ouest du Maroc joue un réle socio-économique important, de ce fait, la surveillance de
la qualité de son environnement devient primordiale. Cette étude fournit un ensemble de données préliminaires sur la concentration des
métaux lourds dans I'eau et dans les sédiments de surface des estuaires du Loukkos et du Sebou. Ces résultats s'appuient sur des
échantillons prélevés sur six sites en Juin 2009. Dans cet article, les concentrations de douze métaux lourds (Al, As, Cd, Cr, Cu, Fe, Hg,
Li, Mn, Ni, Pb et Zn) dans les sédiments avec leurs granulométries et leurs minéralogies et la concentration de 7 métaux lourds (As, Cd,
Cu, Fe, Ni, Pb et Zn) dans I'eau sont rapportées. Les résultats montrent, en général, une faible concentration de presque tous les métaux
étudiés dans l'eau et les sédiments, les niveaux les plus élevés ont été trouvés pour Cu, Ni et Zn dénotant une certaine toxicité pour les
organismes vivants. Pour les sédiments estuariens, As et Cr montrent des niveaux élevés de contamination, allant de 7,96 & 18,5 mg.kg™
pour As et de 33 & 137 mg.kg " pour le Cr dans le Loukkos et de 7,77 & 8,34 mg.kg ™ pour As et de 85 & 109 mg.kg™ pour Cr dans Sebou.
Les stations L1 et S1, avec des sédiments principalement sableux, présentent des concentrations plus faibles de métaux (sauf L1 pour As),
ce qui est en accord avec 1’idée que les concentrations de métaux sont généralement plus élevés dans les régions les plus riches en
sédiments argileux que dans les sédiments sableux. Les valeurs As et Cr sont au-dessus de la partie supérieure de la CAE (les critéres
d'évaluation éco-toxicologiques) et peut avoir a long terme des effets biologiques aigus. La forte concentration de Cr peut étre expliquée
par la présence de tanneries situées le long des deux riviéres en amont de sites de collecte, ce qui dénote une source directe d'origine
anthropique. As est 1ié au sable d’origine marine (plage et plateau continental). L'hypothése qui peut étre considéré ici est que ces
sédiments riches en As sont injectés dans I'estuaire du bas Loukkos par I'influence des marées.

Mots clés: géochimie, concentrations, métal, Sebou, Loukkos, Maroc.

INTRODUCTION

Sediments are recognized to be an appropriate medium
to assess the environmental quality of rivers, as they reflect
the integrate contaminant inputs in the marine and river
environment, allowing sources and sinks to be identified
(Rowlatt & Lovell 1994). The rivers discharging into the
sea are often used as transport agents for the disposal of

industrial, agricultural and urban wastes. The presence of
increased level of pollution in aquatic environment has been
of much concern due to its adverse effect on living
organisms and in food chains leading to man (Forstner &
Miller 1973, Farmer 1991, Yang & Rose 2003). Another
important problem is that it may affect the development of
tourism by degrading the sanitary quality of beaches and
generating unpleasant odors and aesthetics.
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Figure 1. Study area (right) and stations where samples were collected (left).

Marine sediments in coastal regions near estuaries are
frequently polluted by heavy metals and other pollutants,
which are usually present in amounts several times higher
than their natural background level (Forstner & Miuller
1973, Shropp et al. 1990, Bryan & Langoston 1992, Singh
etal. 1997, Liu et al. 2003, Alagarsamy 2006).

Today, the Moroccan littoral is a complex space,
exposed to profound alteration and  perpetual
transformations. It is subjected to all kinds of anthropogenic
aggressions to the environment, namely: anarchic
construction, human and industrial pollution, degradation of
beaches and dunes, etc. The Northwest region of Morocco
is among the most interesting regions, with a high touristic
potential and fisheries activity. Between Kenitra and
Tangier, the most important rivers are the Loukkos and
Sebou, that discharge into the Atlantic Ocean near Larache
and Kenitra, respectively (Fig. 1).

There are some general pollution studies related with
these rivers: Fekhaoui et al. (1996), Bennasser et al. (2000),
Banaoui (2004), Cheggour et al. (2005), Maanan (2008),
Piazza et al. (2009), but they are mainly focused on the
description of a few geochemical parameters, namely
contamination levels of some heavy metals, without the
concern of the correlations between them.

This work is part of a wider program where the general
oceanography, sedimentology and shelf geochemical
characteristics are under study. This is a first attempt to
estimate the geochemical signature of the Loukkos and
Sebou rivers in the adjacent shelf. In the two estuarine
areas, grain size, mineralogy, TOC (total organic carbon)
and heavy metal concentrations were determined in order to
identify a characteristic impact on the shelf.
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The Ecotoxicological Assessment Criteria (EAC) from
OSPAR (Bignert et al. 2004, OSPAR 2008) are also used to
evaluate the potential risks for the organisms living in the
study area and also for human health. This preliminary data
can be useful for subsequent studies and also for assessing
the health hazard in this coastal area.

