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Abstract: Marchica Lagoon, a Ramsar site on the Mediterranean coast of Morocco, is experiencing the
impacts of watershed pollution, which includes pollutants from the domestic, agricultural, industrial,
and mining sectors. Restoration actions were undertaken around this lagoon during the last decade
in order to protect its ecological value and to develop tourist activity. To conserve the biodiversity in
the lagoon, it is important to assess the environmental state of this ecosystem. This study aims to
evaluate the ecotoxicological state of sediments through the post restoration characterization of the
trace elements Pb, Cu, Zn, Cr, Co, and Ba, as well as their correlation to the major elements, grain size,
and total organic carbon, sampled during two campaigns (the wet and dry seasons of 2018) across a
sampling network of thirteen stations. Multivariate analysis and ecotoxicological risk assessment of
the trace elements using the sediment quality guidelines and five pollution indices (geoaccumulation
index (Igeo), enrichment factor (EF), contamination factor (CF), pollution-load index (PLI), and mean
effect range median quotient (m-ERM-Q)) revealed contamination of the lagoon by Pb, Zn, and Cu,
and minimal pollution by Cr, Co, and Ba. The distribution of the biological-risk index reveals that four
zones of the lagoon may present a high probability of toxicity, thus constituting potential risk areas for
aquatic organisms: during the wet season, the area in the northwestern sandbar border, the southwest
eutrophication zone, and the mouth of the stream valley conveying industrial discharges; and during
dry season, the northwestern eutrophication zone. Despite the restoration actions achieved around
the lagoon, the lead, zinc, and copper concentrations increased, and their variation was significant
between group stations. The biodiversity conservation of Marchica Lagoon requires continuous
monitoring and assessment, as well as the implementation of an integrated management plan with
restoration actions, not only around the lagoon, but also at its watershed level.

Keywords: Mediterranean Sea; coastal lagoon; sediment contamination; ecotoxicological state;
monitoring network
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1. Introduction

Coastal lagoons are very important ecosystems, characterized as the most valuable
global coastal habitats, providing valuable ecosystem goods and services to humans [1-3].
These semi enclosed ecosystems have not only economic value, but also heritage, societal,
aesthetic, and scientific importance [4-6]. Nevertheless, these vulnerable areas are among
the world’s most altered and threatened natural systems [2,7]. Coastal lagoons face signifi-
cant issues, including pollution, overexploitation, biological invasions, habitat destruction,
and biodiversity changes [8-10]. They are sensitive to land—sea interactions and can be
severely affected by anthropogenic pollutants [11-15].

Trace elements are among the many anthropogenic contaminants reaching coastal
lagoons, particularly those located in watersheds containing mines and mining indus-
tries. Their cumulative impact on biota can have a harmful effect on the health of marine
ecosystems and humans [16,17]. The distribution of trace elements in coastal marine ar-
eas is affected by hydrodynamic and biogeochemical processes, thereby modifying trace
element bioavailability and associated environmental risks [18,19]. Sediment provides a
compartment that records the temporal variation of anthropogenic inputs into the environ-
ment since the Industrial Revolution [20], and allows for an ecotoxicological evaluation of
trace elements.

The Marchica Lagoon, a unique coastal lagoon on the Mediterranean coast of Morocco,
and the second largest in North Africa, is an example of these vulnerable ecosystems.
Besides its ecological value as a Ramsar site and socioeconomic services [21-24], the lagoon
and its immediate surroundings have been undergoing major socioeconomic changes
(tourism projects, construction of marinas, etc.). The strong urbanization of its shoreline
has caused disturbances of various kinds, such as pollution and loss of habitat, which have
had repercussions on the ecological values of the ecosystem. The current challenge is to
reach a consensus between the conservation issues of its heritage values and the increasing
development and amenities that the region is experiencing. The lagoon has qualified as
an environmental hotspot on the Mediterranean coast, as it presents a eutrophication
problem [25,26]. Restoration actions were undertaken during the last decade by Moroccan
authorities to protect the valuable qualities of the Marchica Lagoon, with the main actions
related to the construction of a channel between the lagoon and sea, the installation of two
wastewater treatment plants around the lagoon, and an operation to remediate lagoon
water quality, which includes the collection of solid waste and dredging where wadis
(intermittent stream valleys) enter the lagoon [27].

The objectives of this study were to:

1.  characterize the variation in trace element concentrations of Pb, Cr, Zn, Cu, Co, and
Ba and their correlation to major elements Si, Al, Fe, Mn, Ca, Tj, K, and P, grain size,
and total organic carbon (TOC) in the surface sediments of the Marchica Lagoon
following restoration actions during the wet and dry seasons, in order to establish the
main factors controlling the distribution of some toxic metals;

2. assess the ecotoxicological risk by comparing the concentration of trace elements

with sediment-quality guidelines (SQGs) and assessment indices as good indica-

tors: contamination factor (CF), pollution-load index (PLI), enrichment factor (EF),
geoaccumulation index (Igeo), and the mean sediment-quality-guidelines quotient

(m-ERM-Q) to examine the potential biological effects of the toxicity of trace elements

in surface sediment [28-34];

determine the potential sources of trace elements in the sediment;

4. identify highly polluted areas by clustering the stations with pollution similarity and
comparing the distribution with previous studies.

@

2. Materials and Methods
2.1. Site Description

The Marchica Lagoon (02°45'-02°55" and 35°16'-35°06), also called Sabkha Bou-Areg
or Nador, is the largest lagoon in Morocco, with a surface area of 115 km? and maximal
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depth of 8 m. The lagoon and the Mediterranean Sea are separated by a 25 km-long sandbar
crossed by an artificial inlet 300 m wide and 6 m deep, which allows for water exchanges
between these two ecosystems. The sedimentological study of the deposits of the lagoon
permitted identification of five sedimentation media, namely, the internal border of the
sandbar under marine influence; the central part of the lagoon, also under marine influence;
the continental border under continental influence in the lagoon; two confined zones
northwest and southeast of the lagoon; and the mouths of the wadis in the continental
environment [35]. The lagoon is limited on its northwestern side by the volcanic Gourougou
massif, on its southeast by the Kebdana massif, on its southwest side by the Beni Bou Ifrour
massif and the Bouarg plain, and on the northern coastal zone by marine inputs [36]. The
main wadis that drain into the lagoon are Akhandouk and Ouchen, crossing the city of Beni
Ensar; Selouane, crossing the cities of Al Arouit, Selouane, and Bouarg; Cabaillo, crossing
the cities of Iksane, Zeghanghan, Beni Bou Ifrour, lhaddaden, and Nador; and Afelioun
and Lhdara, crossing the city of Arekmane (Figure 1).
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Figure 1. Map of Marchica Lagoon (S, sample station; G, group station).

