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Abstract

Coastal ecosystems are the most vulnerable to natural and anthropogenic pressures which should be assessed
using various chemical and ecological indicators. Our study aims to provide a practical monitoring of
anthropogenic pressures related to metal discharges in coastal waters for identifying the potential ecological
deterioration. The spatial variability of various chemical elements concentrations and their main sources were
determined in the surficial sediments of a Mediterranean coastal area submitted to high anthropogenic pressure,
the semi-enclosed Boughrara Lagoon located in the southeastern Tunisia, by conducting several geochemical
and multi-elemental analyses. The grain size and the geochemical analyses both suggested a marine influence of
the sediment inputs in the north of the area (near Ajim channel), whereas continental and aeolian features
dominated the sedimentary inputs in the southwestern lagoon. This last area was also characterized by the
highest concentrations of metals, in particular Pb (4.45-173.33 ppm), Mn (68.45-1469.27 ppm), Cu (7.64-134.26
ppm), Zn (28.74-244.79 ppm), Cd (0.11-2.23 ppm), Fe (0.5-4.9%) and Al (0.7-3.2%). By referring to
background crustal values and the contamination factor calculations (CF), the lagoon is considered as highly
polluted for Cd, Pb, and Fe (3<CF<6). Three possible sources of pollution were identified: phosphogypsum
effluents (P, Al, Cu, and Cd), the ex-Pb mine (Pb and Zn), and the cliff weathering and streams input from the
red clay quarry (Fe). Furthermore, pyrite precipitation was identified for the first time in the Boughrara lagoon,

suggesting the occurrence of anoxic conditions in this lagoon.

Keywords: Surficial sediments, Metal contamination, Eutrophication, Pyrite, Contamination factor, Risk

assessment, Boughrara Lagoon



1. Introduction

Lagoons are generally considered as the most vulnerable ecosystems in marine coastal environments. With the
rapid industrialization, anthropogenic activities have indeed increased the amount of toxic chemicals and metals
in coastal ecosystems (Zaaboub et al., 2015; Hu et al., 2018; Mosbahi et al., 2019). Without any purification
treatment, polluted wastewater is discharged into the coastal environment, possibly leading to the accumulation
of pollutants, especially of metals, in the exchangeable fraction of surface coastal sediments. The accumulation
of these elements including metals in coastal ecosystems poses a serious threat to human health and aquatic
environment. Metals are characterized by their long residence time allowing to their accumulation and
biomagnification in the food chain (Zhao et al., 2019). Metals accumulated in marine coastal environment
sediments may result from anthropogenic sources like industrial wastewater, while rock weathering and erosion
are considered as natural sources. For instance, data analysis of contaminants distribution in coastal environment
may constitute a crucial tool for predicting and monitoring the status of vulnerable areas and also for the

identification of possible sources of contamination (Ferraro et al., 2022; Kiikrer et al., 2020).

Recently, various renewed scientific focus in marine pollution indicated that coastal environments were highly
contaminated by organic and inorganic pollutants and especially by metals (Pignotti et al., 2018; Cullu et al.,
2020; Kiikrer et al., 2020; Lin et al., 2021; El Zrelli et al., 2021; Ferraro et al., 2022; Wang et al., 2022). The
Mediterranean Sea is considered as the most threatened ecosystem, subject to significant anthropogenic pressure
due to the economic and population development. Several recent studies were carried out to evaluate the
pollution in various coasts in Tunisia, since they are subject to high anthropogenic pressures (Kharroubi et al.,
2012; Zaaboub et al., 2015; Khedhri et al., 2016; El Zrelli et al., 2017; Ben Mna et al., 2017; Gargouri et al.,
2018; Naifar et al., 2018; Mosbahi et al., 2019 Keskes et al., 2020; Belkahia et al., 2020; Ben Mna et al., 2021;
El Zrelli et al., 2021). However, the extent of pollution by metals is not precisely known in the Boughrara lagoon
which is located between the southeastern part of Tunisia and Djerba Island, whereas this semi-enclosed lagoon
can represent an accumulation basin of pollution. This lagoon has an important economic function, particularly

in fishing and halieutic activities.



Indeed, this lagoon receives various wastes from different sources such as soil mining, aquaculture, fishery and
industry from the Tunisian chemical group (TCG). Industrial wastewater discharged in the Gabes Gulf is
advected by the long-shore current oriented towards the south, causing a large contamination by
phosphogypsum, which can be a source of various chemical elements (Cu, Al, P, Cd...) in the Boughrara lagoon

(Amari et al., 1984; Magherbi et al., 1995; Gargouri et al., 2018).

Phosphorous (P) enrichment of phosphogypsum combined with anoxic conditions due to weak circulation in the
lagoon can accelerate the phenomenon of eutrophication, leading to serious environmental problems (El Zrelli et
al., 2017; Rabaoui et al., 2017). In this context, citizens of the Boughrara region, especially bathers in summer,
have recently observed the appearance of red tides and high fish mortality in the southwestern part of the lagoon,

the cause of which remains uncertain.

In addition, metal inputs from the red clay and lead extraction mines upstream of the watersheds could represent
other sources of contamination in the lagoon during the flood periods, as well as the erosion of surrounding

cliffs. But these potential sources of metal pollutions have not yet been investigated.

