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A study of suspended particulate matter (SPM) fluxes along with their associated metals, organic matter and
carbonates, was conducted off the Mejerda River outlet in May 2011 and in March and July 2012 at depths of
10, 20 and 40 m using sediment traps. SPM fluxes are more significant near the Mejerda outlet, especially in
winter, but dissipate further offshore. Normalization reveals that the Mejerda is a major source of Pb, Zn, Cd,
Cu, Ni, and Co, all of which are the result of human activities. In contrast, Fe, Mn and N are of authigenic origin.
The enrichment factor shows that Pb, Zn and especially Cd are the most highly polluting metals off the Mejerda
outlet. This confirms the trend observed on the shores of theMejerda prodelta and is consistent with the type of
mining activities conducted in the Mejerda catchment.
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1. Introduction

In both river catchment areas and deltaic zones, spatial and temporal
differences in concentrations of trace elements in sediments have been
linked to changes in physico-chemical and biogeochemical conditions
in bottom water and also to sediment redox conditions (Loring and
Rantala, 1992; Rivaro et al., 2011; Kontas, 2012). For trace element en-
richment or depletion relative to detrital concentration assessment
the ratios of trace elements to Al are often used (Yiğiterhan and
Murray, 2008; Spagnoli et al., 2014; Little et al., 2015). Heavy metals
are one of the contaminantsmost often discharged into themarine coast-
al areas from rivers. Apart from their natural origins, heavy metals fre-
quently originate in industrial and mining activities, as in the case of the
Mejerda River and its neighboring wet zones (Oueslati et al., 2010;
Helali et al., 2013; Zaaboub et al., 2014, 2015). Thesemetals are dissolved,
but are also associated with sediment particles in rivers (Forstner and
Wittmann, 1981; Salomons and Forstner, 1984; Balkis et al., 2009; Lam
et al., 2015). Transport and sedimentation of heavy metals are therefore
also associated with the fate of suspended particulate matter (SPM) re-
leased into the sea. It is noteworthy that another source of metal may
also contribute to SPM fluxes, Saharan dust which is composed mainly
of Al, Si, Fe and Ti, as well as Ca, Na, K oxides (Marconi et al., 2014). The
settling and distribution of contaminants in coastal areas are influenced
essentially by both prevailing marine currents (Palanques and Díaz,
1994; Action, 2011; Spagnoli et al., 2014) and the nature of the SPM
(organic matter, carbonates, clays, silts, etc.). After sedimentation, metals
and associated particles may be re-suspended by bioturbation or marine
currents (Palanques and Díaz, 1994; Spagnoli and Bergamini, 1997;
Spagnoli et al., 2008; Marconi et al., 2014).

This study is a continuation of various geochemical investigations of
sediment in the waters off the Mejerda outlet (Zaaboub et al., 2014;
Helali et al., 2015, 2016). The Mejerda is an important North African
river; assessment of its inputs is therefore necessary, especially since ex-
tensive mining activity is found within its catchment (Moldenhauer
et al., 2008) and the region is subject to two contrasting climates: wet
and dry (Ben Charada, 1997). The Mejerda is thus a significant source
of heavy metals which are transported into the prodelta along with
suspended particle matter.

The objectives of this study are to (i) determine the SPMfluxes along
with their associated organic matter, carbonates and heavy metals, and
also their seasonal, lateral or vertical variations, if any, (ii) estimate the
degree of pollution by the heavy metals associated with the particulate
matter by calculating the enrichment factor (EF), and (iii) determine the
degree to which the Mejerda River contributes to the accumulation of
heavy metals offshore.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpolbul.2016.01.041&domain=pdf
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2. Materials and methods

2.1. Sampling site

The Mejerda River prodelta is located in the western Gulf of Tunis.
Mejerda is the most important river in Tunisia, and the main source of
water and sediments in the gulf, it has a flow of 30m3 s−1. TheMejerda
catchment extends over 23,700 km2 and supports extensivemining op-
erations, including polymetallic deposits, in the regions of Chemtou, Ain
Ksir, Bou Hertma, Sidi Abdallah, Ben Béchir, Bou Salem and Jendouba
(Fig. 1). TheMejerda prodelta is subject to prevailingwinds that change
directions according to season, from north to northwest in winter and
from east to southeast in summer (Ben Charada, 1997). The sea surface
currents depend upon wind direction (Fig. 2) and flow mainly from
north to south (Brahim et al., 2007, 2015). While the waters of the
Mejerda constitute the main source of erosive influences, the prodelta
is also affected by three other water inflows from the Khlij Channel,
Ghar El Melh Lagoon and Sebkhet Ariana, also connected to the marine
waters (Fig. 1).

