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Abstract Nador lagoon sediments (East Morocco) are
contaminated by industrial iron mine tailings, urban
dumps and untreated wastewaters from surrounding cities.
The lagoon is an ecosystem of biological, scientific and
socio-economic interests but its balance is threatened by
pollution already marked by biodiversity changes and a
modification of foraminifera and ostracods shell struc-
tures. The aim of the study is to assess the heavy metal
contamination level and mobility by identifying the
trapping phases. The study includes analyses by ICP-AES
and ICP-MS, of, respectively, major (Si, Al, Mg, Ca, Fe,
Mn, Ti, Na, K, P) and trace elements (Sr, Ba, V, Ni, Co,
Cr, Zn, Cu, As, Pb, Cd) in sediments and suspended
matter, heavy metals enrichment factors calculations and
sequential extractions. Results show that sediments con-
tain Zn, Cu, Pb, V, Cr, Co, As, Ni with minimum and
maximum concentrations, respectively, of 4-1190 pg/g,
4-466 pglg, 11-297 ngl/g, 11-194 pglg, 9-139 pglg, 1-
120 pg/g, 4-76 pg/g, 2-62 pg/g. High concentrations in
Zn are also present in suspended matter. The enrichment
factors show contamination in Zn, Pb and As firstly
induced by the mining industry and secondly by unau-
thorized dumps and untreated wastewaters. Cr and Ni are
bound to clays, whereas V, Co, Cu and Zn are related to
oxides. Thus, the risk in metal mobility is for the latter
elements and lies in the oxidation-reduction-changing
conditions of sediments.
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Introduction

Nador lagoon is the only lagoon on the Moroccan Medi-
terranean coast (Fig. 1). It has a 115 km? surface area and
its water depth is at maximum of 8 m. The ecosystem has a
great social and economical interest (aquaculture, fishing,
tourism), but has been subjected to environmental stresses
since the last decades. Several towns have settled on its
borders and rejected in the lagoon their untreated or par-
tially treated wastewaters as, for example, Beni Ensar on
the North-East (31,000 habitants), Arekman South East
(18,000 habitants) or Nador South West (132,000 habi-
tants). Moreover, some villages being all located around
the lagoon, even in the northern island barrier, reject their
wastewaters in the lagoon and leave all sorts of wastes in
wild discharges. Furthermore, there are several potentially
polluting industries such as ore treatment industry, which
pollutes the Nador Lagoon by their activities.

The rejections of untreated urban wastewater induce an
organic pollution resulting in high total carbon contents in
the sediments and low dissolved oxygen in the water
(Guelorget and Perthuisot 1983; Guelorget et al. 1993;
Inani 1995; El Alami et al. 1998). Moreover, some lagoon
areas show a starting contamination by heavy metals
(Tesson and Gensous 1981; Inani 1995; Bloundi 2002;
Bellucci et al. 2003; Ruiz et al. 2004, 2005) and the
anthropogenic activities have an already proven negative
impact on ostracods and foraminifera, which show tests
deformations and nanism (Irzi 1987, 2002; Ruiz et al. 2004,
2005).
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Fig. 1 Nador lagoon situation
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The environmental protection of the ecosystem requires
a good knowledge of the present geochemical state and
evolution of the medium. Some restricted studies were
already been devoted to heavy metals distribution in
Nador lagoon sediments (Tesson and Gensous 1981; Inani
1995; Bloundi 2002; Bellucci 2003; Aguila 2004; Gonz-
alez et al. 2006). This paper aims to present a more
complete study on heavy metals monitoring the distribu-
tion in sediments and suspended matter in relation to
anthropogenic activities, assessing the contamination level
and identifying the phases, which possibly trap these
elements.

The more precise objectives are to map the contami-
nated areas on the basis of the present data and those from
the literature (Aguila 2004; Aguila et al. 2004; Gonzalez
et al. 2006) and to specify the trapping way of the heavy
metals in sediments and suspended matter.

The analyses to achieve these objectives are: (1) the
mineralogy of surface sediments and suspended matter, (2)
the heavy metal concentrations in sediments and suspended
matter, and (3) study the heavy metals and minerals rela-
tions by leaching and statistical methods.