Thus, the present study aims to diagnose the state of pollution by various elements like Zn, Pb, Cu, Cd, Fe, Cr, P,
Ti and Ca in the Boughrara lagoon, which will serve as a study model to allow a better ecological risk
assessment and help improve resource management in anthropized coastal systems. To this end, we made
mineralogical and chemical analyses of 25 surficial sediment samples collected in the western side of the
Boughrara lagoon and we calculated the contamination factors (CF) for each chemical element. Multivariate
statistical analyses combined with geostatistical tests assisted with GIS tools were used to further interpret the
data. In order to identify the sources of the pollution in the Boughrara lagoon, analyzed surficial sediments were
compared with other sites collected in the Boughrara lagoon watershed. These results will contribute to the
establishment of a sediment quality baseline and to the management of the local environment.

2. Material and methods

2.1. Study area

The Boughrara Lagoon is located in the southeastern part of Tunisia (Fig. 1), in the Gulf of Gabes. It covers a
total surface area of 500 km? between the coordinates 33°28°-33°45°N and 10°40°-10°57’E. The lagoon has been
remained geologically stable since the last 125 ka BP (Rached et al., 2022). The average depth is about 4 m, with
a maximum of 16 m in the lagoon center. Water communication between the Mediterranean Sea and the lagoon

is mainly assured through the Ajim channel (2.5 km wide) in the northern side, since the passage on the eastern



side (6 km wide) is closed by an old Roman road. Both the shape and the bathymetry of the lagoon reduce water
circulation causing high rates of salinity (Kharroubi, 2012). The Boughrara lagoon is an outlet from the Fjé,
Smar and Bou Hamed streams, whose watershed area is estimated to be of 2394 km? (Fig. 1). Annual input water

into the lagoon is about 11 Mm? per year, mainly from these main streams (Brahim et al., 2014).

2.2. Sampling procedure

Surface sediments were sampled at 25 sites (Fig. 1) in December 2018 and January 2019 in the middle and the
south of the western Boughrara Lagoon, near the three main streams (Fjé, Smar and Bouhamed; Fig.1).
Sampling sites were chosen because of their geographical locations near the streams, also near the water current
flowing from the north and circulating to the south, which carries effluents from industrial and chemical
factories. Two additional rock samples were collected in December 2020 in the upper watershed over which the
main streams flow: a first sample was collected from the ex-lead mine of Tebaga Mountain and another from the
red clay quarry located in the Tejra Esghira Mountain (Fig. 2-4) in order to characterize the main sources of
sediment input in the southwestern part of Boughrara Lagoon and to assess the origin of the marine pollution by
metals.

At each station, the exact location was recorded with a GPS and the top 5 cm of sediments were collected using a
gravitational core sampler (Van Veen grab). We carefully rinsed the outside of the sampler with water from the

sampling station, in order to remove material that could contaminate the sample during transfer.

Samples were transported directly to the laboratory, and they were oven dried at a temperature <60°C to prevent

the destruction of the organic matter. Rocks were crushed using an automatic mortar grinder.

2.3. Grain size analyses
In order to determine the size distribution of materials, dried samples were passed in dry and wet sieving (using a
standard column of AFNOR sieves) to separate the fine (<63 um) and coarse (>63 pm) sediment fractions. We
used a decreasing series of sieve meshes as follows: 2000, 1600, 1250, 1000, 800, 630, 500, 400, 315, 250, 200,
160, 125, 100, 80 and 63 pm. Grain size results are given as a percentage of the refusal mass relative to the total
mass of the sample, for each diameter. For each sample, the cumulative curve of the fine and coarse fractions of
surficial sediments is presented in a semi-logarithmic plot using the particle diameter and the cumulative
percentages of the refusal (Folk and Ward, 1957). GRADISAT software version 4.0 was used for grain-size

statistical calculations.



2.4. Mineralogy
Mineralogical characterization (type and quantification of mineral phases) of the fine fraction was conducted for
each sample using X-ray diffractometry. X-ray analyses were performed with a diffractometer (PANALYTICAL
X'PERT PRO) using a copper anticathode. The resulting spectra were processed using High Score plus. Many
corrections were recommended, followed by smoothing. Peak identification was based on the software database

and on the diffraction angle (d©) of each mineralogical phase (Lutterotti et al., 1999).

2.5. Scanning electron microscopy
Images were taken in the fine fraction using a focused ion beam-scanning electron microscope (SEM) of type
FEG-FIB-SEM AURIGA 40 ZEISS. Samples were dehydrated prior to all SEM analyses. Before placing the
samples under the microscope, the powder was metallized with gold. This instrument allowed reconstructing the

sample topography and provided a sub-nanometer scale resolution fitted with Zeiss Gemini column.

2.6. Total particulate carbon and nitrogen
A CHN elemental analyzer (Flash 2000 Organic Elemental Analyzer, Thermo scientific) was used to determine
the concentrations of total particulate carbon (TPC) and total particulate nitrogen (TPN) in the surficial
sediments (Eksperiandova et al., 2011). The samples were dried and well homogenized to ensure the
homogeneity of the material analyzed. Samples were weighed (about 4 mg) in tin containers and introduced into
the combustion reactor. After the combustion, the analyte gases are carried in a helium flow to a layer containing
copper, and finally carbon and nitrogen are detected by a Thermal Conductivity Detector (TCD) (Eksperiandova
et al., 2011). The analyzer was calibrated using a certified standard (BBOT) (about 1-3 mg). The results were

calculated as percentages of particulate carbon relative to the total mass of the analyzed sample.