The dominant climate around the lagoon is Mediterranean, with hot and dry summers
and mild and rainy winters [37]. The wind is the main driver of marine circulation of the
waters of the Marchica Lagoon [38,39], which has two dominant directions, east-northeast
to east from May to October, and west—southwest to west between November and May.
The watershed of the lagoon is characterized by the abandoned iron-mining site at Iksane,
the iron and steel industries at Selouane and Al Arouit, irrigated agriculture (including
fertilizer and pesticide use) on the Bouarg plain, and fishing industries in Beni Ensar [40].

2.2. Environmental Sampling

The samples were collected during the wet (March) and dry (July) seasons in 2018.
Sampling stations were established by considering the sedimentological characteristics,
bathymetry, and currentology of the lagoon, ensuring the coverage of all areas and account-
ing for all potential sources of pollution: 3 stations in the internal border of the sandbar
under marine influence; 2 stations in the center of the lagoon, also under marine influence;
2 stations at the confined zones northwest and southeast of the lagoon; 3 stations under
continental influence, including the mouths of the wadis (Cabaillo wadi, Selouane wadi,
and Bouarg channel); 1 station at the outfall of the great Nador wastewater treatment plant;
one marina station; and another between Bouarg and Arekmane. There were 13 sampling
stations inside the lagoon for each campaign (Figure 1).
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2.3. Analysis Methods

Superficial sediment cores (5 cm) were sampled and conserved at a temperature of
about —4 °C in an airtight transparent plastic container. The position and depth of the
samples collected were determined using an equipment board of the National Institute
of Fisheries Research (INRH) Zodiac with reference FURUNO FCV-627 /587 Fish Finder,
including a global positioning system (GPS) receiver and depth-probe GPS [41]. For each
station, the surface sediment samples were separated into four subsamples, one for particle
size analysis, one for the total organic carbon (TOC) analysis, and two others for chemical
analysis of the major and trace elements. A WTW Multi-parameter Meter, model 3430,
was used in situ to measure the physicochemical parameters (temperature, salinity, pH,
and dissolved oxygen) of the water (0.5 m under the surface water of the lagoon for
each station).

Sediment granulometry was measured with a laser particle size analyzer (Malvern
Mastersizer 2000 ©) after preparing the sediments in a sodium hexametaphosphate solu-
tion [42]. The particle-size distribution was calculated using Gradistat © Excel software [43]
after each measurement and expressed as relative proportions (%) of sand (2 mm-63 um),
silt (63-2 pm), and clay (< 2 um). TOC was measured with a LECO © carbon analyzer that
estimates the percentages of CO, after a combustion of oxygen at 1400 °C and a mineral de-
carbonization with a sulfuric acid solution [44]. Two analyses were used and the precision
of the total carbon data is expressed by the range of standard deviations and estimated to
0.001-0.042. Granulometry and TOC were analyzed at LETG-Nantes, France [45].

The major elements were analyzed using a Bruker S1 Turbo SD hand-held X-ray
fluorescence (HHXRF) spectrometer (Bruker AXS GmbH) using the certified standard
reference material NIST 2702 at the National Center for Energy, Sciences and Nuclear
Techniques [46]. The principle of the HHXRF technology is based on the fact that the
incident rays eject electrons from the atoms of the elements in the sample, resulting in
the emission of X-rays with energies that are characteristic of the elements present in
the sample. The emitted X-rays are analyzed using a silicon drift detector. The results
are immediately displayed and stored. All the sediment samples were analysed in two
replicates. The recovery (%) and the relative standard deviation (RSD%) of the major
elements from the Certified Reference Material (CRM) were 100.4-7.77 for Al, 83.8-2.72 for
P, 108.2-2.85 for K, 112.5-9.33 for Ca, 99.9-5.61 for Ti, 99.6-3.13 for Mn, and 96.7-3.85 for Fe.
Detection limits (ppm) of the analyzed elements were 1058 for Al, 16 for Fe, 10 for Mn, 795
for Si, 87 for P, 51 for K, 50 for Ca, and 23 for Ti.

Trace elements were analyzed using an Agilent 4200 microwave plasma atomic emis-
sion spectrometer (MP-AES) according to the NFX 31-147 standard analysis methods at the
National Laboratory of Studies and Monitoring of Pollution [47]. Sediments and Certified
Reference Material (CRM) were digested in a microwave digestion system with mineral-
ization by attack of 65% nitric acid HNO03 (9 mL) and with hydrochloric acid HCL at 37%
(2 mL) in a microwave oven of the “ETHOS One” type for digestion of the samples at a
temperature of 180 °C for 40 min. A blank was included in each digestion. The CRMs
were analyzed every 10 samples. The recovery (%) and RSD (%) of the trace elements from
CRM were 110-1.25 for Cu, 100-0.53 for Pb, 105-1.24 for Zn, 95-0.54 for Cr, 105-0.63 for
Co, and 110-0.26 for Ba. Detection limits (mg/kg) of the analyzed elements were 0.0003 for
Cr, 0.0003 for Cu, 0.0044 for Pb, 0.0028 for Zn, 0.0031 for Co, and 0.0002 for Ba.

2.4. Statistical Methods

To test the season’s effect, significant differences between the mean values of each
parameter (major and trace elements, grain size, TOC, and physico-chemical parameters)
between the wet and dry seasons were tested using the Kruskal-Wallis test; the normality
being not verified overall (Shapiro-Wilk test, p > 0.5). Spearman’s rank coefficient was
calculated to test the relationship between the above parameters.

The data matrix by season (parameters values x sampling stations) was fourth-root
transformed and the Pearson similarity calculated between the stations. Principal compo-
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nent analysis (PCA) was conducted on the environmental variables to explore the main
gradients in the study area [48]. To identify the affinity groups of the stations, cluster analy-
sis (CA) based on squared Euclidean distance and Ward’s method as well as the SIMPROF
test of similarity profile were used. The significance of the differences between the group
stations and between seasons for all the parameters was investigated with permutational
multivariate ANOVA (PERMANOVA).