Study area
The lagoon drainage basin is characterized by three main

structural domains; and it is bordered by (1) the Gourougou
volcanic body on the North-West, (2) the Beni Bou Ifrour

@ Springer

body W-SW, (3) the Kebdana body SE composed of marls,
limestones, schist and sandstone formations (Paquet 1970;
Mahjoubi et al. 2003).

From the physiographic point of view, the lagoon
complex is divided in four main domains as follows: (1) the
continental border with salt marshes and rivers such as
Selwane and Bouaroug with irregular torrential runoff,
most of the time dry, (2) Nador lagoon itself, the most
extended lagoon in Morocco, (3) the island barrier broken
off by a narrow pass (Bokhana) (Fig. 1).

The climate is of Mediterranean type with contrasted
seasons and with very specific local microclimates influ-
enced by the height and the Saharan desert. The
hydrological balance is controlled by (1) waters of the
Mediterranean sea; (2) the rivers; (3) the anthropological
discharges (agriculture, industry and wastewater); (4)
waters of the water-treatment plant, and (5) waters of the
groundwater.

Materials and methods
Sampling

The location of the sites of sampling was selected by using
GPS (E - Map GARMIN). Sediment cores were collected
by a diver equipped with a tube (30 cm long, 4.5 cm large).
Surface sediments (0.5 cm) were kept in polyethylene
plastic bags and maintained at 4°C.
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The surface sediments were selected to be on one
hand representative of various zones of the lagoon and
on the other hand located near the potentially contami-
nated sites.

The suspended matter (SM) was collected in January
2002 by filtration of 250 ml of water in five sites close to
the pollution sources. Filters were weighed before and after
filtration with the aim of quantifying the contents in SM.

Mineralogy

The mineralogical analysis of the total sediment, the clays,
and the suspended matter were obtained by X-ray diffrac-
tion using a PW1710 Philips diffractometer (CuKo) with a
high-tension generator of 40 kV and a current of 20 mA. A
software ‘Diffracplus EVA’ was used for diagram
decomposition.

Geochemistry and enrichment factors

Chemical analyses were made by ICP-AES and MS (Jobin
Yvon JY 124) on 61 sediments collected in winter and
summer seasons (July 2000, January 2002, July 2002 and
February 2003) (Fig. 1). The analyzed major and trace
elements are Si, Al, Mg, Ca, Fe, Mn, Ti, Na, K, P and Sr,
Ba, V, Ni, Co, Cr, Zn, Cu, As, Pb, Cd, respectively. Cal-
ibration was performed using one blank and six
international reference standard solutions. Table 1 gives
the inter-comparison of concentrations of major (% of
oxide) and trace elements (ug/g) in these reference mate-
rials by ICP AES and ICP MS. The relative standard
deviation (RSD) is obtained after three cycles of analyses.
For ICP-AES, estimated RSD are to be of 2% for 1%
element content and 10% for 10 pg/g content. For ICP MS,
estimated RSD are to be 10 and 15% for contents,
respectively, of 1 and 0.01 pg/g. Strongly toxic elements
such as Pb, Cd and As were analyzed in these same sam-
ples by the Faculty of Chemistry in Sevilla within the
framework of a common European project (Colasu ICA3-
CT-2002-10012) (Aguila 2004; Aguila et al. 2004; Gonz-
alez et al. 2006).

The enrichment factor (FE) (Szefer et al. 1998) allows
assessing the heavy metal contamination level of sedi-
ments; and it was calculated according to the following
formula:

Csample / Alsample

FE = ,
Ccrust / Alcrust
with:

Cample  trace element concentration in the sample;
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Cerust trace element concentration in the continental
crust (Taylor et al. 1995);
Algample Al content in the sample;
Algruse Al content in the continental crust (Taylor et al.

1995).

Al has been chosen as normalization element because of its
origin being exclusively lithospheric.