2.7. Determination of metal concentrations in the sediments
About 0.2 g of dried sediment was mixed with 1 ml of hydrofluoric acid in Teflon bombs and left enclosed in
ultrasonic bath for 30 min. Then, 1 ml of quartz distilled nitric acid (6 N) was added. The mixture was heated for
12-24 hours at a temperature of 100-130°C (closed Teflon beaker). Next, it was heated at a temperature of 180-
200°C to evaporate the acid (opened Teflon beaker). The residue obtained was mixed with 3 ml of quartz
distilled hydrochloric acid (6 N) and the mixture was heated for 12-24 hours (closed Teflon beaker). Then, the
Teflon plug was opened and the mixture was heated at a temperature of 180-200°C until evaporation of the acid.
The HCI heating and evaporation step were repeated until a clear solution was obtained. For each digestion

program, a blank was prepared with an equal amount of acids. Finally, we added 3 ml of HNOs (40%) to the



dried residue. The solution was consequently diluted in MilliQ water to a final volume of 60 ml. A 0.5 ml aliquot
of the diluted sample was collected, and diluted to 12.5 ml with HNOs (2%) (Berthod et al., 2021). Elemental
concentrations were assessed using an Agilent 7900 quadruple ICP-MS. Elements with masses between that of
sodium (23) and arsenic (75), as well as silver (107), cadmium (111) and gadolinium (157), were all measured
by using a collision-reaction cell with helium gas (5 mL/min) to eliminate polyatomic interferences. The
remaining elements were measured without collision gas. Scandium, indium and rhenium internal-standards
were added after inline mixing with the samples to correct for signal drift and matrix effects. Two sets of multi-
element calibration standards (one for major and one for trace elements) were analyzed to confirm and model
(through simple linear regression) the linear relationship between signal and concentration. The model was then
used to convert measured sample counts to concentrations. Reported uncertainties were calculated using error
propagation and considering the combination of standard deviation on replicated consecutive signal acquisitions
(n=3), internal-standard ratio and blank subtraction. The non-linear term (internal-standard ratio) was linearized
using a first-order Taylor series expansion to simplify error propagation (Jochum et al., 2016). Elemental
concentrations are expressed in ppm of dry weight. Detection limits for Cu, Zn, Co, Cd, Pb, Mn, Fe, Al, P, Ca
and Ti were, respectively, 0.030, 0.258, 0.020, 0.039, 0.007, 0.018, 0.037, 0.146, 2.040, 0.67 and 0.28 ppb. Cr
concentrations were less than the detection limit. To verify the analytical accuracy of the metals, we used the
standard reference materials BHVO-1 (Gladney and Roelandts, 1988). Results showed good agreement between
the certified and the measured values for all analyzed metals. Recovery percentages for metal contents in
sediment were 101, 107, 96, 76, 73, 78, 72, 53, 145, 107, and 56 % for respectively Fe, Al, Mn, P, Co, Cu, Zn,

Cd, Pb, Ca and Ti.

2.8. Assessment of sediment quality
The contamination factor (CF) was calculated to assess the degree of pollution in the Boughrara lagoon. CF is
used to describe the contamination of a toxic substance in the environment (Hakanson, 1980), and it was

calculated as follows:

Cme tal

CFmetal = C
Background

Where Cietal is the metal concentration measured in the sediment sample and Cgackground 1S the background value
of this metal. Since no background values in the soils of the Boughrara lagoon were available, the concentrations

in the Upper Continental Crust (UCC) reported by Wedepohl (1995) were used as the background crustal values.



The following criteria were used to describe the level of the contamination: if CFmeta < 1, then the contamination
is considered low; it is moderate if 1 < CFmetal < 3; considerable if 3 < CFmetal < 6; and very high if CFmeta > 6

(Hakanson, 1980).

2.9. Statistical analysis
In order to explore the spatial distribution of metals in the sediments of the Boughrara lagoon and to visualize
potential metal sources, all contents were mapped in the GIS-based software ArcGIS 10.2 from Esri (the
Environmental Systems Research Institute Inc). A multivariate statistical method was also used to identify
samples with similar elemental composition, and to interpret the contamination pattern and distribution of all
parameters. For this purpose, the compositional data analysis (CoDA) was applied with the chemical element
concentrations analyzed in the surficial sediments (Cu, Zn, Co, Cd, Pb, Mn, Fe, Al and P) by using RStudio
software. Indeed, CoDA is a statistical method useful for simultaneous analysis of several elemental ratios by

reducing a large number of variables to a few unrelated components (Aitchison, 1982; Xu-Yang et al., 2021).

3. Results
3.1. Mineralogy and grain size distribution

Near the 3 streams, the sediment coarse fraction (> 63 pm) mainly constituted of sand represented more than
90% of the total mass of the sample with, respectively, 94.4%, 89.9%, 92.2%, 95.7%, 93.1% and 95.3% at
stations P7, B6, B7, B8, B9 and B10 (Table 1). For these samples, the curves of the sediment size distribution
were skewed (S-shaped), indicating homogeneity of the very coarse sand (Fig.4). By contrast, the sediment fine
fraction (< 63 pm) was much more significant in the water inflows from the Ajim channel, as it represented 39 to
69% of the total sample mass (Table 1) at stations C3, C4, C5, C6, C8, C9, C10 and C11 with, respectively,
39.3%, 65.9%, 69.2%, 50.6%, 45.7%, 52.3%, 40.97% and 51.9%. The semi-logarithmic curves of the sediment
size distribution presented a parabolic shape in this area (Fig.4), indicating heterogeneity of the fine fraction, in

which remains of shells were found to be dominant.