The Shapiro-Wilk and Kruskal-Wallis tests were performed using IBM SPSS Statistics
software version 20 while the Spearman test was performed using the R program. PCA and
CA were performed with PRIMER v.6 software [49]. All statistical methods were applied
with a confidence level of 95% (p < 0.05).

The maps of the lagoon were produced with ESRI software ArcGIS Desktop 10.

2.5. Sediment Contamination and Risk Assessment Indices

Ecological risk was assessed using various indices (Table 1): enrichment factor
(EF) [29], contamination factor (CF) [32], pollution-load index (PLI) [33], and geoaccu-
mulation index (Igeo) [34]. For the EF calculation, normalization was used to quantify the
anthropogenic metal pollution from the natural variability of trace elements. The major
conservative elements commonly used for geochemical normalization are Al [50-52] and
Fe [53-56], two of the most abundant elements on earth. In this study, Fe was selected as
the reference element for calculation. Local background values (LBV) were elaborated from
a previous study for some trace elements [57]. In order to study the ecological risk for the
trace elements Pb, Cr, Zn, Cu, Co, and Ba, reference values were taken from Rudnick and
Gao (2003) [58]. Sediment concentrations were compared with sediment-quality guidelines
(SQGs) for marine ecosystems to evaluate the ecotoxicological risk [28,30,31,59,60]: values
below the effect range low (ERL) and threshold effect level (TEL) refer to essentially uncon-
taminated samples presenting a limited risk of toxicity. Mean sediment-quality guideline
quotients (m-ERM-Q) were applied [28,59] to examine the potential biological effects of the
toxicity of the trace elements in the surface sediment.
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Table 1. Metal pollution index and descriptions.
Pollution Index. Formulation Ecotoxicological Assessment
Enrichment factor (EF) (Crrace metal / Cre) EF <2 2<EF<5 5<EF<20 20 <EF <40 EF > 40
Sample/(Cryace metal / Cre)Background
. . Moderate Significant Very strong .
[29] Minimal pollution pollution pollution pollution Extreme pollution
G lation ind
eoa“urg‘glez )lon 1ndex 1082 (Ctrace metal /1.5 Chackground) Igeo <0 0<lgeo <1 1< Igeo <2 2<lgeo <3 3 < lgeo <4 4<lgeo <5 Igeo > 5
Unpolluted to Moderately Moderately to Strongly to Extremely
[34,61] Unpolluted moderately olluted strongly Strongly polluted extremely olluted
polluted P polluted polluted P
Contaml?calgl)on factor CTracemetalsamplen/CTracemetalBaCkground CE<1 1<CF<2 2=CF<3 CF=3
. Moderately Strongly
[32] Not polluted Mildly polluted polluted polluted
Pouutlo(nlglfg‘d index PLI = (CF1 x CF2 x CF3 x CFn)!/" PLI<1 1<PLI<2 2<PLI<3 PLI >3
Moderately Strongly Very strongly
(331 Unpolluted polluted polluted polluted
I\H/if‘irl‘uergeiéffe‘if ¥ (CracemetaiSample; /ERM;) /n ERM i: <0.19% 0.1-0.5 21% 0.5-1.5 49% > 1.576%
( —ER(Il\/I—Q) values of effects range-median guidelines probability probability probability probability
m 28] for metal I [31] of toxicity of toxicity of toxicity of toxicity
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3. Results
3.1. Seasonal Distribution of the Geochemical Parameters in Marchica Lagoon Sediment
3.1.1. Physicochemical Lagoon Parameters

The physicochemical parameters of the surface waters in the lagoon during the wet
and dry seasons shown in Table 2 revealed seasonal variation in temperature (T °C)
(p < 0.05), with values fluctuating from 16.7 to 18.4 during the wet season and from 26 to
28.2 during the dry season. No differences (p > 0.05) for pH were found, with variation
from 7.64 to 8.54 during the wet season and from 7.82 to 8.72 during the dry season. Salinity
(Sal) varied from 22.1 to 36.9 during the wet season and from 34.5 to 38.5 during the dry
season, with seasonal variation (p < 0.05). For dissolved oxygen (O;), significant difference
was observed (p < 0.05), with variation from 4.9 to 11.83 during the wet season and 4.91 to
7.33 during the dry season. The depth of the sediment samples varied from 0.5 near the
border to 6.7 at the lagoon center.

Table 2. Physicochemical parameters of the surface waters in the lagoon during the wet and dry seasons.

T°C pH 0, (mg/D Sal (g/1)
Wet Min-Max 16.7-18.4 7.64-8.54 4.9-11.83 22.1-36.9
Season Mean =+ SD 17.52 £ 0.46 825+ 021 9.64 + 1.58 35.28 £ 3.98
Dry Min-Max 26-28.2 7.82-8.72 4.91-7.33 34.5-38.5

Season Mean =+ SD 27.09 £0.75 8.38 + 0.29 6.57 £ 0.73 37.21 £0.97

Min: minimum, Max: maximum and SD: standard deviation.

3.1.2. Granulometry and TOC

The seasonal granulometric distribution and TOC sediment in the lagoon during 2018
are shown in Table 3. The sediment particle grain size analysis indicated seasonal variation
(p < 0.05), while the analyzed TOC contents in the surface sediment were not affected
seasonally (p > 0.05).

Seven sampling stations were classified as muddy sand facies during the wet season
and sandy mud during the dry season: near the eutrophication zone of the Beni Ensar
lagoon side (S1); near the Beni Ensar sandbar border side (S3); near the marina zone (S2);
near the area of the great Nador wastewater treatment plant outfall (S8); near the Selouane
wadi (S9); in the area between Bouarg and Arekmane (511); and center of the Arekmane
lagoon side (S13). The area near the Arekmane sandbar border side (54 and S5) and the
area near the Cabaillo wadi (S57) were characterized as sand facies during both seasons.
The center of the lagoon (S6) was sand facies during the wet season and sandy mud during
the dry season. The eutrophication zone side of Arekmane (512) was muddy sand facies
during the wet season and mud (fine silt) during the dry season. Near the Bouarg channel,
characterized by agricultural effluents (510), sediments were muddy sand facies during the
wet season and sand during the dry season.

