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Abstract The aim of this study was to determine the concen-
tration of Pb, Zn, Cu, Cd, Cr, and Fe in sediments of the Ichkeul
Lake and rivers ecosystem in northern Tunisia; their compari-
son with international sediment quality criteria was also pro-
posed to assess the extent of metal pollution and their origin
using various pollution indicators. For this purpose, sediment
samples were collected in thirteen locations and characterized
for metal content (Pb, Cr, Zn, Cu, Cd, and Fe) using the total
digestion technique. Pollution level was assessed via the
geoaccumulation index (Igeo), enrichment factor (EF), contam-
ination factor (C ), potential ecological risk (PER), and pollu-
tion load index (PLI). Our results showed that all metals were
lower than the threshold effect levels (TEL), the effect range
low (ERL), the probable effect level (PEL), the effect range
median (ERM), and the probable effect concentration (PEC)
value, except Pb and Cr (higher than TEL), the threshold effect
concentration (TEC), and the toxicity reference value (TRV).
The geoaccumulation index (Igeo) indicated no pollution for
Cr, Cu, Zn, and Fe, but moderate pollution for Pb. The enrich-
ment factor showed no enrichment for most of the studied
metals. This was further confirmed by the contamination factor
that indicated low contamination levels, with the exception of
Pb. The pollution load index (PLI) showed moderate pollution
status in all the studied stations in the Ichkeul Lake and rivers
ecosystem. The statistical results presented similar trends of Zn
and Pb probably due to their similar pollution sources. It was
found that the Ichkeul Lake and river ecosystems are character-
ized by moderate pollution status in all the studied sites except
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for that of a feeder river drained from an old lead mine which
had relatively high metallic concentrations of Pb and Cd. It can
be argued that effective remediation strategies and environmen-
tal management plans are required to control and reduce the
input of environmentally hazardous toxic pollutants (Cd and
Pb). This study may serve as a useful reference tool pertinent
to approaches to the remediation of the old lead mine area
surrounding the Ichkeul Lake as well as other areas under sim-
ilar ecological conditions..
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Introduction

Metal contamination in aquatic environments remains an issue
of great concern due to its toxicity, wide source, abundance,
persistence in the environment, and subsequent accumulation
for a long period of time in aquatic habitats (Dong et al. 2011).
Over the past century, heavy metals have been discharged into
the world rivers and estuaries as a result of the rapid industri-
alization and urbanization (Salati and Moore 2010; Sdiri et al.
2012). River sediments therefore are important sources for the
assessment of man-made contamination in rivers where heavy
metals flow into lakes.

Sediments usually provide useful information for environ-
mental and geochemical pollution status (Uluturhan et al.
2011). Heavy metals may settle down in the sediments and grad-
ually release in water generating one of the most critical prob-
lems in aquatic environments (Zhang et al. 2014). Total heavy
metal concentration in sediments can be therefore used for the
identification of pollution source, pollution level, and ecological
risks (Praveena et al. 2015). Protecting the quality of the
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sediment is an important part of restoring and maintaining bio-
logical integrity; it should always include the determination of
the extent or degree of pollution by a given heavy metal (USEPA
2001). Consequently, the analysis of river sediments is a
useful tool to study the metal pollution in a given area (Varol
2011).

The geoaccumulation index (/ye,), enrichment factor (EF),
contamination factor (C}), potential ecological risk (PER), and
pollution load index (PLI) are among different statistical indexes
that can be used to determine the source and magnitude of metal
pollution. Numerous researchers considered those parameters for
assessing metal pollution (e.g., Amin et al. 2009; Wei and Yang
2010; Ghrefat et al. 2011; Varol 2011; Hasan et al. 2013; Zahra et
al. 2014; Ghannem et al. 2014; Zarei et al. 2014; Zhang et al.
2014; Praveena et al. 2015; Aydi 2015). All these studies were of
practical significance in terms of environmental protection.

The Ichkeul Lake (northern Tunisia) represents an original
aquatic ecosystem whose biological balance has been altered
due to the rapid anthropogenic development, anarchic urbaniza-
tion, industrialization, and municipal waste water dumped direct-
ly into the lake, which can seriously affect water and sediments.