MATERIALS AND METHODS
Study area

The study area is situated in the Northwest of Morocco
(Fig. 1) and includes the estuaries of two large rivers:
Sebou and Loukkos. The climate of the two basins
perimeter is Mediterranean with an oceanic influence The
Loukkos is one of the most important rivers due to its flow
values, agricultural and economic activity. The watershed
extends over an area of 3,740 km?; topographically, it is
characterized by a very flat (10-15 masl- meters above sea
level) lower valley, with a negligible inclination (actually,
44 km upstream the river mouth, the bottom is even below
sea level). The main channel depth varies from 2 to 4 m but
it may reach 15 m (Snoussi 1980).

In the Loukkos basin, the estimated average annual
rainfall is 700 mm. (El Gharbaoui 1981). The hydraulic
network of the Loukkos perimeter is formed by surface
waters of the Loukkos river and its tributaries (Drader,
Soueir, Skhar and M’da), and its drainage is characterized
by an irregular interannual regime: the lower flow values
are generally zero, except for streams that drain the water
from R'Mel (Sakhsokh, Smid El Ma and El Kihel) with an
average flow of 500 | s™* and those draining the water from
Drader-Souiere. The mesotidal Loukkos estuary (tide: 3.5 m,
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Table 1. Sampling sites coordinates.

Long. Lat.
L1 35012'N -6° 09’ W
L2 35011’ N -6°51" W
L2 35011’ N -6° 07" W
s1 34°16'N -6° 38" W
S2 34°18' N -6° 37" W
S3 34°18' N -6° 35" W

semi diurnal) is a tide-dominated system, according to the
classification of Dalrymple (1992). The Loukkos estuary is
currently in a filling phase which occurred during the
Flandrian (Mellahian) transgression and more recently by
the progression of the sandy spit (Aloussi 2008, Carmona
2009). This presence supports the fast sedimentation of fine
particles (silt and clays) and also of sand.

The Sebou River is also one of the largest Moroccan
rivers, draining approximately 40,000 km?, stretching about
600 km from its source in the Middle Atlas to the Atlantic
Ocean. The physiography of the watershed is strongly
influenced by the altitude distribution between the north
and the south. The watershed has been described by
Benaabidate (2000). The Sebou River is the primary source
of water for a variety of purposes, i.e. drinking, agriculture,
industry, recreation (ElI Herradi 1989). The Sebou is
navigable for about 20 km up to the city of Kenitra, with a
channel bathymetry varying between 2 and 5 m (Snoussi
1982). The funnel shaped estuary with tide amplitude of
3 m (semi diurnal) is a tide-dominated system, according to
the classification of Dalrymple (1992). The mean annual
rainfall is about 600 mm in the west and 450 mm in the
southeast, and its average flow is about 200 m®.s™ at the
mouth. Although it is highly regulated by a network of
dams for irrigation purposes, which may sometimes lead to
a rate near zero, its maximum flow can still reach
5,000 m®.s* during high floods (El Herradi 1989). The Al
Wahda dam, constructed on the Ouerrha River (tributary of
Sebou) between 1991 and 1996, is the second most
important dam in Africa after the High Aswan dam. It has a
storage capacity of 3.8x10% km®and a height of 88 m.

Sampling and analysis

Sampling of water and sediment was done at low tide
(10:00 am) on 9 June 2009 for the Loukkos river and on 23
June 2009 for the Sebou river. Six sampling sites were
selected taking into account the accessibility and proximity
to the margin, with three stations (L1, L2, L3, S1, S2 and
S3) in each lower estuary (Fig. 1, Tab. I). In relation to
water and in order to validate results, duplicated samplings
and analyses were done from each site. The mean of both
analyses were used to obtain the final heavy metals content.

The river water was sampled at 2 m depth, using plastic
bottles (high- or low-density polyethylene) rinsed with
nitric acid (v/iv 10%, p.a.) and Milli-Q water. River water
samples were filtered through a cellulose nitrate filter (0.45

im pore diameter, Sartorius), acidified with nitric acid (v/iv
1%, Suprapur), and then stored at +4°C. For the
determination of Cu, Fe, Zn, Cd, Ni and Pb contents, the
analysis was done by pre-concentration with dithio-
carbamate complexation and subsequent extraction into
freon followed by back extraction into nitric acid
(Danielson et al. 1978, Statham 1985). Arsenic was firstly
reduced to As(lll) using a reducing agent composed of a
mixture of potassium iodide and ascorbic acid in HCI.
Sodium borohydride was added to convert As(lll) to the
volatile hydride that was purged from the solution by a
stream of argon gas.

The quantitative analysis was done by atomic
absorption spectroscopy with flame for Cu, Fe and Zn;
graphite furnace was used for Cd, Pb and Ni, and hydride
generation for As.

Surficial sediments were collected with a grab sampler
for geochemical characterization. After collection, the
sediments were immediately frozen (-18°C). Grain size
analysis, organic carbon content and heavy metals (As, Al,
Cd, Cr, Cu, Fe, Hg, Li, Mn, Ni, Pb, Zn) were performed on
the total sediment sample. The mineralogy was determined
from the fine fraction (<63 um).