The TOC results ranged from 0.17% to 6.19% during wet season and from 0.38% to
6.5% during dry season. An elevated TOC value was observed near the sandbar border
side of Beni Ensar (S3; depth: 2.85 m) during the wet and dry seasons.
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Table 3. Seasonal and spatial concentrations of the grain size fractions (%), total organic carbon (TOC; %), major elements (%), and trace elements (mg/kg).
. TOC . .
Station Season Granulometry (%) % Facies Group Major Elements (%) Trace Elements (mg/kg)
Sand Silt Clay Al Fe Mn Si Ti Ca P K Cu Zn Pb Cr Co Ba

Wet 80.7 18.6 0.7 3.20 Muddy Sand 4.86 4.00 0.049 14.10 0.35 12.11 0.14 1.94 15.37 3.42 204.58  24.86 <DL 179.56

51 Dry 36.2 62.7 11 3.26 Sandy Mud 5.41 4.06 0.052 14.24 0.36 12.54 0.13 1.86 33.14 6.75 3039.51  30.92 8.61 197.23
Wet 64.4 34.6 1.1 3.95 Muddy Sand 7.98 10.49 0.094 16.36 0.35 4.87 0.05 1.78 297.87 191.13 32096  75.06 <DL 296.69

52 Dry 16.7 81.1 2.3 2.93 Sandy Mud 8.89 10.56 0.099 16.29 0.35 4.90 0.05 1.87 651.72 346.36 291.58  94.44 <DL 415.23
Wet 87.4 12.4 0.2 6.19 Muddy Sand 3.25 3.12 0.037 14.39 0.28 16.14 0.13 1.42 8711 40.17 192.06  53.85 <DL 207.60

53 Dry 24.0 74.6 1.3 6.50 Sandy Mud 3.46 3.15 0.036 14.72 0.28 16.82 0.12 1.43 86.4 39.75 17597 4522 7.47 186.34
S Wet 95.1 49 0.1 5.34 Sand 0.21 1.07 0.039 9.06 0.09 33.50 0.18 0.29 10.01 2.68 14515  20.96 <DL 65.31
4 Dry 100.0 0.0 0.0 4.11 Sand 0.23 1.07 0.038 9.36 0.09 33.10 0.19 0.29 13.39 2.14 112.46 743 10.43 66.84
Wet 95.0 49 0.1 543 Sand 0.47 1.77 0.049 9.53 0.10 33.53 0.16 0.45 13.51 243 131.83 6.25 <DL 89.30

S5 Dry 100.0 0.0 0.0 3.86 Sand 0.56 1.73 0.048 9.18 0.10 33.06 0.16 0.44 16.59 8.27 123.86 8.60 11.08 80.65
Wet 94.3 5.5 0.2 5.30 Sand 5.34 4.29 0.054 18.48 0.37 9.95 0.08 2.16 12.41 2.54 146.19 2.24 <DL 97.60

56 Dry 10.9 85.5 3.5 2.08 Sandy Mud 497 431 0.055 18.57 0.37 9.37 0.09 2.09 98.73 34.95 155.62  63.70 8.85 250.87
Wet 90.5 9.1 0.4 0.17 Sand 6.80 11.78 0.102 20.20 0.52 4.19 0.08 2.58 200.4 63.48 22534  35.54 <DL 986.22

57 Dry 92.6 7.0 0.3 0.38 Sand 6.94 11.61 0.104 20.37 0.53 4.32 0.11 2.78 209.69 65.96 14153  33.29 <DL 924.62
Wet 759 23.6 0.5 5.89 Muddy Sand 3.84 3.86 0.039 18.13 0.40 13.14 0.11 1.87 89.48 22.67 165.52 2697 <DL 464.99

S8 Dry 15.2 83.0 1.9 1.84 Sandy Mud 3.66 3.94 0.040 18.22 0.41 13.21 0.11 2.06 97.15 44.19 140.13  37.56 19.80 48291
Wet 78.5 20.6 0.9 1.94 Muddy Sand 3.59 3.59 0.035 17.89 0.40 14.01 0.11 1.50 58.75 8.40 2389.36 36.56 <DL 243.14

59 Dry 423 55.5 2.2 2.09 Sandy Mud 3.92 3.61 0.036 18.22 0.40 14.06 0.10 1.61 39.79 9.40 130.27 38.2 13.12 203.24
Wet 70.7 27.7 1.5 2.36 Muddy Sand 2.71 3.19 0.048 14.65 0.30 21.05 0.13 1.33 34.92 3.69 156.50  25.84 <DL 257.20

510 Dry 91.8 7.3 0.8 2.03 Sand 2.89 3.35 0.048 15.12 0.30 20.92 0.13 1.24 25.59 4.35 121.50 8.33 11.33 307.42
Wet 62.0 36.6 1.3 2.20 Muddy Sand 4.39 3.68 0.037 20.27 0.40 11.27 0.09 212 67.28 18.45 179.79 7717 <DL 205.68

S11 Dry 20.4 77.2 24 2.79 Sandy Mud 4.82 3.76 0.037 20.63 0.40 11.46 0.09 1.91 73.55 30.00 120.86  65.27 18.2 181.75
s12 Wet 60.5 38.9 0.6 1.74 Muddy Sand 4.50 3.62 0.035 18.86 0.42 11.95 0.08 1.80 6448 16.57 156.27  64.82 <DL 195.65
Dry 9.2 87.0 3.8 2.35 Mud 4.37 3.67 0.035 19.13 0.42 11.85 0.08 2.04 58.89 21.31 124.12  76.89 13.02 207.51

513 Wet 60.3 38.6 1.1 3.63 Muddy Sand 4.81 4.04 0.047 18.76 0.40 11.25 0.08 2.03 74.28 26.9 163.14  59.04 <DL 157.17
Dry 11.9 83.6 44 1.93 Sandy Mud 5.44 4.10 0.048 18.82 0.40 10.50 0.09 2.16 97.86 33.05 13593  87.40 11.08 227.57
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3.1.3. Major and Trace Elements

Seasonal variation of the major and trace sediment elements in the lagoon during
2018 are reported in Table 3. Except for Pb (p < 0.05), no significant differences for these
elements among seasons were observed (p > 0.05), while Co was below the detection limit
during the wet season.

The mean concentrations of the major elements during the wet and dry seasons were,
in descending order, Si (16.29%) > Ca (15.12%) > Fe (4.52%) > Al (4.17%) > K (1.66%) > Ti
(0.34%) > P (0.11%) > Mn (0.05%). The mean concentrations of the trace elements were,
in descending order, Zn (674.45 mg/kg) > Pb (361.16 mg/kg) > Ba (276.09 mg/kg) > Cr
(42.55 mg/kg) > Cu (40.35 mg/kg) > Co (5.12 mg/kg).