The X-ray diffraction analyses of the surficial sediments highlighted the presence of many minerals like quartz,
calcite, aragonite and some types of clay (Fig. 5). Samples located near the Fjé and Smar streams (stations P1,
P3, P7 and B6-B10) presented a simple mineralogical composition, with dominance of quartz XRD-peaks (SiOz;
ICSD: PAN 98-015-4289). Near the Bou Hamed stream (stations B2-B3), the most important peak was for

evaporates (gypsum and halite), whereas illite-smectite was less abundant. Near the Ajim channel (stations Co6-



C11) the main peaks were for calcium carbonate (CaCOs; ICSD: PAN 98-004-0107), with significant peaks in

particular for calcite, magnesium-calcite and dolomite. Mica and illite-smectite were also present in this area.

In order to confirm the mineralogical analyses, sediment powders have been also observed using scanning
electron microscopy. Three types of clay have been observed, which were illite-smectite, chlorite and mica
(stations P1, C1 and C3) (Fig.6a-b). Furthermore, a rhombohedral shape for quartz was identified in the samples
near the three streams. Coccoliths, and diatoms and their silica-frustules were identified in the southwestern part

of the lagoon (Fig. 6¢-d). Pyrite mineral (FeSz) in euhedral form was also identified (stations P1, P3, C1 and C3).

3.2. Spatial distribution of metals and phosphorus in surficial sediments
The concentrations of Cu, Zn, Co, Cd, Pb, Mn, Fe, Al, Ca, Ti and P in surficial sediments of the Boughrara
Lagoon are reported in Table 3. Ti and Ca were used to identify the main origin of sediment in the studied
lagoon. The spatial distribution of measured elements showed highest concentrations in the southwestern part of
the lagoon (Fig. 7). The ranges of concentrations varied significantly between the different elements, decreasing
in the order of Fe > Al > Mn > P > Zn > Cu > Pb > Co > Cd, with mean concentrations of, respectively, 1.63%,
1.2%, 414 ppm, 377 ppm, 86.6 ppm, 40.9 ppm, 34.7 ppm, 4.7 ppm and 0.5 ppm. The highest concentrations
were observed near the three main streams (Fjé, Smar and Bou Hamed) with 4.9% for Fe, 2.4% for Al, 1469
ppm for Mn, 826 ppm for P, 244.8 ppm for Zn, 173.3 ppm for Pb, 134.3 ppm for Cu, 12.9 ppm for Co, and 2.2

ppm for Cd.

Zinc and Cu presented similar features, with high values at stations B3 and B9 of respectively, 131 ppm and 134
ppm for Cu, 245 ppm and 244 ppm for Zn (Fig. 7). Cobalt and Cd also showed a similar spatial distribution, with
the highest concentrations at stations B8-B9 with 12.90 ppm for Co and 2.24 ppm for Cd (Fig. 7). Concerning Pb
concentrations, its highest concentration of 173 ppm was observed near the Bou Hamed stream at station B3
(Fig. 7). The spatial distribution of Mn was similar to that of Fe, with high values near the Fjé and Smar streams
(Fig. 7). The maximum concentrations of Mn and Fe were recorded at station B8 with, respectively, 1469 ppm
and 4.9%. Aluminum and phosphorus concentrations also showed a similar distribution (Fig. 7) with high values
observed near the Bou Hamed stream at station B3, with 3.2% for Al and 826 ppm for P. The concentrations of
Cd were much lower than those of the other metals values, ranging from 0.1 to 2.2 ppm, with a maximum at
station B8. The enrichment in metals (Pb, Fe, Mn, Zn, Cu and Al) detected with the measurement of high
concentrations was further confirmed by the calculations of their relatively high contamination factor (CF)

(Table 4).



Samples collected from the red clay quarry (S1) and the lead-zinc deposits (S2) were highly enriched in metals
(Table 3). The red clay quarry (S1) was particularly enriched in Fe, Al, Mn, P, Cd, and Pb with concentrations
of, respectively, 6.6%, 7.1 %, 351.4 ppm, 13063.98 ppm (Table 3). In the lead-zinc deposits (S2), Pb, Zn, Cd and
Fe displayed the highest concentrations of, respectively, 307587.7 ppm, 77558.9 ppm, 682.1 ppm and 2.9% for

Fe (Table 3).

3.3. Total particulate carbon and nitrogen in surficial sediments
The relative abundance of total particulate carbon (TPC) in the surficial sediments was relatively low, ranging
from 1% to 13%, with an average value of 7%. The minimum and maximum TPC relative abundance were
observed at stations C1 and B6, respectively (Table 2). The relative abundance of total particulate nitrogen
(TPN) was even lower compared to TPC, with maximum and minimum values of, respectively, 0.8% at station

C1 and 0.1% at station B7.

3.4. Compositional data analysis (CoDA)
Based on the compositional data analysis (CoDA) tool, the projection of 9 variables of chemical elements (8
metals and phosphorus) and 17 individuals of surficial sediments was plotted in Figure 9. Percentages of
variability explained by the first two components were 65% for comp.1 and 21% for comp.2, a total of 86%.
This biplot highlighted the presence of three different groups to classify the surficial sediments in the lagoon.
The first group (A) contains samples near the Bou Hamed stream (B2, B3, P1 and P3), which were enriched in
Pb and Cu. The second group (B) contained samples near the Fjé and Smar streams that were enriched in Fe, Mn
and Co. Finally, the third group (C) included the samples located in the water inflows from the Ajim channel

(C1, C2,C8, C9, C10, and C11) and were enriched in P and AL

Furthermore, the biplot achieved with a selection of 4 metals as variables (Cd, Zn, Pb, and Cu) that combined
our results and those recorded in the Gulf of Gabes (El Zrelli, 2015), suggested similar enrichment, mainly in Cu
and Pb, in the southwestern of the lagoon and near the Gabes port (Fig.10). In this compositional biplot, the first
two axes explained 91% of the total variance, with 80% for comp.1 and 11% for comp.2.