All samples were kept frozen until processing. Surface
sediment samples were freeze-dried, homogenized and
reduced to a fine powder with a mortar and pestle. The
determinations of the total metal concentrations in
sediments were made under a quality control regime
routinely used in laboratories (recovery of standards,
replicates in 10% of the samples and use of CRM). The
sediment content of metals was obtained after digestion
using a microwave oven (ETHOS PLUS) through a three
step procedure (5 min. at 100°C and 250 Watt; 10 min. at
180°C and 800 Watt and 20 min. at 180°C and 800 Watt),
using a mixture of 2 mL of hydrofluoric acid and 6 mL of
aqua regia. After digestion, each solution was neutralized
with boric acid, and concentrations of heavy metals were
analysed by atomic absorption spectrometry (Solaar-
Thermo Elemental), by flame for Al, Cd, Cr, Cu, Fe, Li,
Mn, Ni, Pb, Zn, and hydrate generator for As. Hg
concentrations were directly measured in homogenized
freeze-dried sediment samples by atomic absorption
spectrometry with thermal decomposition, using an Direct
Mercury Analyser (DMA). The procedure follows the
guidelines within the ICES- International Council for the
Exploration of the Sea (Loring & Rantala 1990). Certified
reference materials (marine sediment SRM 2702 and
estuarine sediment SRM 1646) were also analyzed
following the same process, showing that the total digestion
method used in the study provided complete extraction for
the sediments. The agreement between the analytical results
for certified and measured values was satisfactory, with
recoveries between 80 and 100% for all metals.

The participation in interlaboratory studies, namely
Quasimeme, Aquacheck and PACQS (Tab. Il) demonstrate
the data quality with more than 90 % of satisfactory results
(z<2).
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Table I1. Results of participation in interlaboratory studies [Z=
(participant result - assigned value)/standard deviation for
proficiency].

Sediments (%) Seawater(%0)
Quasimeme  Aquacheck| Quasimeme
TOC Metals Metals Metals
n= 21 96 41 48
|Z|<2
Satisfactory 100 % %3 %0
2<|Z|<3
Questionable 4 ! 6
|2]>3 — 1 — 4
Unsatisfactory
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Figure 2. Cumulative particle size distribution for Loukkos and
Sebou rivers.

Grain size in surface sediments was determined by laser
forward scattering (MALVERN 2000 instrument) for the
fraction under 500 um, and by sieving for particles > 500
pm. The Malvern instrument was certified using three types
of NIST (National Institute of Standards and Technology)
standard reference materials, of 9 um, 1 um and 0.3 um
(Duke Standards uniform polymer microspheres) particle
size and also participating in PACQS (Particle Analysis and
Characterization Quality Scheme) inter lab calibrations
(LGC standards). The determined expanded uncertain
(2009-2011) is for D10=0.23: D50=0.07; D90=0.12. Total
carbon (TC) was measured with a Strohlein C-mat 5500, by
combustion of 0.1 g of sample at 1350°C and detecting the
produced CO, by an infrared detector. Inorganic calcareous
carbon (CaCOs) was also measured by infrared detector
after acidification of the sediment samples with H3PO,.
Total organic carbon (TOC) was calculated by subtracting
inorganic carbon from total carbon. Calibration with
certified material and inter lab calibrations were also
performed. The mineralogical analysis was done by X ray
diffraction (XRD). This analysis was conducted on a
Panalytical X-PERT diffractometer, with ceramic X ray
tube and Cu anode (Cu Ko radiation). Samples were
scanned with steps of 0.02°, between °20 = 4 and 60°, with a
counting time of 1s per step. Peak areas of the basal
reflections of the main minerals were determined using the
X’Pert HighScore program (Version 1.0f) and weighted by
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empirically estimated factors. For semi-quantitative
determination, criteria recommended by Schultz (1964),
Thorez (1976) and retaken by Rocha (1993) have been
followed.

The Ecotoxicological Assessement Criteria (EAC) from
OSPAR (Bignert et al. 2004, OSPAR 2008) evaluates the
potential risks for the organisms and also human health.
OSPAR (2004) establishes two limits - upper and lower.
These values are derived taking in account that “The lower
EAC value is a concentration derived for the protection of
all marine species from chronic effects, including the most
sensitive species, and the upper EAC is defined as the
highest (transient) concentration that is expected not to
cause acute toxic effects”. Pearson statistical analysis was
performed with EXCEL (ANOVA) software.

RESULTS AND DISCUSSION
Heavy metals in water

The concentrations of dissolved metals in water of the
Loukkos and Sebou estuaries are presented in table I11 and
compared with the Ecotoxicological Assessement Criteria
(EAC) from OSPAR (2004). These EAC values are
normally used to identify potential areas of concern.

For As, Cd, Pb, the values are within the accepted
limits. On the other hand, the Cu, Zn and Ni values exceed
the upper EAC limit in both estuaries.

Consequently, the most problematic metals for living
organisms are Zn, Ni and Cu. Zn and Ni present values
three times higher and Cu one hundred times higher than
the upper values of EAC, possibly related with
anthropogenic local sources. These values could be
potentially harmful for the main estuary ecology and even
toxic for living organisms.

Grain-size, carbon, mineralogy and heavy metals in
sediments

The cumulative particle size curve of the river samples
is presented in figure 2. The results show a predominantly
sandy sediment for the Loukkos lower estuary (L1) with a
D10 of 178 pum (10 vol% of particle below 178 um), a D50
of 340 um and a D95 of 781 um, and an increase of the
muddy content in the other samples (>80%). In the Sebou
samples the sandy component is much smaller (less than
11%) and the silt-clay (mud) components predominate with
a D10 of 1.6 pm, a D50 of 34.8 um and a D95 of 240 pum,
for S1 sample.