This studywas conducted in the offshore waters facing themouth of
the Mejerda River. Sampling locations are shown in Fig. 1. Seasonal
variationwas studied only at the three points forming a radial perpendic-
ular to the coast opposite themouth (B1, B2 and B3 stations) (Fig. 3a and
b) inMarch (winter) and July 2012 (summer) corresponding respectively
to the wet and dry seasons in North Africa. At 9 stations (A1, A2, A3, B1,
B2, B3 and C1, C2, C3) (Fig. 1) spatial distribution was studied only after
the wet season in May 2011.
Fig. 1. Study area and
2.2. Sample processing

The sediment traps constructed for this study were designed based
on the research of Butman (1986), taking into account the marine
currents in the area off the Mejerda outlet studied during extreme con-
ditions (Brahim et al., 2007). The traps were composed of a 110 × 9 cm
cylinder of inertmaterial (PVC) resistant tomarine conditions and caus-
ing no interference with geochemical analysis. A small volume of chlo-
roform was first placed into the sediment trap to prevent bacterial
activity. Fig. 3a and b show the lateral and vertical dispositions of the
traps at the three stations. After four weeks of immersion, the traps
were recovered; the suspended particles were decanted and then cen-
trifuged at 3500 rpm for 15 min. Suspended particulate matter in the
Mejerda River was collected after filtration onto 0.45 μm cellulose ace-
tate filters. After several washings with bi-distilled water to remove
the salts, the SPM was dried (60 °C) and weighed.

2.3. Metal analysis, SPM and metal flux calculations

The samples thus obtained were digested bymixing 1 g of sediment
with a solution of 20ml concentrated HF, 10 ml HClO4 and 10ml HNO3

in Teflon bombs. The resulting digestates were analyzed by flame atom-
ic absorption spectrometry (using the Thermo Scientific ICE 3300 AA
Spectrometer) for the presence of Fe, Mn, Pb, Zn, Cd, Cu, Co, Ni and Cr.
The accuracy of the analytical procedures employed for heavy metal
analysis was checked using the BCR-032 certified reference material;
good concurrencewith certified values was obtained (Table 1). Relative
sample locations.



Fig. 2.Marine currents versus wind direction in the Gulf of Tunis (Brahim et al., 2007, 2015).
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Standard Deviations (RSDs) were calculated from 3 replicates for heavy
metals and 2 replicates for CaCO3 and organic matter. RSD were in all
cases b11% (Table 2).

SPM flux is calculated by taking into account the duration of im-
mersion of sediment traps, their surface and the quantity of trapped
suspended matter. Sedimentation flux (Js, in g m−2 day−1) = m/S/n;
m= the total mass of trapped suspendedmatter (in grams); S= section
of sediment trap (in m2); N = number of days of immersion.

Metal flux (μgm−2 day−1) was calculated using the relation [Me] × Js
with Me being the concentration of metal in the SPM (in μg g−1).
Sedimentation flux (Js) was measured at all marine stations, while in
the waters of the Mejerda the concentration of suspended particles
(mg l−1) was calculated directly using SPM weight and the volume
of filtered water. Metals associated with SPM in the river (CMe) are
listed in μg l−1 and calculated from the total SPM concentration:
CMe = CSPM × [Me], Me = metal concentration in SPM (in μg g−1)
and CSPM the concentration of SPM in water (g l−1).
2.4. Carbonate analysis

Calcium carbonate in sediment (Total Carbonates, TC: CaCO3,MgCO3

etc): was performed using a Bernard calcimeter on 0.25 g dry sediment,
with 10% HCl solution. Each sample was measured three times and an
average value calculated.
2.5. Total organic carbon and nitrogen

Organic matter and nitrogen were measured using a
PerkinElmer PE 2400CHN on dry sediment. Total Organic Carbon
(TOC) was determined in sediment samples by means of a Perkin
Elmer PE 2400 CHN. Subsamples for TOC analysis were de-
carbonated using 1 M HCl and dried at 60 °C. Total Carbon (TC)
and nitrogen (N) analysis were carried out on subsamples without
HCl treatment.



Fig. 3. Horizontal and vertical disposition of sediment traps.
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2.6. Statistical analysis

Principal Component Analysis (PCA) was used to elucidate 1) the
origin of SPMmetal fluxes in the gulf and 2) whether SPMmetal fluxes
are related to the Mejerda River. Potential correlations between the
river's suspendedparticulatematter discharge, including trace elements
and suspended particulate matter offshore from the prodelta were also
calculated. Statistics were established with the SPSS program.

3. Results

3.1. Spatial distribution

3.1.1. Suspended particulate matter (SPM)
Fluxes of suspended particles are the highest along the coastal

stations (10 m depth) in the north (A1 station: 28.6 g m−2 day−1)
and south (C1 station: 27.7 gm−2 day−1) of theMejerda outlet,while fur-
ther offshore (depthN 20m) they gradually decrease to 17.4 gm−2 day−1

(A2 station) and 15.3 g m−2 day−1 off the Mejerda outlet (B2 station)
(Table 3). Both 40 m stations show a significant vertical difference as
the maximum SPM was recorded in the traps near the bottom, while
the subsurface traps accumulated very little: approximately 3.9 at the
top and 15.5 g m−2 day−1 at the bottom of the water column off the
Mejerda outlet (B3), and 2 at the top and 21.6 gm−2 day−1 at the bottom
off the Khlij Channel (C3).