Furthermore, various unknown sources of pollutants can be
emitted by industries that can have major negative effects on the
ecosystem. Indeed, in the existing literature on ecosystems in
Bizerte, Tunisia, some previous studies have carried out assess-
ment of the water quality of Bizerte lagoon. However, to our
knowledge, assessment of heavy metal pollution in surface sed-
iments in Ichkeul Lake and its feeder rivers, along with the
environmental risks they pose, has not received attention so far.

The main objectives of the present study are (1) to deter-
mine the concentration of Pb, Zn, Cu, Cd, Cr, and Fe in sed-
iments of the Ichkeul Lake and its feeder rivers; (2) to assess
heavy metal contamination levels and their origin; and (3) to
discuss the pollution status. Hence, this study significantly
contributes to evaluating the current status of sediment
pollution in the Ichkeul ecosystem and providing updated
information in support of effective environmental manage-
ment in the area. This may help to develop beneficial water
protection measures and better management of human
activities in the Ichkeul Lake and its feeder rivers.

Materials and methods
Study area

Ichkeul ecosystem is one of the four most important wetlands
of the Western Mediterranean basins (i.e., Dofiana in Spain,
the Camargue in France, and Elklaa in Algeria) according to
Tamasier (1987, 1992); (UNESCO 2009c) and Bird life
International (2009). The studied area lies to the northwest
of Tunisia (coordinates: 37° 02" N 09° 33’ E) in the
Mediterranean coast (Fig. 1). This region is internationally
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recognized as a protected area by Ramsar Convention 1980
(Ramsar Convention and Wetlands International 2009) and
also designated as a biosphere reserve in 1977, and a natural
world heritage site (UNESCO 2009a, b). Ichkeul Lake is an
important stopover point for hundreds of thousands of migrat-
ing birds each year (Carp 1980). It comprises two physio-
graphic units: an isolated wooded mountain and a permanent
brackish water lake surrounded by marshland. It is connected
to the sea via the river Tinja canal, and it is fed by six main
rivers from the west and south, i.e., Douimis, Sejenane,
Malah, Ghezala, Joumine (canalized across the marshes) and
Tine, a tributary of the Joumine. The lake catchment and marsh-
land soils are alluvial. The Ichkeul Mountain is composed of
Triassic and Jurasssic formations, largely as metamorphosed
limestones with pseudo-dolomitic marbles. Triassic limestones
and other sedimentary deposits are exposed in the quarries on
the south-western slopes of the mountain. The endorheic basin
of the lake as well as the marshes is composed of Quaternary
alluvia (Hollis 1977; Bousquet 1988).

The climate is typically Mediterranean; winter rainfalls fill up
the rivers and the lake with freshwater from autumn and winter
that overflow into the river Tinja which presents high contents of
dissolved salts during the summer season. In summer, high
evaporation lowers the water level and allows seawater intru-
sion. Salinity displays considerable seasonal changes from 3 %o
in the innermost parts in spring to 38 %o at the mouth of the Tinja
channel in autumn (Casagranda and Boudouresque 2007). The
Ichkeul Lake is bordered by the old (Pb-Zn) Jalta mine.

The study area is surrounded by accumulation of solid
mining wastes of the old Jalta mine after the processing of
the Pb-Zn. Exposed to different meteoric factors, sulphides
from the tailings dams and wastes are oxidized, thus generat-
ing acid mining drainage (AMD) able to mobilize and release
heavy metals associated with sulphides. Sulfides are
remobilized by run-off from the dump up to the surroundings
of Ichkeul Lake (Gannouni et al. 2010).

The mining wastes correspond to large barren accumulations
containing heavy metal contents that are responsible for the ac-
cumulation of the surface sediments of Ichkeul Lake. This area is
also exposed to domestic sewages along with industrial, munic-
ipal, and recreational discharges. Also, agricultural activities in
the surrounding Mateur Plain involve the use of pesticides and
fertilizers to be transferred by the drainage system in the lake
(Hollis 1986). These factors contribute to the environmentally
unfriendly degradation of the lake water quality.

Sampling and analysis

Surface sediment samples (05 cm) were collected from 13
sites in three replicates from the Ichkeul Lake and rivers using
a grab sampler in January 2014 (Fig. 1).