The results of carbon analysis (TOC, TIC, TC) and
mineralogical investigations by XRD are given in table 1V.
The TIC’s higher value was found in the Loukkos lower
estuary (L1), decreasing upstream. This higher value is
possibly related to estuarine sediment contamination with
beach carbonated sandy sediments normally richer in
carbonated biogenic remains and very poor in organic
carbon (<0.1). This result can be an indicator of the silting



Table I11. Concentration of dissolved metals (ug L™) of waters from Loukkos (L) and Sebou (S) estuaries.
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Loukkos Sebou OSPAR
L1 L2 L3 S1 S2 S3 2004
As(ugL?) | 0.835 0.512 0.447 | 0.495 0.458 0436 | 1-10
Cd (ug L'l) 0.094 0.105 0.079 | 0.033 0.082 0.127 | 0.01-0.1
Cu (ug L™ 357 2737 2687 | 267 235 5.04 |0.005-0.05
Fe (ug L 150 124 325 216 323 241 |0.005-0.05
Ni (g L) 569 340 960 | 436 294 231 0.1-1
Pb(ugL?) | <0.03 0035 <0.03| 0039 <003 0187 | 055
Zn(ug LY | 161 29 24 | 104 156 102 0.5-5

Table IV. XRD results and carbon content (TC- Total carbon;
TIC- Total inorganic carbon; TOC- Total organic carbon) for the
Loukkos and Sebou rivers.

Mineral Loukkos Sebou
(%) L1 L2 L3 S1 S2 S3
Calcite 51.2 58.7 52.6 62.6 70.4 67.2
Quartz 18.9 231 209 | 148 9.2 10.3
Plagioclase| 8.3 54 6.0 5.7 39 4.3
Opal — — 4.8 2.2 — 2.5
Kaolinite | 12.9 6.4 15.7 — — —
Anatase 8.7 6.3 — — — —
Chlorite — — — 2.2 3.2 6.3
llite — — — 4.8 10.4 6.5
Dolomite — — — 1.7 2.9 2.8
TIC 4.2 12 1.0 2.8 2.7 2.2
TOC 0.1 12 0.9 1.3 1.3 0.8
TC 4.3 2.3 1.9 4.1 4.0 3.0

and confinement of the estuary, as previously found in other
coastal zones (Lopes et al. 2010). In the Sebou, the TIC
values are very homogeneous throughout the estuary but
slightly higher than in the Loukkos estuary. As far as the
TOC is concerned, all samples present low values (<1.3%),
with no major differences between estuaries, excepting for
L1, with an even lower value.

Calcite is the main mineral in both rivers (mean 60%),
with slightly higher values in the Sebou river. The other
major minerals are quartz (16%) and plagioclase (6%).
Opal is vestigial (<4%). Kaolinite (12%) and anatase (5%)
were detected in Loukkos. By opposition, illite/muscovite
(7%), chlorite (4%) and dolomite (4%) were only found in
the Sebou river.

All minerals present in these estuarine systems are
common and can be transported to the estuaries by fluvial
sources. Calcite/dolomite can be derived from geological
formations with limestones - chalks and dolostone - and
sandstones; quartz and plagioclase can also come from
sandstones and vulcano-sedimentary formations, present in

both basins. However, the clay mineralogy differentiation
(kaolinite to Loukkos and , Chlorite+illite to Sebou) reflect
some singular rock formations sources well visible in the
main geological formations of the two rivers basins: Sebou
with schists, flyschs I-111, dolomies and schalks with karstic
dissolution; and Loukkos with sandstones and marls,
flyschs. The presence of schists in the Sebou basin can be
the main source of chlorite and illite to the sediments.
Kaolinite, (Neoformations) occurs in pore spaces of
sandstones and dolomitic formations outcropping in the
Northern flank of the High Atlas (EI Herradi 1989,
Benaabidate 2000).

The studies of metals in sediments are normally divided
in two groups: metals that are characteristics of sediment
and related with the mineralogical structure and metals that
are related with anthropogenic activities and if present in
strong concentration can be dangerous for the living
organisms. In the first group we can include Al, Fe, Mn and
Li, and in the second group As, Cd, Cr, Cu, Hg, Ni, Pb and
Zn. The concentration of metals in Loukkos and Sebou
stations are present in Table V, and the lower and upper
Ecotoxicological Assessment Criteria (EAC) from OSPAR,
2008.

The cadmium concentrations in all sediment samples
are always below the quantification limit. The
concentrations of Al, Fe, Mn and Li are in the same order
and without significant variations possibly related with the
rocky geological formations.

Station L1, with predominantly sandy sediments (97%
of sand) presents the lowest concentrations, with the
exception for Arsenic. For all metals (except for As), these
values are in agreement with the knowledge that metal
concentrations are generally higher in areas richer in clay
sediments than in sandy regions.

For the Cu, Hg, Ni and Zn metals the values presented
here are not elevated and no significant differences between
the collection sites and the two rivers were detected.