3.1.2. Aluminum and potassium
Aluminum flux ranges between 0.085 and 1.5 g m−2 day−1

(Table 3). As for SPM, maximum fluxes are observed near the coast
(10 m depth) while further offshore (N20 m depth) the flux decreases:
1.25 to 0.71 g m−2 day−1 (respectively at stations C3 and B2). Potassium
Table 1
Accuracy (%) compared to certified material (BCR-0.32).

Element BCR-032 This study % error

Fe 1.15 1.221 6
Mn 18.8 22.12 7
Zn 0.253 0.286 10
Cu 33.7 34.2 1.5
Cd 0.02 0.024 12
Co 0.59 0.66 11
Ni 34.6 30.2 13
Cr 257 250 2.7
flux is linked to that of aluminum whose maximum is also observed
near the coast: 0.6 to 1.25 g m−2 day−1 (stations A1 and C1) and
0.4 g m−2 day−1 further offshore (Table 3). Iron flux is at its maximum
off the Khlij Channel (790 mg m−2 day−1) and north of the Mejerda
outlet (751 mg m−2 day−1). Although a declining trend is noted further
offshore, iron flux is still relatively high at 20 m depth near Kallaat El
Andalous Harbor (A2) and on the sea bottom at the 40 m stations
where fluxes reached 422 and 621 m g m−2 day−1 at stations B3 and
C3, respectively (Table 3).

3.1.3. Heavy metals
Maximum fluxes of Mn, Pb and Zn are observed near the coast, in

the northern and southern areas off the Mejerda outlet (Table 4).
However, Pb flux is relatively high off the Kalaat El Andalous Harbor:
1.3 m g m−2 day−1 (station A2), probably due to human activity in
Kalaat El Andalous harbor (Table 4). In contrast to other metal fluxes,
maximum Pb flux is found in subsurface sediment traps (0.9 and
1.7mgm−2 day−1) and not in those at the bottom of the water column
(0.6 and 0.7mgm−2 day−1) (Table 4). This differencemay be explained
by an additional supply of Pb from the atmosphere.

When cadmium content in SPM is undetectable, the corresponding
flux is then considered void (Table 4). The copper flux was measured
to the north of the Mejerda outlet (627 μg m−2 day−1) and only on the
sea floor, at the 40 m stations (86 and 227 μg m−2 day−1) (Table 4).
The maximum fluxes of nickel and chromium were found off the Khlij
Channel at the 10 m station, at 500 μg m−2 day−1and 3 mg m−2 day−1

(Table 4). The fluxes of these two elements, unlike for other metals, are
apparently lower to the north of theMejerda outlet (Table 4); in contrast,
the offshore fluxes (40 m stations) are relatively more significant: from
377 to 424 μg m−2 day−1 for Ni, and 1.5 to 1.7 mg m−2 day−1 for Cr.
The Mejerda River and the Khlij Channel appear to be the prodelta's
main sources of nickel and chromium.
Table 2
RSD (relative standard deviations) of analyzed component (%).

Component RSD (%) Component RSD (%)

CaCO3 10.22 Zn 2.20
CT 1.21 Cd 0.22
K 1.12 Cu 1.97
Al 1.55 Co 0.27
Fe 0.96 Ni 0.65
Mn 4.40 Cr 3.38
Pb 2.49



Table 3
Spatial variation of fluxes of SPM (suspended particulate matter), Al, K and Fe at top and
bottom of water column in May 2011. (− = missing data).

Sites SPM
(g m−2 day−1)

Fe
(mg m−2 day−1)

Al
(g m−2 day−1)

K
(g m−2 day−1)

A1 28.6 751 1.5 0.59
A2 17.4 422 0.89 0.36
B1 – – – –
B2 15.3 313 0.71 0.31
B3.1 3.9 25 0.1 0.068
B3.2 15.54 422 0.88 0.35
C1 27.7 790 1.46 1.58
C2 – – – –
C3.1 2 23 0.085 0.038
C3.2 21.6 621 1.25 0.5

Table 5
Seasonal variation of CaCO3, TC (Total carbon), TOC (Total organic carbon) and N contents
in SPM in Mejerda outlet and sediment traps.

CaCO3 (g g−1) TC (g g−1) TOC (g g−1) N (mg g−1)

Summer
Mejerda 0.236 0.161 0.133 5.6
B1 0.069 0.025 0.017 0.8
B2.1 0.054 0.042 0.036 1.834
B2.2 0.054 0.032 0.026 1.3
B3.1 0.253 0.044 0.014 1.502
B3.2 0.076 0.023 0.014 2.0

Winter
Mejerda 0.201 0.149 0.125 2.82
B1 0.202 0.047 0.023 0.80
B2.1 0.084 0.028 0.018 1.30
B2.2 0.130 0.034 0.019 1.101
B3.1 0.102 0.036 0.024 1.401
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3.2. Seasonal variation

3.2.1. Carbonates
Carbonate content in SPM in the waters of the Mejerda River is

0.201 g g−1 in winter and 0.236 g g−1 in summer (Table 5). Carbonate
fluxes at the 10 (B1), 20 (B2) and 40 m (B3) stations range from 1 to
7.66 g m−2 day−1 in winter and 0.32 to 1.16 g m−2 day−1 in summer
(Table 6).