4. Discussion

4.1. Main sediment input

Samples located near the water inflows from the Ajim channel were dominated by the fine fraction (<63 pm)
which is enriched with carbon. This enrichment observed at stations C1-C11 can indicate a high biological

production (Luczak et al., 1997; Aleksandrov, 2010). Furthermore, the elemental ratios of Fe/Ca and Ti/Ca were
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relatively low in this area (Fig. 8) due to comparatively high concentrations of calcium (Table 3). Such high
levels of calcium are generally associated with carbonate fraction that specifies the biogenic autochthonous
source (Plewa et al., 2012; Affouri et al., 2017). The TPC/TPN ratios ranged between 10 and 44, with a mean of
23 (Table 2). The highest values were found at stations C2 and C11 influenced by the water inflows from the
Mediterranean Sea. Here, the relative enrichment in TPC correlated with high percentages of mud in the fine
fraction (Tables 1-2) which can point out a marine origin of the particulate matter. A relatively high abundance
of mud rich in gastropods and mollusks was also recently recorded in the center of the lagoon and near the Ajim

channel (Keskes et al., 2020).

Near the three streams, the granulometric analyses showed the predominance of the coarse fraction and a
relatively high abundance of quartz as detected with SiO> XRD-peaks, all suggesting continental inputs (acolian
and fluvial) to surficial sediments in these areas. High values of Fe/Ca and Ti/Ca ratios were also observed in the
southwestern side of the Boughrara lagoon (Fig. 8) due to relatively low Ca concentrations (Table 3), confirming
an allochthonous lithogenic source. For all samples near the three main streams, the TPC/TPN ratios were low

(stations P1-B6) which confirms the terrestrial origin of sediment input.

4.2. Contamination and ecological risk assessment of chemical elements
4.2.1. Background on chemical contamination
Surficial sediments of the southwestern part of the Boughrara lagoon were characterized by high concentrations
of metals, especially by Pb, Fe, Mn, Cu and Zn. Phosphorus concentrations were also very high, ranging between
77 ppm and 888 ppm, similar to what was observed by Keskes et al. (2020) in the Boughrara lagoon (Table 5).
Cupper concentrations recorded in the surficial sediments of the Boughrara lagoon (7.64-134.26 ppm) were also
similar to those reported by Keskes et al. (2020) of 3.8-161.2 ppm. Cadmium, Cu and Zn concentrations
recorded in this study were in a similar range than those reported by Kharroubi et al. (2012) in the Boughrara
lagoon with values of, respectively, 0.11-2.23 ppm, 8-134 ppm and 29-245 ppm in this study and 0-3.1 ppm, 14-
56 ppm and 39-119 ppm in Kharroubi et al. (2012) (Table 5). The concentrations of Fe and Mn in the sediments
were much higher in the southwestern sediments (this study) compared to those located in the North of the
lagoon (Kharroubi et al., 2012) with values of, respectively, 4881-48802 ppm and 68-1469 ppm in this study and
8320-9580 ppm and 59-99 ppm in Kharroubi et al. (2012) (Table 5). High Fe concentrations were also
previously recorded in the western part of the Boughrara lagoon (Keskes et al., 2020), but these concentrations

were lower than the maximum values obtained in our study (Table 5).
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Compared to other coastal lagoons threatened by anthropogenic pressure such as the Bizerte Lagoon in Tunisia
(El Zrelli et al., 2021; Ben Mna et al., 2017), the Ghar El Melh Lagoon in Tunisia (Oueslati 2011) and the
Manzala Lagoon in Egypt (Abu Khatita et al. 2016), the concentrations of Fe in the sediments were higher in this

study, except for values obtained in the Ghar El Melh Lagoon (Oueslati 2011) (Table 5).

4.2.2. Distribution, origin and degree of contamination by chemical elements
The contamination factor (CF) values for Pb ranged between 3 and 6 near Bou Hamed (stations P3 and B9Y;
Table 4), indicating a considerable level of contamination. The CF value of Pb was 10.2 at station B3 near Bou
Hamed stream (Table 4), indicating a very high contamination by Pb. For Cu, the CF values were higher than 6
at stations P3, B3, B8 and B9, indicating a very high level of contamination. Copper and Zn had a similar spatial
distribution showing highest values in the sediments near the the Bou Hamed and Smar streams (Fig. 7). Like
Cu, the enrichment by Zn was confirmed with CF values ranging between 3 and 6 at stations P3, B3 B8 and B9

indicating a considerable degree of contamination.

The CF values calculated for Fe ranged between 1 and 3 at stations B3, B6 and B7 with values of, respectively,
1.1, 1.3 and 1.6, indicating a moderate degree of contamination. Here, Fe concentrations were slightly higher
than concentrations in the Upper Continental Crust (UCC) (Wedepohl, 1995), and they were much higher than
those reported in the same lagoon by Keskes et al. (2020) and Kharroubi et al. (2012). Results similar to those of
Fe were obtained for Mn, with CF values ranging between 1 and 3 with values of 1.9, 1.8, 2.8, 2 and 1.5 at
stations P7, B6, B8, B9 and B10, respectively. Near the Fj¢ and Smar streams, the CF values of Cd were higher
than 6 at stations P1, P3, B3, B8, B9, C1, C6 and C10 indicating a very high level of contamination by Cd in

these areas.

The CF values for P were generally lower than 1 (Table 4) indicating that this area is not contaminated by P, but

phosphorous concentrations were higher than those obtained in Kharroubi et al. (2012).