Concerning Pb, the concentrations are higher in Sebou

compared with Loukkos river, but they can be considered
among accepted levels. In a previous study on some heavy
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Table V. Concentration of metals Al, Fe (m g™) and As, Cd, Cr, Cu, Hg, Li, Ni, Pb, Zn and Mn (mg kg™) in sediments

from Loukkos (L) and Sebou (S) estuaries and Lower and Upper EAC from OSPAR, 2008.

Loukkos Sebou OSPAR 2008
L1 L2 L3 s 2 s3 FQWER UPPER

As (mg kg™) 185 7.96 14.0 7.79 7.77 8.34 1 10
Cd (mg kg™ <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 0.1 1
Cr (mg kg™) 33 126 137 85 103 109 10 100
Cu (mg kg™ 6.99 25 24 25 33 34 50
Ni (mg kg™ 3.17 20 24 176 21 23 50
Pb (mg kg ™) < 3.15 2.88 5.92 9.37 9.43 50
Zn (mg kg™ 42 117 116 110 154 109 50 500
Hg (mg kg™?) 0.004 0055 0033 | 0050 0078  0.052 0.05 0.5
Li (mg kg™) 23 53 60 40 47 51 0.05 0.5
Mn (mg kg ™) 350 308 217 289 363 362 — —
Al (mg g™ 19.2 71 82 52 66 69 — —
Fe (mgg?) 18.9 35 32 27 34 36 — —

metals in the Loukkos river sediments, EI Morhit (2008)
found an important level of Pb (a mean of 102,9 mg/kg). He
compared this value with other studies, on the most
important rivers in Morocco, and noted that it was very
high. He didn't provide any explication, but it could be due
to exceptional discharges, upstream the river, of waste
(industrial or domestic) in the period of this study.

As for As and Cr the results show strong levels of
contamination in both rivers sediments. The strong Cr
concentration can be explained by the presence of tanneries
located upstream the rivers (Dominik et al. 2007), being
directly derived from anthropogenic sources. The
deposition of Cr in the sediments and the subsequent
transport by the tides and major floods explain the values
found in the lower estuary. For As, the explanation is not as
straightforward. Arsenic is a trace element present in all
waters, although concentrations may differ considerably in
different areas. It is a common element occurring in several
types of geological deposits, as volcanogenic massive
sulphide, porphyry copper or epithermal gold deposits
(Arehart et al. 1993, Cifci et al 2005, Leybourne &
Cameron 2008). It is generally associated with precious
metals (such as gold) in sulphides. Arsenic is commonly
found in minerals such as arsenopyrite, or present in
substitution within the crystalline lattice of pyrite (Abraitis
2004, Blanchard 2007). Most of the time, this metalloid is
economically not exploitable, and the minerals that contain
As are concentrated in the mine wastes as much as possible
during mine ore processing. Oxidation of sulphide minerals
in mine wastes stored at the surface and exposed to
atmospheric conditions can release As in solution. In this
study the low concentration of As in the water samples and
higher in sediments seems to indicate the same process as in
Cr, deposition and absorption of As in the sediment, as
suspended particulate matter. However, with the scarce data
information about this heavy metal, in water and sediments,
one can speculate that possible origins of this metal are
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mine wastes rich and also the geological deposits richer in
arsenopyrite and gold, where As can be released to the
environment. For instance the Draa Sfar mines located
further south, (Marcoux et al. 2008). Nevertheless, there is
a lack of in situ geological studies to confirm this
hypothesis.

By opposition to the other heavy metals, the stronger As
value was found in station L1. The As is linked to sandy
sediments that came predominantly from the beach and
shelf sediments. The hypothesis can be considered that
these sediments richer in As are contaminated elsewhere
and are injected to the Loukkos lower estuary by the tides.
An interesting correlation between plagioclase and As
(R?=0.7674) was also found (not shown).

On the other hand, the main source for the other heavy
metals is the upper estuary with a subsequent dilution of the
sediment concentrations to the lower estuary, due to the
incorporation of non contaminated shelf sediments.

In the Loukkos estuary, the comparison of these data
with the EAC upper values, for As, stations L1 and L3 and
for Cr, stations L2 and L3, present values higher than the
upper limit of EAC. In the Sebou estuary stations S2 and S3
present values of Cr near the upper limit. Other metals are
within the limit values of EAC. The As and Cr values
above the upper-EAC can have long-term biological effects
(e.g. impaired growth, reproduction and survival) and acute
biological effects (survival) (Bignert et al. 2004).
Therefore, it is necessary to find the reasons of this
contamination and establish a monitoring program.

In order to correct metal concentrations for the influence
of the natural variability in sediment composition, like grain
size, organic matter and mineralogy it is important to
normalize the concentrations (OSPAR Guidelines 1998).
The grain size is one of the most important factors control-
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Table VI. Pearson correlation coefficients between metals
element, fine fraction (<63 um) and TOC.