3.2.2. Organic matter
Total carbon (TC) concentration is higher in SPM in the openwaters

off the mouth of the Mejerda River (0.149 to 0.162 g g−1) (Table 5).
This is also the case for TOC and nitrogen. Therefore, the highest con-
centrations are observed also in the SPM of the Mejerda River: 2.8 and
5.6 mg g−1 for N and 0.12 and 0.13 g g−1 for TOC, as shown in
Table 5. Although the waters of the Mejerda concentrate more SPM in
winter, the organic matter content in SPM varies only slightly between
seasons. TC content is practically the same at the marine stations: 0.023
to 0.0 44 g g−1 in summer and 0.028 to 0.046 g g−1 in winter, depend-
ing on the station (Table 5). Organic matter flux varies from the coast to
offshore but shows little variability between the seasons. Maximum
TOC flux (0.86 g m−2 day−1, Table 6) is observed facing the Mejerda
outlet (station B1) in winter. Nitrogen fluxes are significantly different
from those of the TOC because maximum flux is observed at the 40 m
station: 41.5 mg m−2 day−1 in winter and 22.3 mg m−2 day−1 in
summer (Table 6).

Major and trace elements:

– Aluminum: due to its detrital nature, Al flux is similar to that of SPM
and is observed at itsmaximumnear theMejerda outlet. Further off-
shore, however, its fluxes are relatively lower at the 20 (B2) and
40 m (B3) stations: 0.14 to 0.41 g m−2 day−1 in summer and 0.9
to 1.59 g m−2 day−1 in winter (Table 7). Seasonal variation in Al
flux is wide and of great significance, with the Mejerda's contribu-
tions lower in summer; the flux is five times lower during summer
Table 4
Spatial variation of trace element fluxes at top and bottom of water column in May 2011(BDL

Sites Mn
mg m−2 day−1

Pb
mg m−2 day−1

Zn
mg m−2 day−1

C
μg

A1 6.1 2.4 7 B
A2 2.9 1.3 3.7 B
B1 – – – –
B2 3.5 0.4 3.4 B
B3.1 0.3 0.9 1 B
B3.2 4.9 0.6 3.6 B
C1 6.5 1.9 5.7 B
C2 – – – –
C3.1 0.4 1.7 0.9 B
C3.2 5.2 0.7 5.3 B
at the 10 m station (B1). It is noteworthy that the Al flux is greater
in sediment traps at the bottom than in the subsurface, probably
due to re-suspension of rich aluminum sediment from the seabed.

– Iron:flux is significant near the coast at 384mgm−2 day−1 inwinter
and 260 mg m−2 day−1 in summer, while further out it varies from
58 to 230 mg m−2 day−1 in winter and 37 to 344 mgm−2 day−1 in
summer (Table 7).

– Manganese: unlike SPM, the amount of Mn provided by theMejerda
River is higher in summer (78 μg g−1) than in winter (10.1 μg g−1)
(Table 8). This is also the case at the 10mstation (B1)which is directly
influenced by the contributions of theMejerda, where amuch greater
flux of Mn is observed in summer (18 mg m−2 day−1) opposed to
only 5.5 mg m−2 day−1 in winter (Table 7).

– Lead: flux in winter is estimated at 1446 μg m−2 day−1 at the 10 m
(B1) station and 4747 μgm−2 day−1 at the 20m station (B2). In sum-
mer, lead flux at the bottom of thewater column is estimated at 1164
and 1490 μg m−2 day−1 at the 20 (B2.2) and 40 m (B3.2) stations,
respectively, whereas it is only 538 μg m−2 day−1 at the 10 m (B1)
station (Table 7).

– Zinc: in contrast to lead,maximumZnflux is observed inwinter at the
bottom of the water column, with the exception of the 20 m station
(B2.2), where Zn flux is slightly higher in summer (2900 μg m−2-

day−1) than in winter (2660 μg m−2 day−1). Elsewhere maximum
Znflux ismeasuredas follows:at the10mstation(4520μgm−2day−1

inwinter and 2308 μgm−2 day−1 in summer), a little less further off-
shore, at the 20m station (B2) (between 784 and 2902 μgm−2 day−1,
and at the 40 m station (B3) between 566 and 2802 μg m−2 day−1

(Table 7).
– Copper: Cu flux is detected in winter only in the sediment traps at the

bottom at the 20m (B2) and 40m (B3) stations, where flux is respec-
tively 247 and 856 μgm−2 day−1 (Table 7). In summer, copper flux is
much higher, with the maximum observed at the 10 m station (B1)
(1285 μg m−2 day−1). Offshore, greater flux is recorded at 40 m
= below detection limits).

d
m−2 day−1

Cu
μg m−2 day−1

Ni
μg m−2 day−1

Cr
mg m−2 day−1

DL 627 171 1.1
DL BDL 342 1.5

– – –
DL BDL 411 0.74
DL BDL 97 0.2
DL 86 377 1.7
DL BDL 501 3

– – –
DL 25 BDL 0.12
DL 227 424 1.5



Table 6
Seasonal variations in flux of SPM, CaCO3, CT, TOC and N.