The concentration ranges of the major elements Al, Fe, Mn, Si, Ti, Ca, K, and P
(%) during the two seasons were, respectively, 0.22-8.43, 1.07-11.70, 0.04-0.10, 9.21-20.45,
0.09-0.52, 4.25-33.30, 0.29-2.68, and 0.05-0.18, with maximal concentrations near the mouth
of the Cabaillo wadi and the marina zone (S2 and S7) for Al, Fe, and Mn; near the mouth of
Cabaillo wadi (S7) for Si, Ti, and K; and at the sandbar border near the inlet (54 and S5)
for Ca.

The concentration ranges of the trace elements (mg/kg) Zn, Pb, Ba, Cr, Cu, and Co
during the two seasons were, respectively, 11.70-4398.70, 127.85-1622.05, 66.08-955.42,
7.43-84.75,2.41-268.75, and <LLD-9.90 (LD, limit of detection), with maximal concentrations
at the sandbar border side of Beni Ensar and the eutrophication zone of Arekmane (S3 and
S12) for Zn; at the eutrophication zone of Beni Ensar and near the Selouane wadi (51 and
S9) for Pb; at the Cabaillo wadi (S7) for Ba; at the marina zone (S2) for Cr and Cu; and the
maximum near the outfall of the wastewater treatment plant (S8), and the minimum at 52
and S7 for Co.

3.2. Spatial Pattern and Correlation of the Geochemical Parameters, Granulometry, and TOC in
Marchica Lagoon Sediment

All geochemical parameters were grouped into four significant clusters during the wet
and dry seasons (Figure 2). The first group, G1, was the largest, with 9 stations (eutrophication
zones northwest and southeast of lagoon, station near the agricultural channel, station near
the outfall of the great Nador step, 2 stations in the lagoon center, station at the sandbar
border, and 3 stations near the mouths of wadis at Bouarg and Arekmane); this group is
exposed to untreated wastewater from agglomerations of Beni Ensar and Arekmane, industrial
wastewater from Selouane wadi, agricultural effluents from the Bouarg plain, and wastewater
from the great Nador and Arekmane wastewater treatment plants. The second group, G2,
represents the wet and dry stations of the marina. Two sampling sites from the sandbar were
grouped into G3, which is under marine influence with Ca and P as the dominant elements.
G4 represents the wet and dry season station (S7) that lies near the mouth of the Cabaillo
wadi and downstream from the iron mine.

 Transform: Fourth root
Normalise
[ D1 Euclidean distance

Groups

8+ v G2

= ﬁw

* G4
Sameles

Distance

Ds4
DS5
WS12
Ds11
Ds12
WS11
WS13
Ds10
WS10
WS7 &
DS7 ¢
ws24
DS24

Figure 2. Dendrogram showing the cluster pattern during wet and dry seasons (WS, wet station and
DS, dry station) of the geochemical parameters, granulometry, and TOC, on the basis of similarity.
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Principal component analysis (PCA) was used to evaluate the geochemical processes
in Marchica Lagoon and distinguish the potential sources of trace elements in the sediment
(Figure 3). Two axes, PC1 and PC2, explained 68.1% of total variance. The first accounted
for 52.7% of total variance, and showed positive loadings on Al, Fe, Mn, Si, Tj, K, silt, clay,
Cu, Zn, Pb, Cr, and Ba, and negative loadings on Ca, P, TOC, sand, and Co. The second
component accounted for 15.4% of total variance, and showed positive loadings on sand,
and negative loadings on TOC and Co. PC1 suggested that the pressure exerted on G1, G2,
and G4 could be attributed to Cu, Zn, Pb, Cr, and Ba in correlation with Al, Fe, Mn, Si, Ti,
K, silt, and clay, with the maximal concentration at G4 and a decrease at G1. However, the
pressure exerted on G3 was attributed to marine influence.

5— Groups
G1
va’S7 v G2
G3
& G4
WS2 Dlstancz?3
WS6
DS2
WSS v
510 WS o
0+ W
DS1
DS9 DS&sp
DS3 DSt PS13
bS12
oy : : |
10 5 0 5
PC1

Figure 3. Principal component analysis (PCA) of the wet and dry seasons (WS, wet station and DS, dry station) for the
geochemical parameters, granulometry, and TOC.

The PERMANOVA conducted for all the geochemical parameters, granulometry,
and TOC in the lagoon revealed significant differences between group stations, while
for seasonality this was not found; also, groups G2 and G4 were similar in the pairwise
comparison, making them constitute a single group.

Spearman’s correlation analysis was conducted to explore the relationship between
the grain size, TOC, and major and trace elements in sediment and the physicochemical
parameters of the surface waters (Table 4). All trace elements except Co showed a positive
correlation with Al and Fe. A strong positive correlation was found between Al and Fe
(p=0.95p <0.01), K(p =076, p <0.01), Si (p = 0.56, p < 0.05), Cu (p = 0.57, p < 0.05),
Pb (p =0.59, p < 0.05), and Cr (p = 0.60, p < 0.05). Strongly positive correlation was also
found between Fe and Mn (p = 0.62, p < 0.05), K (p = 0.84, p < 0.01), Si (p = 0.60, p < 0.05),
and Cu (p = 0.60, p < 0.01). Highly positive correlation was found between Cu and Zn
(p=0.86,p<0.01),Cr (p=0.71,p < 0.01), and Ba (p = 0.61, p < 0.05); and between Zn and
Cr(p=0.74, p < 0.01) and Ba (p = 0.60, p < 0.05). Except for TOC with temperature, which
shows a significant correlation (p = 0.65. p < 0.05), no other significant correlation was
observed between the surface waters’ physicochemical parameters (T °C, pH, O2, and Sal)
and TOC, granulometry, and the major and trace elements.
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Table 4. Spearman’s correlation coefficients of the major and trace elements, grain size fractions, and TOC in sediment and the physicochemical parameters of the surface waters in

Marchica Lagoon.