<63um (%) TOC(%) Al(mgg?) Fe (mgg?)
<63 um (%)| 1,000
COT (%) | 0,819 1,000
Al(mgg?h | 0,957 n.s. 1,000
Fe(mgg?) | 0,898 n.s. 0,918 1,000
As (mg kg n.s. -0,891 n.s. n.s.
Cr(mg kgh)| 0,921 n.s. 0,990 0,897
Cu(mg kgh)| 0,874 n.s. 0,767 0,886
Ni (mg kgl)| 0,993 ns. 0,974 0,931
Pb(mgkg?)| ns. n.s. n.s. n.s.
Zn (mg kgl)| 0,873 0,898 0,801 0,835
Hg (mg kg¥)| ns. 0,882 n.s. n.s.
20 0,10
y =-8.879x + 18.88  oos
5
1: L 0,06 §
E p 3
2 L 0,04 §
5
1 002
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Figure 3. TOC vs As and TOC vs Hg in sediments of river
Loukkos and Sebou.

ling the distribution of natural and anthropogenic
components in the sediments, therefore it is important to
normalize for the effects of grain size in order to provide a
basis for meaningful comparisons of the occurrence of
substances in sediments of various grain-sizes and texture
within individual areas. In some cases it is also important to
normalize the metal concentrations to some element of
detrital origin, such as iron or aluminum.

Regression analysis of data from the 6 sampling sites
produced significant relationships (p<0.001) between Cr,
Cu, Ni and Al, Fe, fine sediments (%< 63 pum) (Table VI).
Figure 3 shows that Hg and As only have a strong
correlation with TOC, but with opposite signal (As is
negative and Hg is positive). For Pb, no relation was found
but by contrary Zn correlates with all the normalizers.

CONCLUSIONS

The Loukkos and Sebou estuaries are characterized by
the same level of contamination of heavy metal
concentrations in water and surficial sediments. However in
both estuaries, elevated levels of EAC for Cu, Ni and Zn in
waters are found, possibly related with anthropogenic local
sources . In sediments, As and Cr are above the upper EAC
values.

The strong Cr concentration can be explained by the
presence of tanneries located upstream the rivers, as the
concentration values decrease downstream, being directly
derived from anthropogenic sources.

The As is a common element occurring in several types
of geological deposits, as volcanogenic massive sulphide,
porphyry copper or epithermal gold deposits and the
hypothesis can be considered that these sediments richer in
As come from the shelf and are injected in the Loukkos
lower estuary by tidal input.

Additional analysis to verify these findings are
necessary and appropriate management actions could
involve identification of the reason(s) for this elevated
level(s), implementation of a monitoring strategy for
specific elevated contaminants and consideration of
resource or emission management issues.

An attempt to confirm the hypotheses raised with these
results will be made confronting them with shelf sediment
results. The high touristic potential of this entire region
should lead us to increase awareness to preserve its
environmental quality.

Acknowledgements

This study was carried out as a part of the European FP7
Hermione project Hotspot Ecosystem Research and Man's Impact
on European Seas, Contract n°226354, FP7 Theme: Environment,
Portuguese-Morocco’s cooperation between the Centre National
de Recherche Scientifique et Technique (CNRST) of Morocco and
the Gabinete de Relagdes Internacionais da Ciéncia e do Ensino
Superior (GRICES), with the participation of the Institut de
Formation aux Carrieres de Santé (IFCS), Intitut Scientifique (IS)
and Instituto Hidrografico and the SVT N° 14/09 Projet. The
authors are especially grateful to Teresa Santos, Aida Seabra,
Fernanda Dias, for the help in the field and lab work, and to A.
Isabel Santos for the help in reviewing.

References

Abraitis P.K., Pattrick R.A.D. & Vaughan D.J. 2004. Variations in
the compositional, textural and electrical properties of natural
pyrite: a review. Int. J. Miner. Process, 74 41-59.

Alagarsamy R. 2006. Distribution and seasonal variation of trace
metals in surface sediments of the Mandovi estuary, west
coast of India Estuarine. Coastal and Shelf Sci., 67, 1-2, 333-
339.

Aloussi L. 2008. Evolution spatio-temporelle de [’estuaire du
Loukkos; étude preliminaire. Mémoire DESA. Faculté des
Sciences, Rabat, Morocco, 58 p. + append

75


http://www.sciencedirect.com/science/journal/02727714
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%236776%232006%23999329998%23616631%23FLA%23&_cdi=6776&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=b50e13d02561386b8305ca9e8324f964

C. Palma et al. — Geochemical characteristics of water and sediments

Arehart G.B., Chryssoulis S.L. & Kesler S.E. 1993. Gold and
arsenic in iron sulphides from sediment hosted disseminated
gold deposits: implications for depositional processes. Econ.
Geo, 88, 171---185.

Banaoui A., Chiffoleau J-F., Moukrim A., Burgeot T., Kaaya A,
Auger D. & Rozuel E. 2004.Trace metal distribution in the
mussel Perna perna along the Moroccan coast. Baseline / Mar.
Poll. Bull., 48, 378-402.

Benaabidate L. 2000. Caractérisation du bassin versant de I’oued
Sebou: Hydrogéologie, qualité des eaux et géochimie des
Sources thermales. Thése de Doctorat és Sciences, Univ. Sidi
Mohammed Ben Abdellah, Fés, Morocco, 250 p.

Bennasser L.M., Fekhaoui M. & Mameli O. 2000. Assessment of
the metallic contamination of the low Sebou sediments. Ann.
Chimica, 90, 637-644.