SPM
(g m−2 day−1)

CaCO3

(g m−2 day−1)
TC
(g m−2 day−1)

TOC
(g m−2 day−1)

N
(mg m−2 day−1)

C/N

Summer
B1 16.98 1.16 0.42 0.28 13.59 20.80
B2.1 6 0.32 0.25 0.21 11 19.55
B2.2 16.41 0.88 0.53 0.42 21.33 19.93
B3.1 4.83 1.22 0.21 0.06 7.25 9.34
B3.2 11.16 0.84 0.25 0.15 22.32 6.95

Winter
B1 38 7.66 1.78 0.86 30.40 28.39
B2.1 12.94 1.08 0.36 0.23 16.82 13.8
B2.2 24.56 3.18 0.84 0.46 27.03 17.02
B3.1 11.57 1.18 0.41 0.27 16.20 16.89
B3.2 21.87 4.31 0.96 0.44 41.56 10.74
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(1142 μg m−2 day−1) than at 20 m (589 μg m−2 day−1) (Table 7).
– Cadmium: Cd flux is found in SPM only in winter; these fluxes are the

lowest among the metals studied: 45 μg m−2 day−1 at the 10 m sta-
tion, between 33 and 49 μg m−2 day−1 at 20 m (B2) and from 15 to
22 μg m−2 day−1 at 40 m (B3) (Table 7).

– Cobalt: flux is significantly greater in winter at the 10 m station (B1),
with 253 μg m−2 day−1, while offshore it varies between 20 and
148 μg m−2 day−1. In summer, despite a decrease in SPM flux, cobalt
flux is more significant off the Mejerda outlet, where a flux of
1834 μg m−2 day−1 is observed at 20 m and of 400 μg m−2 day−1

at 40 m (Table 8).
– Nickel: Ni content in SPM varies slightly between winter (average

67 μg g−1) and summer (46 μg g−1) (Table 6). The fluxes are stronger
in winter, especially at the 10 m station (2637 μg m−2 day−1) and a
little less further offshore: 1639 and 1656 μgm−2 day−1, respectively,
at 20 and 40 m (Table 7).

– Chromium: fluxes range from 778 to 3200 μg m−2 day−1 in
winter and show a marked decrease in summer with 292 to
1480 μg m−2 day−1. In fact, Cr flux decreases in summer, along
with that of SPM.
4. Discussion

4.1. Suspended particulate matter (SPM)

4.1.1. Lateral SPM
This accumulation is contrary to expectations as the accumulation of

solids is generally at its maximum at the top of the water column, de-
creasing with depth (Violintzis et al., 2009). Our finding, however, is
Table 7
Seasonal variation in heavy metal flux in μg m−2 day−1 (Fe in mg m−2 day−1) and of SPM (g
detection limits).

Al
g m−2 day−1

Fe
mg m−2 day−1

Mn
μg m−2 day−1

Pb
μg m−2 day−1

Zn
μg m−2 day−1

Summer
B1 0.37 258 18194 538 2308
B2.1 0.27 37 902 1253 784
B2.2 0.40 46 1125 1164 2902
B3.1 0.14 85 610 324 566
B3.2 0.41 344 1505 1490 2205

Winter
B1 1.65 384 5575 1447 4521
B2.1 1.02 59 1732 1421 859
B2.2 1.20 203 3711 4747 2663
B3.1 0.89 75 1007 2030 1287
B3.2 1.59 229 4836 1512 2802
B1 1.65 384 5575 1447 4521
consistent at each installation of the two sediment traps at a single
station and is probably the result of re-suspension from the sediment
surface. SPM distribution is almost equal between areas to the north
and south of the Mejerda outlet despite the north–south long-shore
current predominance in the region due to the weather conditions in
May 2011 (Fig. 4). Accumulation of SPM north of the outlet is due either
to the sudden changes inwind direction and speed or to an extra supply
of SPM froma source other than theMejerda River (e.g. Ghar ElMelh La-
goon). Furthermore, previous studies (Helali et al., 2013) have shown
that accumulation of heavy metals in sediments occurs on both sides
of theMejerda outlet and that currentmodelinghas demonstrated pres-
ence a south–north drift stream passing before the outlet. Seasonal and
lateral distributions of SPM fluxes are consistent with the prevailing
wind direction (north to northwest sector) most often resulting in the
formation of marine currents, which is consistent with the SPM con-
tents recorded in the waters of the Mejerda. Excess of suspended parti-
cles collected in the traps at the bottomof thewater column is due to re-
suspension affecting the seabed; in fact, even though the sediment traps
placed at the bottom of the water column were positioned 5 cm above
thebottom, they still accumulated the suspended particles from the sea-
bed in addition to particles carried and discharged by the Mejerda. Due
to the fine grain size characterizing the sediment particles in our study
area (Helali et al., 2013), and according to the recent measurements of
the currents in the Gulf of Tunis (Brahim et al., 2015), it appears that
the re-suspension affecting the seabed cannot be ruled out and is even
very likely present in the area facing the Mejerda mouth where the re-
corded currents were most intense. According to Ben Charada (1997)
and Brahim et al. (2007, 2015), frequent strong NW winds generate
weak counter-clockwise littoral currents in the central part of the gulf,
thereby controlling suspended matter and surface sediment accumula-
tion there.
m−2 day−1) in the sediment trap at top and bottom of the water column. (BDL = below