Geographical coordinates of sampling locations were re-
corded at each sampling point with a GPS (Table 1). The
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Fig. 1 Location of sampling sites in the Ichkeul Lake and rivers ecosystem

sampling sites were selected at the mouths of the main rivers
which flow into the lake: Sejnane (S1), Douimis (S2), Melah
(S3), Mallah (S4), Joumine (SS5), Tinja (S10), Morra (S11),
close to agricultural area to determine the direct runoff impact
in the lake and at the thermal springs (S6, S7, S8, S9, S12).
Finally, at site S13 from river directly draining the Jalta mine

tailings, this site was selected as an example of a stream which
can receive the soluble and particulate metals through river
systems.

Sediment samples were taken from each site using stainless
steel Van Veen grab. Immediately after collection, the samples
were placed in polyethylene bags, refrigerated, and transported

Table 1  Textural and Physicochemical properties in sediment samples of Ichkeul Lake and rivers ecosystem
Sample GPS Position Textured Sand (%) Silt (%)  Clay (%) pH EC (ms/cm) COT (%)  Salinity (%)
sites facies
Latitude Longitude
S1 37°11°.595”N  9°34°.765”E  Sandy clay 56 15 33 8.41 1.4 0.23 0.01
S2 37°12°.049”N  9°37°.441”E  Clay 19 36 51 8.76 1.5 0.36 0.01
S3 37°06°.451”N  9°43°.115E  Sandy 90 6 8 8.62 4.26 3.71 0.04
S4 37°06°.371”N  9°32°.423”E  Sandysilt 64 26 9 8.07 15.48 0.73 0.14
S5 37°06°47.8”N  9°04°.5”E Clayey-silt 36 20 44 8.33 3.7 1.34 0.03
S6 37°8.727"°N 9°41°28”E Sandy 96 2 6 7.85 62.49 1.98 0.63
S7 37°08'.104”N  9°41'315”E  Sandy 84 8 11 7.72 31.97 1.87 0.3
S8 37°08°.328”"N  9°40.54”E Sandy 81 9 13 7.81 4.26 0.62 0.41
S9 37°08°.417"N  9°40°.355”E  Silty 38 49 10 7.76 40.84 2.05 0.4
S10 37°10°29.2”N  9°45°572”E  Clayey-silt 39 26 37 8.16 14.47 5.51 0.13
S11 37°14°5.05"N  9°4°27.32” E Silty 27 66 10 8.3 6.61 0.07 0.06
S12 37°08°10.37”N 9°41°32.22”E Silty 39 48 11 7.85 17.61 0.32 0.17
S13 37°04°0761”N  9°31°5503”E  Clay 1 1 98 6.5 1.6 0.26 0.02
Mean+SD 52+191 24+127 26+156 8.01+0.09 15.86+235 147+021 0.18+0.02

SD standard deviation
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to the laboratory. Sediment samples were dried to a constant
dry weight at 60 °C, and sieved with a 63-um stainless steel
sieve (Mudroch and Bourbonniere 1994). Finer sediments
contain more heavy metals than the coarser ones. This enrich-
ment is mainly due to surface adsorption and ionic attraction
(Szefer et al. 1996).

The sediment samples were air dried and sieved to <2 mm
for general analytical determinations. The pH was determined
in a 1:5 suspension of sediment in Milli-Q quality water using
a HANNA HI 2210 pH meter. Electrical conductivity (EC)
(ms/cm at 25 °C) was measured using an Orion model 150
conductivity meter in the extracts obtained by filtering the 1:5
suspensions through a 0.45-um cellulose acetate disk filter.
Textural analysis was performed after dispersion of the fine
sediment and by combining extraction by Robinson pipette
and sieving. Analysis of TOC was carried out with 100 mg
of powdered sample using a “Turbo” Rock-Eval 6 pyrolysis
manufactured by Vinci Technologies. The full description of
the method and of the parameters obtained is given by
Espitalic et al. (1985).

The mineralogical composition of the samples was deter-
mined by X-ray diffraction (XRD) patterns and were acquired
using a Bruker AXS D8 advance diffractometer equipped with
a Cu tube, a Ge (1 1 1) incident beam monochromator (A=
0.1541 nm), and a Vantec-1 PSD. Data were recorded in the
26 range of 5-55° with an angular step size of 0.016° and a
counting time of 6 s per step.