Blanchard M., Alfredsson M., Brodholt J., Wright K. & Catlow
C.R.A. 2007. Arsenic incorporation into FeS2 pyrite and its
influence on dissolution: a DFT study, Geochim.Cosmochim.
Acta, 71, 624-630.

Bignert A., Cossa D., Emmerson R., Fryer R., Fill C., Fumega J.,
Laane R., Martinez Calls H., Mchugh B., Miller B., Millward
G.E., Moffat C., Pijnenberg J., Roose P., Ruus A., Schmolke
S., Smedes F., Strand J., Stronkhorst J., Thain J., Tissier C.,
Traas T. & Tronczynski J. 2004. OSPAR/ICES workshop on
the evaluation and update of background reference
concentrations (B/RCs) and ecotoxicological assessment
criteria (EACs) and how these assessment tools should be used
in assessing contaminants in water, sediments and biota. Final
report to OSPAR Commission, The Hague, pp. 92-96.

Bryan G.W. & Langoston W.J. 1992. Bioavaibility, accumulation
and effects heavy metals in sediments with special reference to
united estuary. Environ. Poll., 76, 89-131.

Carmona J. & Ruiz M. 2009. Geomorphological evolution of the
River Loukkos estuary around the Phoenician city of Lixus on
the Atlantic Littoral of Morocco, Geoarchaeology, 24, 6, 821-
845.

Cheggour M., Chafik A., Fisher N.S. & Benbrahim S. 2005. Metal
concentrations in sediments and clams in four Moroccan
estuaries. Mar. Environ. Res., 59, 119-137.

Dalrymple R.W., Zaitlin B.A. & Boyd R., 1992. Estuarine facies
models: conceptual basis and stratigraphic basis. J. Sediment.
Petrol., 62, 1130-1146.

Danielsson L.-G., Magnusson B. & Westerlund S. 1978. An
improved metal extraction procedure for the determination of
trace metals in sea water by atomic absorption spectrometry
with electrothermal atomization. Anal. Chimica Acta, 98, 47-
57.

Dekker T., Greve G.D., Ter Laak T.L., Boivin M.E., Veuger B.,
Gortzak G., Dumfries S., Lucker S.M.G., Kraak M.H.S.,
Admiraal W. & Van Der Geest H.G. 2006. Development and
application of a sediment toxicity test using the benthic
cladocerans Chydorus sphaericus. Environ. Poll., 140, 231-
238.

Diéz S., Lacorte S., Viana P., Barcelo D. & Bayona J.M. 2005.
Survey of organotin compounds in rivers and coastal
environments in Portugal. 1999-2000. Environ. Poll., 136,
525-536.

Dominik J., Vignati D.A.L., Koukal B., Pereira de Abreu M.-H.,
Kottelat R., Szalinska E., Bas B. & Bobrowski A. 2007.
Speciation and environmental fate of chromium in rivers
contaminated with tannery effluents. Eng. Life Sci., 7, 2, 155-
1609.

El Gharbaoui A. 1981. La Terre et ’'Homme dans la Péninsule
tingitane ; étude sur ’homme et le milieu naturel dans le Rif.
Trav. Inst. Sci. Rabat, série Géol. & Géogr. phys., 15, 439 p.

El Herradi E. 1989. Contribution a I'étude du comportement des
éléments chimiques dans I'estuaire du Sebou (Céte Atlantique

76

marocaine). These D.E.S, Ecole Norm. Sup. Takadoum,
Rabat, 191.

El Morhit M., Fekhaoui M., Serghini A., El Blidi S., El Abidi A.,
Benaakam R., Yahyaoui A. & Jbilou M. 2008. Impact de
I’aménagement hydraulique sur la qualité des eaux et des
sédiments de 1’estuaire du Loukkos (cote atlantique, Maroc).
Bull. Inst. Sci., Rabat, section Sci. Terre, 30, 39-47.

Farmer J.G. 1991. The perturbation of historical pollution records
in aquatic systems. Environ. Geochem. Health, 13, 2, 76-83.
Fekhaoui M., Bennasser L. & Bouachrine M. 1996. Utilisation
d'un nouvel indice d'évaluation de la contamination métallique
des sédiments: cas du bas Sebou (Maroc). Bull, Inst. Sci.,

Rabat, 20, 143-150.

Forstner U. & Muller G. 1973. Heavy metal accumulation in river
sediments: A response to environmental pollution. Geoforum,
14, 53-61.

Cifci E., Kolayli H. & Tokel S. 2005. Lead arsenic soil
geochemical study as an exploration guide over the Killik
volcanogenic massive sulfide deposit, Northeastern Turkey. J.
Geochem. Explor., 86, 49-59.

Leybourne, M.I., Cameron, E.M. 2008. Source, transport, and fate
of rhenium, selenium, molybdenum, arsenic, and copper in
groundwater associated with porphyry—Cu deposits, Atacama
Desert, Chile. Chem. Geol. 247, 208-228.

Liu W.X., Li X.D., Shen Z.G., Wang D.C., Wai O.W.H. & Li.
Y.S. 2003. Multivariate statistical study of heavy metal
enrichment in sediments of the Pearl River Estuary. Environ.
Poll., 121, 3, 377- 388.