Sequential extraction

Six sediment samples were chosen according to their
location with regard to the pollution sources (Fig. 1) and
treated by sequential extraction. The choice of the
extraction method was made according to the mineralogy
of sediments, which essentially consist of silicates and
carbonates. It is a simplified procedure inspired by the
literature (Tessier et al. 1979; Leleyter 1998; Gomez
et al. 2000). The extraction sequence includes four
reagents from the weakest to the strongest: H,O, HCI,
HNO; and HF which dissolve gradually more resistant
mineral phases.

The reagent is renewed after every stage of extraction
and added to the solid residue of the previous stage. The
soluble extract is separated by centrifugation and analyzed
by ICP AES and MS (Table 2). The residual sample is
dried on a heating plate and again dissolved in 15 ml of
1 M HNO; for analyses by ICP AES and MS.

Suspended matter analysis

The mineralogical study was realized by scanning electron
microscopy observations and X-ray energy dispersive
chemical analyses (JEOL JSM 840).

For major and trace elements analyses in the suspended
matter, the filters are heated at 650°C during 3 h and the
residue is mixed in Teflon containers with a volume of
1 ml of HNOj3 and 4 ml of HF. Then the unit is heated at
70°C for 24 h. The residue is then evaporated at 70°C and
dissolved in 1 ml of 1 M HNOj3 and 1 ml of HCIO,4 with
140°C for 24 h. The mixture is evaporated again at 140°C
and the final residue is dissolved in 1 M HNO5 and ana-
lyzed by ICP AES and MS.

Results
Mineralogy

Two main lagoon sectors (North and South) can be dis-
tinguished with regard to sediments mineralogy (Fig. 2).
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Table 2 Reagents, quantity of

X . Reagents
sediment and solution used for &

Dissolved phases

Sample/solution

sequential extractions, and
nature of dissolved phases

Distilled water

1 M HCl1

1 M HNO;

HF 4+ 1 M HNO;

Evaporites + colloids
Carbonates + oxides
Organic matter 4 sulphides
Silicates

216 mg/15 ml
208 mg/15 ml
180 mg/15 ml
116 mg/4 ml HF + 0.5 ml HNO;

Mediterranean Sea

I Clay =5 Smectites
Quartz B llite
[ calcite [ Chilerite

Kaolinite

South zone
5km

Fig. 2 Distribution of dominant minerals in Nador lagoon sediments

e The Northern sector which gathers the NW and SW
zones is characterized by a majority of feldspars and
clays coming from the alteration of the Gourougou
volcanic body. Additional minerals such as iron oxides
(hematite and goethite) are also present; they can be of
anthropogenic origin (old treatment plant of ores), and
detrital (altered olivine of the Gourougou body).

The dominant argillaceous minerals are the smectites
followed by kaolinite and illite; there is no chlorite. These
smectites can have two origins: (1) heritage, coming from
the Gourougou volcanic rocks (the argillaceous fraction of
the Gourougou andesites contains approximately 90% of
smectites) and, (2) neo-formation: this process is possible
in alternate seasons countries such as Morocco; in summer,
evaporation is intense and water concentrates. The lagoon
waters exhibit high pH, and strong silica and basic cations
concentrations favorable to the neoformation of smectite
(Tardy et al. 1970; Ramirez et al. 2005).

Table 3 Average, minimum and maximum heavy metal contents in
the Nador lagoon sediments (in pg/g), and standard deviation

V. Ni &t Co Cu Zn As Cd Pb

Average 8 26 55 15 37 98 14 1 52
Minimum 11 2 9 1 4 4 4 4 11
Maximum 194 62 139 120 466 1190 76 3 297
Standard deviation 44 12 24 14 60 121 12 1 51

The suspended matter is primarily composed of clays
and feldspars.

e The Southern sector gathers the SW and SE zones as
well as the littoral border. Quartz and calcite are
dominant and result from the hydrolysis of the lime-
stones and sandy limestones of Kebdana and Beni Bou
Ifrour bodies (Fig. 1).