Cu
μg m−2 day−1

Cd
μg m−2 day−1

Co
μg m−2 day−1

Ni
μg m−2 day−1

Cr
μg m−2 day−1

1285 BDL 592 647 920
762 BDL 561 251 405
589 BDL 1834 910 299
199 BDL 58 115 292

1142 BDL 407 813 1480

BDL 45 253 2637 3225
BDL 33 47 846 826
248 49 148 1640 1948
BDL 15 20 763 778
856 22 98 1556 2123
BDL 45 253 2637 3225



Table 8
Heavy metal contents in μgg−1 (in mg g−1 for Al and Fe) in SPM in Mejerda River outlet.

Al Fe Mn Pb Zn Cd Cu Ni Co Cr

Summer 30.1 17.7 78.0 61.3 246.4 0.0 37.3 65.5 8.7 61.2
Winter 44.6 17.0 10.1 67.8 142.5 0.4 BDL 82.0 18.2 106.0

Fig. 5. Aluminum flux vs potassium flux correlation.
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4.2. Organic matter and carbonates

The C/N ratio in the SPM is higher than in the sediment cores mea-
sured by Essoni (1998) and those recorded in this study (data not
shown). The highest value observed is for SPM in the Mejerda River in
winter (C/N= 44). Of the three marine stations, the 10 m station is al-
ways the one revealing a high ratio at 28 in winter and 20 in summer,
while further offshore the C/N ratio decreases above 40 m (16 to 10 in
winter and 7 to 9 in summer). Even though the ratio is lower at the
10 m station, it remains high at 20 m at 13–19 indicating that the
20m station, too, is subject to a significant contribution of organic mat-
ter of detritic origin. At the 20 and 40m stations, the C/N ratio is lower in
the bottom sediment traps than in the subsurface, implying that the
detritic organic matter probably comes from the top of the water col-
umn, while further down, the suspended organic matter particles are
of mixed detrital and marine origins. At all the studied sites the C/N
ratio tended to decrease in summer, probably due to the reduction in
the detritic supply from the Mejerda River, Ghar El Melh Lagoon and
the Khlij Channel. Over the entire period of immersion of the sediment
traps, easterly winds (Fig. 4), more present in summer, tended to alter
the marine current in the prodelta waters. Whereas the C/N ratio at
the 10, 20 and 40 m stations represents average values over four
weeks, the C/N ratio off the Mejerda River outlet represents a value
measured at a given time, which explains why the C/N ratio is lower
at the Mejerda River mouth in summer (C/N = 14.16) than at the 10
and 20m stations (C/N=20.8 and 19.5, respectively), though the origin
of the organic matter was not shown to be mainly detritic.

Carbonate fluxes are significantly greater at the 10 m station (B1)
than at 20 (B2) and 40 m (B3), not only because SPM flux is greater,
but also because carbonate content is more significant near the coast
(Table 5). This is probably due to the origin of the carbonates, from
both biogenic precipitation and detritic sources. The Mejerda is the
main source of detritic carbonates, but the other likely contributor is
the Ghar El Melh Lagoon.
Fig. 4. Average wind speed and direct
4.3. Aluminum and potassium

Though the number of samples is limited, the correlation of Al to K
(Fig. 5) is almost perfect (R = 0.9982). In the case of deep sediment
from the prodelta (data not shown), the correlation of Al/K suggests
that the illite group—general formula (Si(4 − x) Alx) O10 (Al2) (OH)2
(K) x with x close to 0.5 (Fütterer, 2006; Tessier, 2012)—is probably
the most abundant clay component of SPM. As aluminum is a product
of the weathering of continental rocks, it is normal for its fluxes to be
similar to those of SPM, since amaximumamount offluxes are observed
near the coast, decreasing offshore.