Lopes V., Freitas M.C., Zourarah B., Andrade C., Leorri E.,
Mellas S., Griboulard R. & Cruces A. 2010. Caracterization of
an overwash deposit in the barrier system of Oualidia lagoon
(Moroccan Atlantic coast). E-terra (Geosciences On-line
Journal), 12, 17, 1-4.

Loring D.H. & Rantala R.T.T. 1990. Techniques in Marine
Environmental Sciences, ICES. n° 9.

Maanan M., Zourarah B., Carruesco C., Aajjane A. & Naud J.
2004. Distribution of heavy metals in Sidi Moussa lagoon
sediments (Atlantic Moroccan Coast). J. African Earth Sci.,
39, 473-484.

Maanan M. 2008. Heavy metal concentrations in marine molluscs
from the Moroccan coastal region. Environ. Poll., 153, 176-
183.

Marcoux E., Belkabir A., Gibson H.L., Lentz D. & Ruffet G.
2008. Draa Sfar, Morocco: A Visean (331 Ma) pyrrhotite-
rich,polymetallic volcanogenic massive sulphide deposit in a
Hercynian sediment-dominant terrane. Ore Geol. Rev., 33,
307-328.

OSPAR Commission .1998. OSPAR guidelines for the
Management of Dredged Material. Annex 43 (Ref. B-8.2) of
Ministerial Meeting of the OSPAR Commission. 32pp.

OSPAR Commission .2004. OSPAR/ICES Workshop on the
evaluation and update of background reference concentrations
(B/RCs) and ecotoxicological assessment criteria (EACs) and
how these assessment tools should be used in assessing
contaminants in water, sediment and biota. Hazardous
Substances Series, 167 p.

OSPAR Commission. CEMP Assessment Manual, 2008. Co-
ordinated Environmental Monitoring Programme-Assessment
manual for contaminants in sediments and biota, Monitoring
and Assessment Series, 39 .

Piazza R., El Moumni B. Bellucci L.G., Frignani M., Vecchiato
M., Giuliani S., Romano S., Zangrando R. & Gambaro A.
2009. Polychlorinated biphenyls in sediments of selected
coastal environments in northern Morocco. Baseline / Mar.
Poll. Bull., 58, 424-455.

Rocha, F. 1993. Argilas aplicadas a estudos litoestratigraficos e
paleoambientais na bacia sedimentar de Aveiro. PhD Thesis,
Aveiro University, 399 p. (unpublished).


http://onlinelibrary.wiley.com/doi/10.1002/gea.v24:6/issuetoc
http://www.sciencedirect.com/science/journal/02697491
http://www.sciencedirect.com/science/journal/02697491
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235917%232003%23998789996%23368849%23FLA%23&_cdi=5917&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=d2af26276d81e1e1745ec15804d87b05

C. Palma et al. — Geochemical characteristics of water and sediments

Rowlatt S.M. & Lovell D.R. 1994. Lead, zinc and chromium in
sediments around England and Wales. Mar. Pollut. Bull, 28,
324-329.

Schultz L.G. 1964. Quantitative interpretation of mineralogical
composition from X-ray and Chemical data for the Pierre
shale. U. S. Geol. Survey Professional Paper 391-C, 1-31.

Shulkin V.M., Presley BJ. & Kavun V.I. 2003. Metal
concentrations in mussel Crenomytilus grayanus and oyster
Crassostrea gigas in relation to contamination of ambient
sediments. Environ. Intern., 29, 493-502.

Singh M., Ansari A.A., Miller G. & Singh 1.B. 1997. Heavy
metals in freshly deposited sediments of the Gomati River (a
tributary of the Ganga River): effects of human activities.
Environ Geol, 29(3): 246-252.

Snoussi M. 1980. Géochimie et minéralogie des sédiments fins de
l’estuaire de Loukous (Cdte atlantique marocaine),
Contribution a [’étude d’un écosystéme estuarien. D.E.S. de
3°™ Cycle, Univ. Mohammed V, Fac. Sci. Rabat.

Sokolowski A., Wolowicz M. & Hummel H. 2007. Metal sources
to the Baltic clam Macoma balthica (Mollusca: Bivalvia) in
the southern Baltic Sea (the Gulf of Gdansk). Mar. Environ.
Res., 63, 236-256.

Statham P.J. 1985. The determination of dissolved manganese and
cadmium in sea water at low nmol-1 concentrations by
chelation and extraction followed by electrothermal atomic
absorption spectrometry. Anal. Chim. Act, 169, 149-159.

Steven J., Shropp F., Grahamlewis H., Windom L. & Ryan J.D.
1990. Interpretation of metal concentrations in estuarine
sediments of Florida Using Aluminum as a reference element.
Estuaries, 13, 3, 227-235.

Thorez J. 1976. Practical identification of clay minerals. Ed. G.
Lelotte, Belgique. 99 p.

Yang H. & Rose N.L. 2003. Distribution of Hg in the lake
sediments across the UK. Sci. Total Environ., 304, 391-404.
Zourarah B., Maanan M., Robin M. & Carruesco C. 2009.
Sedimentary records of anthropogenic contribution to heavy
metal content in Oum Er Bia estuary (Morocco). Environ.

Chem. Lett., 7, 67-78.

Manuscript received 15 May 2012
Revised version accepted 25 December 2012

77