[E3 Urbanization

* Unauthorized dumpings
Waste water treatment plant

* Iron ore

@ Aquaculture

® Arsenic ore

B Lead and Zinc ore

% Ore treatment plant

A Spoil heaps

Y

-

Arekman

Fig. 3 Location of anthropogenic activities and iron ores around
Nador lagoon (after Douieb 1971)

- 1200
ENi
- 800
g_ ECr
a |ENCu
SN 0 L 400 mzn
g g 9;,' ]
IS .
= "N Cr Cu  zn

Qualidia
Ariana

Fig. 4 Maximum contents in Ni, Cr, Cu and Zn for different lagoon
ecosystems
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Dominant clays are illite and kaolinite, followed by
chlorite; the smectite content is minor.

The suspended matter is composed of quartz, calcite,
dolomite, illite and chlorite.

Heavy metal concentrations in lagoon sediments

The high standard deviation values show that the heavy
metals distribution is inhomogeneous in the lagoon
(Table 3). The Zn, Pb, Cu, V, Ni, Cr, and Co highest
contents are recorded North West in the vicinity of the old
ore treatment plant (Attalyoun), around Nador town, the
wastewater treatment plant and the mouth of Oued
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Bouaroug which drains urban wastewater of Zeghanghane
municipality and partly of Nador city. One also finds high
concentrations in Oued Selwane sector, which drains the
industrial park (food-processing industry, etc.) and the
quarry (Pb, Zn) (Fig. 3), in the confined sector close to
the cities of Beni Ensar and Arekman not endowed with
water-treatment plant. In the centre of the lagoon higher Co
and Pb contents were also recorded. It is along the littoral
border that the lowest contents are found for all these
metals. Cd and As are distributed differently. For the Cd,
the lowest contents are recorded in the mouth of the Oued
Selwane and near the pass; on the contrary the highest
concentrations in As are observed near the pass and the
lowest contents near the city of Beni Ensar.
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Fig. 6 Zn, Ni, Co, Cr, Cu, Pb, Pb m
As and Cd enrichment factor

distributions in Nador lagoon
sediments (January 2002, July
2002 and February 2003)

+ 0.1-2
¢ 2-171.35

Figure 4 illustrates the comparison of Nador lagoon
with different hydro-systems where the anthropogenic
impact is low [Oualidia, Morocco (Maanan et al. 2004);
Ariana, Tunisia (Bloundi 2001)] or turned out [Venice,
Italy (Bertolin et al. 1995); Thau and Berre (France) (Péna
and Picot 1991; Giorgetti 1981)]. To be noted that the Zn
and Cu contents are very high in Nador lagoon (Fig. 4).
The Cr concentrations are equivalent to those of Oualidia
lagoon located on the Moroccan Atlantic coast and the Ni
contents are of the same order of magnitude as in the other
ecosystems.

Correlations between major and trace elements

The high percentages of some of the metal elements can be of
origin, as well anthropogenic as one awaits it around the
mine dumps of the old ore treatment plants in Western North,
than natural; in this last case the trace elements come from
the hinterland formations which are rich in V, Zn, Cr and Ni
(E1 Bakkali 1995; El Azzouzi et al. 1999; Bloundi 2005). In
order to specify affinities between the trace elements and the
different mineral phases, the study of correlations between
trace and major elements was undertaken.
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Fig. 7 Component analysis; correlations between major and trace
elements concentrations obtained after the three stages of extraction

Ni and Cr are strongly correlated (the correlation coef-
ficient is 0.91) (Fig. 5). It is the same for Co and Cu
(R*> = 0.59), as well as Zn and Pb (R> = 0.77).

The Zn, Pb, Ni, Cr, Co and Cu are strongly correlated to
Fe (Fig. 5). Cr and Ni are besides also correlated to Al
(R*> = 0.59). This would indicate that all these trace ele-
ments are related to iron rich phases, which can be either
iron oxides or clays of the smectite or chlorite type (Fig. 5).

The trace elements are generally negatively correlated
with Ca and Mg. This might indicate that they are not
related to the carbonated phases in the sediment.

Contamination level

The lagoon zones, where the contamination in trace ele-
ments is observed, are identified by an enrichment factor of
value higher than 2 (Szefer et al. 1998; Rubio et al. 2000).