When compared to other studies, it becomes apparent that alumi-
num fluxes off the Mejerda outlet are similar to those generally ob-
served along the rivers of the Vigo estuary (northern Spain), where
aluminum flux ranges from 1.27 to 2.39 to g m−2 day−1 (Santos-
Echeandía et al., 2011), and in the Vöra estuary in Finland, where it
ranges from 0.27 to 9.72 gm−2 day−1 (Nordmyr et al., 2008). In the Bal-
tic Sea aluminum flux is much lower, from 0.01 to 0.09 g m−2 day−1

(Leivuori and Valliusb, 1998). The trend remains similar where alumi-
num fluxes are more significant in coastal areas near the river outlets,
but decreasing in offshore areas, due to the metal's detrital character.
In winter Al content in SPM is similar to that measured in deltaic
ion during sampling campaigns.



Fig. 6. Enrichment factor of heavy metals (circles represent enrichment at Mejerda outlet).
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sediments (Helali et al., 2013), though it is lower in summer (Table 6)
due to lower summer detrital output.
4.4. Enrichment factor

The enrichment factor (EF) is the value calculated for each heavy
metal when estimating the proportion of the anthropogenic activity in
the uptake of heavymetals in sediments. Aluminum is a conservative el-
ement, unaffected by human activity and is thus regarded as the detrital
fraction of sediment. The EF is therefore calculated in relation to Al con-
tent; the levels of the other metals are normalized in comparison with
those of aluminum (Zoller et al., 1974; Hakanson, 1980;
Alvarez-Iglesias et al., 2003; and Maanan et al., 2004) and then
Fig. 7. Normalization of CaCO3, TC, TOC, and trace elements c
compared to the levels recorded in theNASC (NorthAmericanShale Com-
posite). The formula used is as follows EF = [Me/Al] sample / [Me/Al]
(Salomons and Forstner, 1984).

Enrichment factors calculated for the heavy metals at all the
stations and in both seasons are shown in Fig. 6. Three categories
are distinguished:

• Non-polluting metals: The best examples are iron and manganese
(with an EF of 0.1 to 1), with the exception of values corresponding
to the Mejerda outlet and the 10 m stations, characterized by an
EF N 1 in summer.

• Moderately polluting metals: Here pollution occurs only at some
stations or in certain seasons. For example, in nickel, cobalt, cop-
per and chromium, the EF range is from less than 1 to almost 50,
but most of them range between 1 and 10. The highest values
are found in the Mejerda River water itself and not in the marine
waters off the outlet: EF = 41 to 48 for Ni, 24 to 28 for Cr, 23 to
55 for Co and more than 40 for Cu in the summer (Fig. 6). EF can
also reach high values off the Mejerda outlet, as is the case of Cu
at the 10 m station in summer (EF = 11) and Co at the 20 m sta-
tion where the EF = 2.1.

• Polluting metals: This is seen in the cases of lead, zinc and cadmi-
um where the enrichment factor is high (up to 115 for Pb and Zn)
or extremely high (up to 3000 for Cd). Regarding the aforemen-
tioned metals, the highest enrichment values are observed in the
Mejerda outlet: 89 to 117 for Pb and 44 to 114 for Zn, and up to
3180 for Cd (Fig. 6).

Overall, the estimates of pollution from the enrichment factors cal-
culated in SPM reflects the same values reported in the surface sediment
(Helali et al., 2013) and sediment cores from the Mejerda River Delta
(data not shown), with Pb, Zn and Cd as the most polluting metals
there. Enrichment is a natural process, whose occurrence has, in fact,
been observed to be high in this mining area. However, the production
of some metals is closely linked with human activity: wastewater dis-
charge and mining activity in the Mejerda catchment. Other metals
are not a factor of heavy pollution in the prodelta. Clearly, the waters
of the Mejerda are an important source of heavy metal in the prodelta
which are then dispersed into the offshore waters and probably into
the rest of the Gulf of Tunis.
ompared to aluminum in top-level Mejerda outlet SPM.



Fig. 8. Nutrient and trace element enrichment in SPM in offshore zones facing Mejerda River outlet.
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4.5. Normalization towards aluminum

The same calculation was used to determine the enrichment factor
as was used to estimate the significance of the contribution of the
Mejerda outlet for each metallic element in the marine waters. To
achieve this, the values of each component (carbonates, organic matter
and metals) were normalized in relation to its own concentration
level in the Mejerda water SPM. No seasonal variation in results
was obtained, thus it is the average annual measurements that are
represented (Fig. 7).

Two categories of component are conspicuous:

• Elements contributing to enrichment in the Mejerda waters: This is
especially true for nitrogen and iron (Fig. 8), whose enrichment ex-
ceeds 100. Nitrogen and iron should show an authigenic origin, and,
in the case of nitrogen, also biogenic as this component is abundant
in marine plankton; this was explained above in the calculation of
Table 9
Correlation of heavy metal flux in SPM facing Mejerda River outlet.