Compared to other coastal regions in Tunisia, the Boughrara lagoon has already been reported to have a high
level of contamination by metals like Pb, Fe, Mn, Al, Cu, Cd and Cr (Gargouri et al., 2011; Kharroubi et al.,
2012; Elzrelli et al. 2017; Keskes et al.,, 2020; Elzrelli et al., 2021), and our study confirmed these
contaminations. In view of these results and by comparing with the previous studies, three possible sources of
pollutants can be identified. The first potential source is phosphogypsum discharges, pumped from the chemical
industry of Gabes, which are very enriched in P, Cu, Cd and Co. This source of pollution was also proposed by

Kharroubi et al. (2012) by comparing metal concentrations analyzed in surficial sediments with those obtained in
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phosphogypsum effluents. The second anthropogenic source concerned Pb and Zn, and it was probably due to
the transportation of Pb from the Pb ex-mine by Fjé, Smar and Bouhamed streams to the Boughrara Lagoon. The
third source which caused Fe enrichment can be related to both natural (cliff weathering) and anthropogenic

(stream inputs from Tejra red clay quarry) precursors.

4.3. Environmental consequences of metal contamination
As a part of the Gulf of Gabes, the Boughrara lagoon has become one of the most polluted ecosystems in this
region. Previous studies have already suggested that the Gulf of Gabes is highly contaminated by organic and
inorganic pollutants (Darmoul 1988; Rabaoui et al., 2014; El Zrelli et al., 2015; El Zrelli et al., 2017), leading to

a significant degradation of the environment.

The accumulation of metals by various marine species and its biomagnification in the food chains cause many
serious human threats (Annabi-Trabelsi et al., 2021). Many authors attributed these threats to either the high
metallic marine pollution or radio-chemical wastes like phosphogypsum (Dethlefsen, 1989; Ayadi et al., 2015;

El Zrelli et al., 2017).

Since metals can be bioaccumulated in the tissues of marine biota, some marine species can even serve as bio-
indicators of metal pollution in coastal environments (Rainbow, 2006; Zhou et al. 2008). For instance, various
species of mollusks (like Pinna nobilis and P. radiate) and gastropods (like G. ardens and P. cearulea) of the
Gulf of Gabes, especially of the Boughrara lagoon, have shown to be highly contaminated by metals (Cd, Zn,

Cu, AL, Pb,...) (Rabaoui et al. 2017, El Zrelli et al., 2017).

4.4. Eutrophication phenomenon in the Boughrara Lagoon
We detected the presence of pyrite (FeSz2) for the first time in the sediments of the Boughrara Lagoon. Pyrite
precipitation (pyritization) is a result of sulfate and Fe (oxy-)hydroxides reduction in anoxic conditions
(Sabadini-Santos et al., 2014). For instance, the hydrogen sulfide (H2S) generated during early diagenesis in
anoxic sediments can precipitate as authigenic sulfide minerals, like pyrite (Morse and Cornwell, 1987). The
high inputs of sulfate-rich phosphogypsum and Fe-rich red clays into the lagoon likely favored the formation of
pyrite. Anyway, the presence of pyrite that we detected in these sediments when it had not been reported in
previous studies indicated a preservation of pyrite which can only be explained by an increase of anoxic
conditions in the lagoon. The occurrence of red tides and algae bloom reported in the southwestern part of the
Boughrara lagoon indeed indicated eutrophication of the lagoon that can lead to the development of hypoxic-

anoxic conditions (Fig. 11). Increasing anthropogenic pressures combined with the extremely low renewing of
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the waters in the lagoon (0.4% of renewing daily) that leads to the inevitable stagnation of the waters and the
stronger stratification of the water-column (Ali, 2007; Ben Aoun et al., 2007; Kharroubi et., al 2012, Brahim et
al., 2014, Atoui et., al 2017 and 2020, Ciglenecki et al., 2020, Pagano and Sammari 2021) were likely the causes
of the eutrophication of the lagoon and the development of anoxic conditions. Eutrophication phenomenon can
lead to many environmental threats in the lagoon like the proliferation of macro-algae and the development of
tolerant species. This would have a drastic impact on the social-economic development of the village of

Boughrara.

5. Conclusion

Coastal marine systems are subject to increasing anthropogenic pressures and various chemical pollutions that
can threaten aquatic ecosystems and human health. It is therefore becoming urgent to develop pollution
monitoring tools in order to preserve resources and biodiversity in these environments. The lagoon of Boughrara
constitutes a privileged study site for developing these pollution indicators since it constitutes a semi-closed
basin in which the phosphogypsum discharges from a chemical industry and the metal inputs from an ex-Pb
mine and a red clay quarry can accumulate.

Our study showed that the central-western part of the lagoon was influenced by the advection of the
Mediterranean waters through the Ajim channel and, there, the sediments were enriched in P, Cd, Cu and Co,
due to the accumulation of phosphogypsum released by the chemical industry in the Gulf of Gabes. However,
the contamination by Cd and Cu was estimated to be low in this area, on the contrary to the radiochemical
phosphogypsum that can have a profound deleterious impact on the environment and health.

In the south-western part of the lagoon, continental inputs carried by three main streams were prevalent and the
surficial sediments were highly enriched in Pb, Zn and Cu in the southern part of the lagoon and in Fe, Mn and
Co in the southwestern part, due to the inputs from the ex-Pb mine and the red clay quarry, and to the cliff
weathering. In these areas, the degree of contamination by Pb, Cd, Zn and Cu was found to be very high to

considerable, which can have serious toxic effects.