The cartography of the factor values of all campaigns
(Fig. 6) shows that the contamination is present in several
zones of the lagoon such as the central part and the seacoast
of the lagoon being the least affected.

To be mentioned that all the positively correlated ele-
ments appear enriched in the same sectors of the lagoon.
Thus, Zn and Pb have factors of enrichment higher than 2
in every studied sector even in confined zones of the North
West and South East, in the South border around Nador
city or in the mouth of Oueds. In addition Pb and Cd are
enriched in the centre.

It is clear that the Zn and Pb enrichment locally around
the old treatment plant of ores is related to the richness in
these metals of the spoil heaps. The soils located around
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the old factory are besides also enriched in Zn and Pb
(Gonzalez et al. 2006). However the contamination in the
whole lagoon indicates that enrichment is not only of
anthropogenic but also of natural origin, related to the
release of these elements by alteration of the surrounding
volcanic rocks.

The other studied elements are slightly enriched in the
whole lagoon except some restricted and distinct zones:
thus Cr and Ni are enriched on the level of the Oued
Bouaroug (I), Arekman town (II) and around the old
positions of the pass (II). Zones I and II are clearly dis-
tinguished by the industrial anthropogenic (iron ore) and
urban activities, in this case water and domestic wastes
rejections, and not controlled wild dumps charged out of
plastics. Cu and Co as for them are enriched close to the
spoil heaps (V) and the purification station (IV).

As although not correlated with the other trace or major
elements, is enriched like the preceding elements in sectors
I with V, but also in the confined zone Northern West and
near the irrigation canal which drains the agricultural plain
waters rich in fertilizers. Cd is enriched in the sector of the
mine dumps (V), in the centre of the lagoon as for Pb, and
on the seacoast.

Heavy metals trapping phases

The treated samples are representative of the two sectors of
the lagoon: stations I, II and III of the Northern sector
(feldspars and smectite dominant sediments) and stations
IV, V and VI of the Southern sector (quartz, calcite, illite
and chlorite dominant sediments) (Fig. 1).

The results of the sequential extractions of major and
trace elements were synthesized by component analysis
(Fig. 7). For the statistical treatment, the element concen-
trations obtained after the three stages of extraction: L,,
extraction by HCI, Lj, extraction by HNO; and L,,
extraction by HF were taken into consideration. The stage
of extraction by water was not considered, given the weak
concentrations in heavy metals put in solution.

This statistical study allows having a better analyse of
the nearness and the distances between the various vari-
ables, and in this manner to isolate the “atypical”
individuals and to group together the “similar” individuals.

Three groups can be distinguished (Fig. 7):

e Group I: represents the group of the carbonates which
are dissolved by the hydrochloric acid; it consists of Ca
as dominant element, followed by Mg, Mn and Sr
which show negative correlations with the rest of
elements.

e Group 2: gathers the iron (oxides and clays) correlated
to P, Co, Cu, Zn and V.
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Fig. 8 Spatial distribution of
the trace elements contents (pg/
g) in suspended matter sampled
in January, 2002

°
A

e Group 3: represents the group of alumino-silicates, the
dominating element being Al. It is strongly correlated
to K, Cr, Ni and V. Fe is also present in this group and
bound to Ni.

These circles of correlations show that the iron-bearing
minerals (oxides, hydroxides and clays) are preferential
trapping sites of heavy metals. Co and Cu have a great

Zn Cr

:25-50 = :6.3-10.9
:50-102 e :10.9-151
1102 - 262 A :15.1-25

Co
= :02-038
e :08-24
A :24-10.2

Cd
= :0.04-0.12
e :0.12-0.43
A 1043-1.95

affinity for iron oxides followed by Pb and to a lesser
extent by Zn. Cr and Ni have a strong affinity for clays,
followed of V and Co, then Cu and Zn, which are more
slightly related to these minerals. The carbonates on the
contrary, do not take part in the process of trapping. The
organic matter on the other hand, traps only a small
percentage of elements.
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Fig. 9 SEM photographs and
XRD spectra; a smectite from
the North West, b chlorite from
the South

These results indicate that the most available metals are
those which are trapped by the oxidized phase. Indeed, this
fraction is very fragile during any change of oxidation—
reduction conditions and there is a strong potential risk of
toxicity. This is all the more true for Zn, which is strongly
accumulated in the sediments.