Variables Al Fe Mn Pb Z

Al 1.00
Fe −0.43 1.00
Mn −0.29 0.52 1.00
Pb −0.45 0.30 −0.01 1.00
Zn −0.53 0.79 0.42 0.43 1
Cd −0.30 0.41 0.07 0.72 0
Cu −0.40 0.43 0.56 −0.04 0
Ni −0.44 0.73 0.26 0.56 0
Co −0.30 −0.05 0.11 −0.04 0
Cr −0.42 0.86 0.31 0.51 0

Significant correlations (> 0.7) are in bold.
the C/N ratio and the precipitation of iron oxides off the Mejerda out-
let regarding iron.

Other components are also enriched in the waters of the prodelta:

– Potassium, for example, is widely present in clays; potassium
enrichment in the prodelta indicates that the clays present in
the marine waters have likely originated elsewhere, probably in
Ghar Melh Lagoon.

– Manganese has limited enrichment. It is more significant near
the coast (15 at the 10 m station) and slightly less at the 20 and
40 m stations (3–4).

– Similar to iron, the enrichment manganese is restricted to the 10 m
station, which may come from a source other than the Mejerda,
probably Ghar El Melh Lagoon, from which manganese enters the
mouth of the Mejerda via the north–south littoral drift.
n Cd Cu Ni Co Cr

.00

.54 1.00

.27 −0.39 1.00

.91 0.82 −0.04 1.00

.36 −0.30 0.42 0.04 1.00

.84 0.76 0.08 0.95 −0.16 1.00



Fig. 9. ACP analysis in SPM flux and metal-associated flux in the Mejerda (M) and in
offshore zones (B1, B2 and B3 stations). Blue circle =winter and red lozenge = summer.
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• Metal enrichment as regards Mejerda River sediment deposits: metals
with no enrichment or very little, a state particularly true of most
heavy metals (Fig. 7) in relation to human activity in the Mejerda
catchment, which is a major source of these metals in the prodelta.
With the exception of Pb, most of the metals undergo a “dilution” in
the sea, since maximum enrichment is observed at the coastal stations
(0.8 for Zn and Ni, 1 for Cu and Cd, and 3 for Co). Lead enrichment
(Fig. 8) confirms that this element has a source contributing to its en-
richment other than the Mejerda; this may be due to atmospheric in-
puts or the region's fishing activity, as well as the inputs from Ghar El
Melh Lagoon. Cadmium enrichment is almost constant and does not
showsignificant differentiation (around1) as it is linked to organicmat-
ter, as mentioned previously, and itself originates essentially in the
Mejerda. As presented in Fig. 7 the enrichment of Co and Cr cannot be
related to Mejerda discharge since Mejerda deposits are not enriched
with Co andCr (Decrée et al., 2010). The Co andCr enrichment is related
to other sources such as Ghar El Melh Lagoon and, mainly, the Khlij
Channel (Essoni, 1998). Trace elements such as cobalt may be present
at μg g−1 levels in biogenic materials and particulate organic carbon
(POC). In the future, for a better understanding of SPM and the role of
trace elements in the biogeochemical cycle (Roberts et al., 2009; Boss
et al., 2015), a good knowledge of chemical fractionation will be
essential.

4.6. Statistical analysis

Correlation between metal flux during the wet and dry seasons in
theMejerda River and offshore facing theMejerda outlet shows positive
correlation between metal fluxes with a high positive correlation of Cr
to Fe, Zn, Ni and Cd (Table 9). Iron is positively correlated with Cr, Zn
and Ni with r = 0.86, r = 0.79 and r = 0.73 for p b 0.05, respectively.
ACP analysis shows that the two first axes explain 71.5% of total vari-
ance (Fig. 9). Five groups are distinguished: the first includes the
Mejerda in bothwinter and summer,with Al representing the continen-
tal origin of SPM flux in both seasons and SPM flux at the 40 m depth
sites in winter. Results agree with the hypothesis that the counter-
clockwise current carries all outflow deposits from the Mejerda during
the winter period to the central part of the gulf. In the second group
Fe is associated with SPM flux in both summer and winter, associated
with Zn flux which is accumulated with strong diagenetic processes as
explained by Helali et al. (2015). The third and fourth groups associate
other SPM fluxes at 10 and 20mwith other groups ofmetals. Group 5 is
composed of summer intermediate sites at 20m that have nometal as-
sociation or metal flux association.

5. Conclusion

Normalization shows that in themarinewaters off theMejerda River
outlet, it is the river itself which is a major source of Pb, Zn, Cd, Cu, Ni,
and Co (all of which are related to human activities). In addition to the
Mejerda, Ghar El Melh Lagoon may be a potential source of Fe and the
essential source of Mn, as well as the probable source of clays in these
coastal waters. The prodelta shows some metal accumulation of zinc,
lead and cadmium, the heavy metals essentially found present in
Mejerda catchment mining activity. Enrichment factor calculation
shows that Cd is likely the most heavily accumulated metal in the
SPM off the Mejerda outlet, confirming the results of other studies con-
ducted in the area. The Mejerda is also an important source of other
heavy metals which, though not major polluting factors, are dispersed
into the marine waters off the outlet from which they likely spread
into the rest of the Gulf of Tunis.
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