Furthermore, pyrite deposits were detected in the surficial sediments of the lagoon, likely resulting from the high
inputs of sulfate-rich phosphogypsum and Fe-rich red clays, combined with the eutrophication and increasing

anoxia of the lagoon.

Systematic monitoring of metal and mineral levels in the sediments of marine coastal systems will therefore

make it possible to better assess the level of metal contamination and the degree of anoxia of these systems
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sensitive to anthropogenic pressures. It is a prerequisite for preserving the water-resource quality and the marine

biodiversity.
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12. Figure captions

Fig.1 Localisation of Boughrara Lagoon and GIS Slope Map (in degrees) of the southeastern
of Tunisia classified into four classes (top right panel), location of surficial sediments stations
in the southwestern Boughrara Lagoon and location of samples collected from Tejra quarry
(51) and from the ex-lead mine (S2) (low right panel)

Fig.2 Ex-lead deposit and location of the sample site (red star and rectangle) in Tebaga
Mountain (south of Tunisia) highlighting the predominance of Pb and Zn minerals.

Fig.3 Red clay collected from Tejra Esghira quarry (south of Tunisia; yellow rectangle)

Fig.4 Cumulative semi-logarithmic curves of sediment size distribution in the Boughrara
Lagoon

Fig.5 X-Ray diffractograms of the surficial sediments in the Boughrara Lagoon, at stations P7
(upper panel), C3 (middle panel) and B3 (lowest panel). QZ= quartz, Ca= calcite, I= illite, M=
mica, Pyr= pyrite, Dol= dolomite, Ca-Mg= magnesium-calcite

Fig.6 SEM images of sediment samples in the Boughrara Lagoon with (a) clay minerals, (b)
quartz, (c) coccolithes, (d) diatoms, (e) and (f) pyrite mineral

Fig.7 Distributions of the concentrations of the chemical elements (Cu, Zn, Co, Cd, Mn, Fe, Al,
Pb and P) in the surficial sediments of the Boughrara Lagoon (concentrations in ppm)

Fig.8 Cross-plot of Fe/Ca versus Ti/Ca ratios (ratios in ppm/ppm) in the surficial sediments in
the Boughrara Lagoon (Plewa et al., 2012, Affouri et al., 2017)

Fig.9 Compositional data analysis (CoDA) biplot of surficial sediments in the Boughrara
Lagoon for 9 chemical variables (8 metals and phosphorus) with comp.1 = 65% and comp.2 =
21%. Area A regroups samples near Bou Hamed stream, Area B contains the samples near
Fjé stream and Area C the samples located in the water inflows from the Ajim channel

Fig.10 Compositional data analysis (CoDA) biplot of the surficial sediments analyzed in the
present study (in blue) and in the Gulf of Gabes (in red) by El Zrelli (2015) for 4 variables of
metals (Cd, Zn, Pb, Cu) with comp.1 = 80% and comp.2=11%

Fig.11 A graphic illustration of the water column stratification showing environmental risks
in Boughrara Lagoon: a, b and d: biota mortalities; C: algae bloom, e: diatoms, f: coccolith, g
and h: pyrite mineral
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13. Tables

Table 1. Grain size distribution in the sediment samples in the Boughrara Lagoon (% of

coarse and fine fractions)

Stations %fine fraction (3<63 pm) %coarse fraction (63 pm<@<2 mm)
P1 23.5 76.5
P3 22.30 77.7
P7 5.60 94.4
B2 31.14 68.86
B3 29.20 70.8
B6 10.1 89.9
B7 7.80 92.2
B8 4.3 95.7
B9 6.90 93.1

B10 4.70 95.3
C1 31.52 68.48
C2 29.60 70.4
C3 39.26 60.74
C4 65.90 34

C5 69.20 30.6
C6 50.6 40.4
C8 45.70 55.3
Cc9 52.3 47.7
Cc10 40.97 59.03
C11 51.9 48.1
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Table 2. Percentages of total particulate carbon (C) and nitrogen (N) relative of the mass of

the analyzed samples (in %) and particulate C:N ratios in the surficial sediments of the

Boughrara lagoon

Stations %C %N CI/N
P1 6.7 0.5 14 .1
P3 3.9 0.3 12.2
P4 9.3 0.7 13.1
P7 2.3 0.1 18.2
P8 6.5 0.3 21.5
B2 6.2 0.2 25.1
B3 6.8 0.6 11.7
B6 0.9 0.1 10.0
B7 1.4 0.1 17.3
C1 12.8 0.8 16.6
C2 6.9 0.2 43.5
C3 10.0 0.6 17.8
C4 10.1 0.6 16.2
C6 7.6 0.3 22.4
C7 7.3 0.2 30.9
Cc8 6.9 0.2 35.2
Cc9 7.1 0.3 27.9
C10 8.5 0.3 33.1
C11 7.5 0.2 43.6
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Table 3. Concentrations of metals and phosphorus in the surficial sediments of Boughrara Lagoon (in % for Fe. Al. Ca and Ti; in ppm for Mn. P.
Co. Cu. Zn. Cd and Pb) and mean values per areas (in red). The concentrations are also given for the two soils collected in the red clay quarry in

the Tejra Esghira Mountain (S1) and in the ex-lead mine of Tebaga Mountain (S2)

Stations Fe % Al % Ca% Ti % Mn P Co Cu Zn Cd Pb
P1 0.7 1.0 10.1 0.3 136 349 2.4 24.6 46.6 0.3 31.0
P3 1.2 1.4 10.8 0.5 250 633 3.9 114.4 211.3 0.7 83.4
P7 3.3 1.3 4.9 2.4 991 469 8.8 314 89.8 0.8 32.3