Heavy metals in suspended matter

The suspended matter is a compartment, which takes an
active part in the processes of trapping or transfer of the
trace elements either towards the sediments, or towards
water. No previous study on the lagoon of Nador consid-
ered this compartment before; that is why these
complementary data were acquired in this work.

The analyses of suspended matter show that the
average concentrations of heavy metals follow the
decreasing order: Zn (101 pg/g) > Cr (15 pg/g) >V
(13 pg/g) > Cu (12 pg/g) > Ni (6 pg/g) > Pb (4 pg/g) >
Co (2.4 pg/g) > As (1.7 pg/g) > Cd (0.4 pg/g). As in the
sediments, Zn is the dominating trace element in sus-
pended matter.

Figure 8 shows the distribution in the lagoon of heavy
metals from the suspended matter. It is the station situated
at the release with the water-treatment plant of Nador that
is most concentrated in heavy metals. The contents of the
latter are above the averages calculated except for Cd and
Zn. In the vicinity of the city of Nador, the suspended
matter is enriched in Cu, As, Cd, Cr and Ni. The station of
the old treatment plant of ores presents as for it, the
strongest contents in Zn and important contents in Pb in
comparison with the other stations. As regards the stations
of the South of the lagoon (Selwane, Mrader and Arekman;
Fig. 1), the heavy metal contents are lower in comparison
with the stations North of the lagoon. Near the sector of
Selwane, there is enrichment in Cr and Ni and farther
southward (station of Mrader) only Pb is enriched. At the
Southern border of the lagoon (Arekman), the suspended
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matter is impoverished in metals and no content exceeds
the averages.

The strong contents in heavy metals in suspended matter
of the Northern sector coincide with the massive presence
of smectites in suspended matter (Fig. 9) and also with
rather important particulate organic matter contents. This is
also the case in the vicinity of Nador and of the wastewater
treatment plant. Smectites and organic matter are phases
with strong adsorption capacities on which the elements
can be combined and thus be transported from the conti-
nent to the lagoon.

The high values in Zn are recorded on the level of the
old iron ore treatment plant. This element results very
probably from mine dumps left on the border of the lagoon.
More in the South of the lagoon the contents of heavy
metals in suspended matter decrease, and only the contents
of Ni and Cr exceed the averages. This is related to the
presence of chlorites, which trap these two elements
(Fig. 9).

Conclusion

This study enabled us to identify the sites in Nador lagoon
where a beginning of heavy metals enrichment in sedi-
ments is observed, and thus to make in evidence the impact
of anthropogenic activities; these stations are: (1) the old
treatment plant of ores; (2) the vicinity of Nador town; (3)
the mouth of Oued Bouaroug; (4) the discharge of the
wastewater treatment plant; (5) the South East end of the
lagoon (in the vicinity of Arekman town).

The most contaminant anthropogenic activities are the
mining industry, which is responsible for the input of Zn,
Pb and As, the unauthorized discharges and the untreated
wastewaters releases.

The heavy metal contents in suspended matter depend
on the mineralogical composition. Thus in the sectors with
oxides in majority (old treatment plant of ores), the sus-
pended matter is rich in Zn and Pb. There where smectites
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dominate (Nador town basin and discharge of wastewater
treatment plant), the contents of Cu, As, Pb, Cd, Cr, Ni, Co
are higher. And south of the lagoon where chlorites dom-
inate, Cr and Ni contents are high.

With regard to the mode of trapping of the pollutants,
the results of the sequential extraction and statistical
studies show that Cr and Ni are related to clays whereas V,
Co, Cu and Zn have stronger affinities for oxides. Thus the
risk in metal mobility is for V, Co, Cu and Zn and lies in
the oxidation-reduction-changing conditions.
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