T°C pH 02 Sal Sand Silt Clay TOC Al Fe Mn Si P K Ca Ti Cu Zn Pb Cr Co Ba
T°Cc 1
pH 046 1
02 016 022 1
Sal 024 0.39 035 1
Sand 021 019 019 041 1
it 021 0.19 0.19 0.19 1e 1
Clay 009 051 024 024 08 gesw g
TOC 064 051 006 006 016 “016 041 1
Al 007 013 017 0.17 048 048 0.48 042 1
Fe 007 022 —007 —007 —045 045 0.4 2040 095% 1
Mn 014 033 —025 —025 022 022 018 000 054 062* 1
Si 041 016 019 —019 9% om0 oesr 0% 56+ 060* 005 1
P 012 —016  —025 —025 og2w 082 082, 0720 <068 44 05
K 017 —009  —029  —029 —051 051 053 044 076%  084* 029 0gs+ 065 4
Ca 005 0.12 002 —002  056* 9% 054 045 J095 0 S0 gy J07A gmm 086
T 042 007 ~016  —016 045 045 0.45 S071 st 0.58 009 o040 gzex 7062 4
—0.65 —0.68
Cu 008 ~049  -016  -016 -052 052 024 ~007  057*  060% 0.8 0.53 ; 054 | 0.45 1
—0.66 . —0.68 -
Zn 002 026 002 002 0.66 0.38 014 043 042 —014 054 | 0.44 —054 048 0.86 1
Pb 027 —039 031 031 019 019 0.07 —018  059* 050 0.15 0.09 023 029 —042 031 0.42 0.34 1
Ccr 006 0.07 031 031 081 ogie 070%™ 031  060* 050 —016 o063* 080 g 7067 o 071% 074" 037 1
Co  —019 042 —018  —018  —021 021 0.30 —019  —044  —035 0% 02 0003 003 033 0.30 ~028  —017  —031  —006 1
Ba 019 022 016 016 -023 023 0.12 —051 033 0.44 0.09 0.45 —039 031 040 060%  061*  060* 041 036 0.03 1

** Significant correlation at the 0.01 level; * significant correlation at the 0.05 level.
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3.3. Ecological Risk of the Trace Elements in Marchica Lagoon Sediment

The spatial distribution of the wet and dry enrichment factors (EFs) in the lagoon is
reported in Figure 4. According to Sutherland (2000) [29], the Pb results revealed extreme
pollution at the eutrophication zone of Beni Ensar during the dry season and at the mouth of
the Selouane wadi during the wet season (S1 and S9); very strong pollution was observed at
the sandbar border during the wet and dry season (S4); and significant pollution was found
in all others stations during the wet and dry seasons, except near the Cabaillo wadi (57),
which was characterized by moderate pollution. The EF values for Zn indicated extreme
pollution at the northwest sandbar border and at the eutrophication zone of Arekmane
during the wet season (53 and S12); moderate pollution at the marina zone (S2) during
the dry season; and minimal pollution was observed in all other stations during both the
wet and dry seasons. Minor enrichment of the trace elements Cr, Co, and Ba was found
in the lagoon during both the wet and dry seasons. The EF values for Cu during the wet
and dry seasons were under 2 in all stations, except in the marina zone (52), which showed
moderate pollution.

EF Wet Season EF Dry Season
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—+—2n-D
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EF (Logarithmic Scale)
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Figure 4. Wet and dry enrichment factor (EF): (a) EF of Pb; (b) EF of Zn; and (c) EF of Cu.

The spatial distribution of geoaccumulation index (Igeo) during wet and dry seasons
is reported in Figure 5. According to the scale reported by Miiller (1981) [61], Igeo Pb results
revealed extreme pollution level at the mouth of Selouane wadi (59) during wet season and
the northwest eutrophication zone (S1) during dry season and all the other stations were
between moderately to strongly polluted during wet and dry seasons. Igeo values for Cr,
Co, and Ba were found to be at unpolluted levels for all stations in the lagoon during both
wet and dry seasons. Igeo values of Cu were found during wet and dry seasons unpolluted
except for the marina zone (S2) which were between moderately to strongly polluted and
the mouth of Cabaillo wadi (57) which were unpolluted to moderately polluted. For zinc,
Igeo values during wet season were observed to be at extreme pollution level at the sandbar
border (S3) and at the eutrophication zone of Arekmane (S12); at a moderate pollution
level at the marina zone (S2) and at unpolluted to moderate pollution at the mouth of
Cabaillo wadi (S7); during dry season marina zone (52) was found at moderate to strongly
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polluted and (S57) was at unpolluted to moderate pollution as during the wet season; the
other stations were unpolluted during both wet and dry seasons.
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Figure 5. Wet and dry geoaccumulation index (Igeo): (a) Igeo of Pb; (b) Igeo of Zn; and (c) Igeo of Cu.

The spatial distribution of the contamination factor (CF) during the wet and dry
seasons in the superficial sediment in the lagoon is presented in Figure 6. The results
indicated that all CF values of Pb during the wet and dry seasons were greater than 3,
suggesting the presence of strong lead pollution in the study areas. For the CF values of
zinc, 3 stations during the wet season (S2, S3 and S12) and 2 others (S2 and S7) during the
dry season were observed to be strongly polluted, 1 station was found to be moderately
polluted during the wet season (57), 3 stations during the wet and dry seasons (S8, S11 and
513), and 2 others during the dry seasons (S3 and S6) were found mildly polluted—the
other stations were not polluted. The CF values of Cu indicated strong pollution at S2
during the wet and dry seasons, moderate pollution at S7 during the wet and dry seasons,
mild pollution at S3 during the wet and dry seasons and at S8, S6, and S13 during the dry
season, and no pollution in the other study areas. The CF values of Co during the dry
season showed that no pollution was found except at 2 stations (S8 and S11), which were
mildly polluted. The CF values of Cr were less than 1, suggesting no pollution in the study
area except at the Marina zone during the dry season, which was mildly polluted. The CF
values of Ba also showed no pollution except for S7 during the wet and dry seasons, where
the CF values showed mild pollution.

The pollution-load index (PLI) values in the lagoon, reported in Figure 7, ranged from
0.22 to 3.33 during the wet season and from 0.27 to 1.39 during the dry season. The highest
PLI value was observed at the station in the sandbar border (S3) during the wet season.
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Figure 7. Wet and dry pollution-load index (PLI).

The biological-risk index (m-ERM-Q) for Pb, Zn, Cu, and Cr reported in Figure 8
shows that 4 stations (S1 during dry season, and 512, S3, and S9 during wet season) had
values greater than 1.5, while the value of S2 was between 0.5 and 1.5 during both the wet
and dry seasons, and all the other stations’ values were between 0.1 and 0.5.