Mean 1.7 1.2 8.6 1.1 459.0 483.7 5.0 56.8 115.9 0.6 48.9
B2 0.7 1.0 12.6 0.1 97 266 2.0 17.9 41.7 0.1 25.5
B3 1.8 3.2 9.7 0.2 149 826 5.2 130.9 244.8 0.4 173.3
B6 3.0 1.0 2.1 2.7 955 351 9.0 24.4 74.1 0.8 22.2
B7 1.6 1.0 2.5 1.0 392 196 4.6 12.3 42.7 0.3 13.1
B8 4.9 2.4 3.7 3.5 1469 585 12.9 134.3 244 .4 2.2 42.3
B9 3.9 1.9 2.4 2.6 1066 642 10.0 85.5 150.4 0.9 73.3
B10 2.3 0.8 2.8 2.0 767 279 6.9 18.1 60.2 0.7 15.0

Mean 2.6 1.6 5.1 1.7 699.3 449.3 7.2 60.5 122.6 0.8 52.1
C1 0.7 1.1 10.6 0.1 68 336 2.0 27.7 49.1 0.3 10.2
C2 0.7 0.8 20.6 0.3 149 315 2.2 12.9 37.3 0.1 7.1
C6 0.6 0.9 15.7 0.2 121 252 1.9 20.1 37.5 0.3 36.1
C8 0.6 0.8 18.3 0.3 137 213 2.0 9.7 39.2 0.2 8.0
Cc9 0.5 0.7 10.5 0.2 85 235 1.5 7.7 29.0 0.1 4.7
Cc10 0.6 0.9 19.2 0.1 92 266 2.0 14.3 45.2 0.1 8.0
C11 0.5 0.7 19.7 0.2 107 192 1.7 8.8 28.7 0.1 4.5

Mean 0.6 0.8 16.4 0.2 108.4 258.4 1.9 14.5 38 0.2 11.2
S1 6.6 71 2.8 0.5 641.8 651.2 18.3 12.7 81.1 3514 13063.98
S2 2.9 0.2 9.2 0.01 17.5 126.5 0.7 6.1 77558.9 682.1 307587.7
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Table 4. Contamination factor values calculated for metals and phosphorus in the surficial sediments of the Boughrara Lagoon and

reported in the upper continental crust (UCC) by Wedepohl (1995)

Stations Fe Mn Al P Zn Cu Co Cd Pb
P 02 03 0.13 0.5 0.9 1.7 0.2 8.3 18
P3 04 05 0.19 0.9 4.1 8.0 0.3 23.8 4.9
p7 02 19 0.14 0.7 1.7 2.2 0.8 2.9 1.9
B2 02 02 0.11 0.4 0.8 1.3 0.2 7.3 15
B3 11 03 0.17 1.2 47 9.2 0.4 20.4 10.2
B6 13 138 0.25 0.5 14 1.7 0.8 2.2 1.3
B7 16 07 0.30 0.3 0.8 0.9 0.4 2.2 0.8
B8 07 28 0.10 0.8 47 9.4 1.1 8.4 2.5
B9 02 20 0.13 0.9 2.9 6.0 0.9 6.9 4.3
B10 06 15 0.41 0.4 1.2 1.3 0.6 2.1 0.9
C1 10 0.1 0.13 0.5 0.9 1.9 0.2 11.2 0.6
c2 05 03 0.13 0.5 0.7 0.9 0.2 4.8 0.4
C6 02 02 0.12 0.4 0.7 14 0.2 8.6 2.1
c8 02 03 0.11 0.3 0.8 0.7 0.2 3.9 0.5
co 02 02 0.09 0.3 0.6 0.5 0.1 4.2 0.3
c10 02 02 0.12 0.4 0.9 1.0 0.2 5.8 0.5
C11 02 02 0.10 0.3 0.6 0.6 0.1 42 0.3
Element concentrations UCC 5,55, 507 77440 655 52 14.3 116 0.1 17

(in ppm) (Wedepohl. 1995)
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Table 5. Metal concentrations (in ppm. and in % for Fe) obtained in this study in the surficial sediments and compared with other
values reported in the Boughrara lagoon. in other locations and in the mean crustal background

Locations Cd Pb Cu Zn Mn %Fe References
South-western Boughrara 0.11- 4.45- 7.64- 28.74- 68.45-
Lagoon 223 17333 13426  244.79 1469.27 0.5-4.9 Present study
14 .4- Kharroubi et al.
North of Boughrara lagoon 0-3.1 0-9.6 56.1 39.1-119.4 59-99.5 0.8-0.9 (2012)
) 4.6- 3.8 Nd*
Boughrara Lagoon Nd 63.6 161.2 0.3-9.3 0.2-0.4 Keskes et al. (2020)
0.11-
Gabes Gulf (South of 950 38 05058 52-7165 Nd* Nd* El Zrell et al. (2015)
Tunisia) 13.9
Bizerte Lagoon (Northern 53 55 16- (5509 23.145.9 Nd* Nd* El Zrelli et al. (2021)
Tunisia) 41.4
Bizerte Lagoon (Northern of g o 15 100- 5355 163.057  320-508 3.11-3.85 Ben Mna et al. 2017
Tunisia) 190
Ghar El Me%h?ggf” (Nothern 5 12 30.123 920 116-240  133-350 7-12 Oueslati (2011)
Manzala Lagoon (Egypt) ~ <0.03 4.7-954 12.9-146  123-827  268-2561 1.5-6.3 Abu f;gﬁ'ga) etal
Background values 0.1 17 14.3 52 527 3 Wedepohl (1995)

*not defined values
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