The mean of wet and dry concentrations of Pb, Zn, Cr, and Cu were compared with
the SQGs presented by Macdonald et al. (1996) [30] and Long et al. (1995) [31] in Table 5.
All stations’ sampling values for Pb were higher than their PEL, and those of S1, S2, and S9
were higher than their ERM. Three areas for Zn, covering S2, S3, and 512, were higher than
their PEL and ERM. For Cu, only the marina area was higher than its PEL. Concentrations
higher than PEL and ERM indicate risks for the marine biota. Stations that were between
its TEL and PEL values were located, for Cr, in the marina zone, the eutrophication zone
of Arekmane, and the station of the Arekmane side lagoon center; for Zn, in the area
near Cabaillo wadji; and for Cu, in the center of the lagoon, in the eutrophication zone of
Arekmane, and at the sandbar border near the inlet, indicating potential pollution at these
stations. The other stations’ values were lower than their TEL values for Cu, Zn, and Cr.
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Figure 8. Wet and dry biological-risk index (m-ERM-Q).

Table 5. Comparison of the trace element concentrations with background values and guidelines.

Lagoon Samples n = 26 (Wet and Dry) Sediment-Quality Guidelines (SQGs)
Metal Minimum- . . s . Background
(mg/kg) Maximum Mean + SD Sediment-Quality Guidelines for Marine Water Values LBG
TEL PEL ERL ERM uccC

Cu 2.14-346.36 40.35 £ 73.09 18.7 108 34 270 28 37.5
Zn 10.01-8711.00 674.45 £ 2062.05 124 271 150 410 67 70.0
Pb 112.46-3039.51 361.16 £ 700.63 30.2 112 46.7 218 17 20.0
Cr 2.24-94.44 42.55 +26.95 52.3 160 81 370 92 55.0
Co 0.00-19.80 5.12 4 6.56 - - - - 17.3 -
Ba 65.31-986.22 276.09 + 227.55 - - - - 624 -

TEL, threshold effect level, and PEL, probable effect level (MacDonald et al. (1996)) [30]; ERL, effect range low; and ERM, effects range
median (Long et al. (1995)) [31]; UCC, upper continental crust (Rudnick and Gao, 2003) [58]; LBG, local background (Maanan et al.

(2015)) [57].

4. Discussion

Sedimentation in the lagoon is essentially governed by turbulence at the inlet and
intra-lagoon currents, which allow for the resuspension of particles and their transport
in the lagoon through natural contributions of exogenous origin (erosion, decomposition
of plant matter), or anthropogenic contributions (urban and agricultural discharges) and
native production that generates microalgae debris [26].

Lagoon granulometry showed that all stations except at the inlet areas were character-
ized by the highest content of sand during the wet season. The fine content was higher
during the dry season, and the highest values were found at the Arekmane side of the
lagoon center, the continental border at the marina zone, and the area of the great Nador
wastewater treatment plant outfall. The clay content was also higher during the dry season
and dominated the center part of the lagoon and the eutrophication zone side of Arekmane,
as indicated by Aknaf et al. (2017) [62]. Sediment inputs are relatively important at the
outlet of the wadis and on the sandbar border, especially near the inlet, as reported by
Lefebvre (1997) [63].

Concerning TOC, elevated values were recorded during the wet and dry season in
the northwest sandbar border in the same area as that with the highest TOC value (20%)
during the eutrophication period of the lagoon, with a mean value of 5% according to
SEEE/INRH (2009) [26]. During the post restoration period, the TOC in the lagoon was
reduced to a mean value of 3.9% in 2011, with a maximal value of 10.4% according to
Najih et al. (2017) [64]. A significant decrease in TOC was likely due to the restoration
actions, as reported by Najih et al. (2017) [64].

Spearman’s correlation coefficient matrix of the concentrations of grain size contents
and major and trace elements in the surface sediment showed that the trace elements are
associated with smaller grain size particles, which constitute important elements in the
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distribution of metals in sediments, as reported by El Barjy et al. (2020) [65], Watts et al.
(2017) [66], Hu et al. (2013) [67], Whitney (1975) [68], and Horowitz and Elrick (1987) [69].

Ecotoxicological risk assessment of the trace elements during the wet and dry seasons,
by comparing the concentrations with sediment-quality guidelines (SQGs) and assessment
indices, showed the existence of lead pollution in the lagoon, with peaks in the northwest-
ern eutrophication zone during the dry season and near the Selouane wadi during the wet
season. Indeed, during the wet season, a very high concentration of Pb was recorded at
the mouth of the Selouane wadi, which contains the majority of the industrial units of the
region. During the dry season, the same situation was noted at the eutrophication zone of
Beni Ensar, which is under the influence of discharges from certain areas and industrial
activities not yet connected to the wastewater treatment plant. Zn pollution was found
in two lagoon areas during the wet season, with a maximum at the northwest sandbar
border, followed by the southwestern eutrophication zone, which can be explained by
the discharges from certain activities without treatment. Cu pollution was also found in
two lagoon areas during the wet and dry seasons, with a maximum at the marina zone,
followed by the mouth of Cabaillo wadi. On the other hand, for other trace elements Cr,
Co, and Ba, no pollution was observed in the lagoon.

PLI values in the lagoon indicated that, during wet season, the northwestern sandbar
border zone was very strongly polluted; the Marina zone, the mouth of Cabaillo wadi,
and the southwest eutrophication zone were strongly polluted; and, during dry season,
these areas were found between moderately polluted to unpolluted. The distribution of the
biological-risk index reveals that the four zones of the lagoon may present a 76% probability
of toxicity: during wet season, the area in the northwestern sandbar border, southwest
eutrophication zone, and the mouth of the Selouane wadi; and during the dry season,
the northwestern eutrophication zone; in turn, the marina zone has a 49% probability of
toxicity, at a potential risk to aquatic organisms according to Long et al. (2000) [28]. All
other areas presented a low probability of toxicity, varying from 9% to 21%.

Generally, the trace element concentrations in the lagoon sediment depend on the
hydrological state of the lagoon water and sediment entering the lagoon, which impacts
the geochemical processes, as reported by Barik et al. (2020) [70] and Jain et al. (2007) [71].
Principal factors that control the facies and changes in the characteristics of Marchica Lagoon
sediment, according to Hamoumi et al. (2011) [35], are related to the climate, the geological
context of the watershed, the morphology of the lagoon, the position of the inlet, and
anthropogenic activities. According to the study of Maicu et al. (2018) [72], after restoration
action concerning the construction of the new inlet between the Marchica Lagoon and
Mediterranean Sea, the average water renewal time (WRT) decreased from approximatively
60 to 16 days, with an increasing trend during summer periods. This study showed that the
lowest values of WRT are present in a restricted area close to the inlet where tidal flushing
is the highest and higher values of WRT were recorded in the northern and southern
areas where the residual circulation is negligible, which can explain the maximum lead
pollution found in the northwest eutrophication zone during the dry season compared to
the wet season.

The Marchica Lagoon watershed hosts one of the largest Moroccan iron mines, which
was intensively exploited and abandoned without restoration. The significant quantity of
tailings and waste rock around the abundant mining area exposed to air and water during
rainy periods provides for the production of acid mine drainage, and the release of Fe
and trace elements, according to Cadmus et al. (2018) [73] and Wittmann (1981) [74], into
the surrounding wadis of the Marchica Lagoon, as proven by Azzeddine and El Hassan
(2020) [75] and Lakrim et al. (2014) [76].

The PCA and Spearman'’s correlation coefficient matrix indicated that trace elements
except Co are derived from the same content, as reported by Maanan et al. (2015) [57],
related to iron oxides or clays of the smectite or chlorite type, as reported by Bloundi et al.
(2009) [40]. These findings suggested that, apart from geological sources, Pb, Zn, Cu, and
Cr also originated from anthropogenic sources, as agriculture often uses chemical fertilizers
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and pesticides that contain these elements, so too industrialization, as reported by Alloway
(2013) [77] and Nriagu and Pacyna (1988) [78]. According to De Lacerda (1994) [19], the
higher lead concentrations recorded in the lagoon may have also originated from marine
activities related to fishing boats, as mentioned by Najih et al. (2015) [22].

Previous studies conducted by Maanan et al. (2015) [57], Bloundi et al. (2009) [40],
Gongzalez et al. (2007) [79], and Ruiz et al. (2006) [80] (Table 5) confirmed that the surface
sediment of the Marchica Lagoon is polluted by lead, zinc, and copper. For Inani (1995) [81],
the concentrations exceeding the SQGs in Marchica Lagoon mainly concern zinc and
copper. This study confirmed that concentrations of these trace elements have significantly
increased despite the restoration actions realized during the last decade, as proved by the
Marchica Lagoon water quality assessment study [82].

In order to place the Marchica Lagoon in a regional context of trace-element pol-
lution status, a comparison was made with other Mediterranean lagoons (Table 6). The
comparison showed that the maximal concentrations of Pb, Zn, and Cu recorded in the
Marchica Lagoon were higher than those in Bizerte Lagoon, as reported by Barhoumi et al.
(2016) [83]; Berre Lagoon, as reported by Arienzo et al. (2013) [84]; Izmit Bay, as reported by
Tan et al. (2020) [85]; Prokopos Lagoon, as reported by Katsaros et al. (2017) [86]; Malaga
Bay, as reported by Castillo et al. (2013) [13]; Santa Gilla Lagoon, as reported by Atzori et al.
(2018) [87]; Burullus Lake, as reported by Melegy et al. (2019) [88]; and Gialova Lagoon, as
reported by Kanellopoulos et al. (2020) [89].

Table 6. Comparison of the minimum and maximum trace elements (mg/kg) in sediment of Marchica Lagoon with previous

studies and with others lagoons in the Mediterranean Sea.

Locality Pb Zn Cr Cu Co References
& Marchica Lagoon, Morocco 131.83-2389.36 10.01-8711 2.24-77.17 2.43-191.13 <LD Present Study (Wet Season)
2 112.46-3039.51 13.39-651.72 7.43-94.44 2.14-346.36 <LD-19.80 Present Study (Dry Season)
¢ 15-362 55.1-1250 22.4-172 10.2-398.4 - [57]
3 11-297 4-1190 9-139 4-466 0-120 [40]
'5 3-416 13-1190 - 6466 - [80]
& 2.8-14 62-303 46-92.7 20-163 - [81]
« Berre lagoon. France 12-104 56.5-215 17.1-119 7-60.7 - [84]
@ Malaga Bay. Spain 7.92-37.1 - 4.31-26.0 6.57-21.2 - [13]
5 Bizerte Lagoon. Tunisia 62.8-211.2 318.6-1825.5 7.2-30.8 4.0-45.2 - [83]
g Burullus Lake. Egypt 5-42 35-190 23-144 15-80 - [88]
£ Izmit Bay. Turkey 10-33.8 123.6-363.2 40.9-120.8 49.9-105.3 - [85]
£ Santa Gillalagoon. Sardinia 45.8-216 51-140 12.1-52 - - [87]
S Prokoposlagoon. Greece 4.86-22.18 14.87-60.22 17.88-117.97 6.44-27.92 - [86]
= Gialova Lagoon, Greece 10-31 20-51 99-154 15-40 5-15 [89]

5. Conclusions

This post restoration characterization of the trace elements Pb, Cu, Zn, Cr, Co, and Ba,
and their correlation to the major elements Si, Al, Fe, Ti, Mn, K, P, Ca, grain size, and TOC
in the surface sediment of the Marchica Lagoon during the wet and dry seasons, revealed
that element abundance is regulated by the sediment grain size characteristics, and trace
elements tend to be concentrated in finer sediment particles. Multivariate analysis and
ecotoxicological risk assessment of the trace elements using sediment-quality guidelines
(SQGs) and the pollution indices EF, Igeo, and CF revealed the contamination of Marchica
Lagoon by Pb as the primary pollutant in all study areas, with two peaks in the mouth of
the Selouane wadi during the wet season and the northwestern eutrophication zone during
the dry season. Zn constituted a secondary pollutant, with two peaks in the northwest
sandbar border and southwest eutrophication zone during the wet season and the mouth
of the Cabaillo wadi during the dry season. Cu pollution was found in the marina zone and
the mouth of the Cabaillo wadi during both the wet and dry seasons. Minimal pollution
was found for Cr, Co, and Ba. The pollution-load index in the lagoon indicated that, during
the wet season, the northwest sandbar border zone was very strongly polluted, and that the
Marina zone, the mouth of the Cabaillo wadji, and the southwest eutrophication zone were
strongly polluted; during dry season, these areas were found to be between moderately
polluted and unpolluted. The biodiversity conservation of Marchica Lagoon requires an
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integrated environmental management plan that addresses watershed activities, especially
the restoration of the abandoned iron mining site, as well as a continuous monitoring
network with control and assessments, including all areas that were identified as polluted.
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