For the analyses of Pb, Cr, Cd, Cu, Zn, and Fe concentra-
tions in sediment samples, about 0.5-1.0 g of the dried
sediment were digested in a mixture of concentrated acids
(nitric acid, fluorhydric acid, and perchloric acid) according
to the EPA 3052 guideline (EPA 1996).

The digested samples were diluted to 25 ml with
double distilled water and filtered through Whatman fil-
ter paper into acid-washed polyethylene sample bottles.
After filtration, the samples were determined for Pb, Zn,
Cu, Cd, Cr, and Fe using atomic emission spectrometer
(Jobin Yvon Ultima C).

The analytical data quality was guaranteed through the
implementation of laboratory quality assurance and quality
control methods, including the use of standard operating pro-
cedures, calibration with standards, analysis of reagent blanks,
recovery of known additions, and analysis of replicates. All
analyses were run in triplicate, and the results were expressed
as the mean.

Sediment contamination assessment methods
Geoaccumulation index
The geoaccumulation index (/yc,) introduced by Miiller

(1969) was used as a reference to identify the extent of metal
contamination in the studied sediments by comparing current
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concentrations with background levels. This index can be
determined from the following equation:

C
oo = Lo (5 53 ) )
-ODBn

where C,, is the measured concentration of element n, B,, is the
background concentration value of the element n (Cd, Cr, Pb,
Zn, Fe, and Cu in sediments were 0.2, 71, 16, 127, 35.900, and
32 mg/kg); (Martin and Whitfield 1983), and 1.5 is the
background matrix correction factor that is included to correct
possible background value variations due to lithogenic effects.
The pollution levels derived through identifying /,., are listed
in Table 2.

Enrichment factor

For the estimation of anthropogenic inputs, enrichment factor
and geoaccumulation index are among the most widely used
indicators (Covelli and Fontolan 1997; Ghrefat and Yusuf
2006; Gonzales-Macias et al. 2006; Chen et al. 2007; Aprile
and Bouvy 2008; Khuzestani and Souri 2013).

According to the enrichment factor technique, metal con-
centrations were normalized to metal concentrations of average
shale (Ghrefat and Yusuf 2006; Maanan et al. 2015) or average
crust (Karbassi et al. 2005; Gonzales-Macias et al. 2006). The
most commonly used elements for normalization are Al (Chen
et al. 2007) and Fe (Ghrefat and Yusuf 2006; Ali 2015). In this
study, the geochemical normalization was obtained using Fe
(35.900 mg/kg) (Martin and Whitfield 1983). The enrichment
factor (EF) was computed using the equation of Ergin et al.
(1991):

(CX/C Fe)sample

(CX/ C Fe)crust or background

EF =

: (2)

where (Cy/Cre) sample 1s the ratio of concentration of the
element being tested (Cy) to that of Fe (Cr.) in the sediment
sample, and (Cy/Cre)erust or background 18 the same ratio in
unpolluted baseline samples. EF values were interpreted as
suggested by Sakan et al. (2009), where: EF <1 indicates no

Table 2 Pollution level evaluation based on /., index (Miiller 1981)

Class Lseo value Evaluated pollution level

0 Lgeo <0 Unpolluted

1 0<len<1 Unpolluted to moderately polluted
2 1<ye0<2 Moderately polluted

3 2<ye0<3 Moderately to heavily polluted

4 3<yeo <4 Heavily polluted

5 4<lyeo<5 Heavily to extremely polluted

6 51y <6 Extremely polluted
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enrichment; <3 is minor enrichment; 3—5 is moderate enrich-
ment; 5-10 is moderately severe enrichment; 10-25 is severe
enrichment; 25-50 is very severe enrichment; and >50 is
extremely severe enrichment.

Contamination factor

The contamination factor (C} is used to describe the contam-
ination by a given toxic substance in the environment. In the
version originally suggested by Hakanson (1980), the assess-
ment of contamination was conducted through the reference
of the elemental concentrations to pre-industrial levels
(Hakanson 1980). This parameter is expressed as:

Ci

Ch=—,
f C:]

(3)
where C' is the mean content of a substance i in sedi-
ments, and C. is the reference level for the substances
(Cd, Cr, Pb, Zn, Fe, and Cu in sediments were 0.2, 71,
16, 127, 35.900, and 32 mg/kg; Martin and Whitfield
1983). The following criterion was used to describe the
values of the contamination factor:

Ci<1 low contamination factor

1<Ci<3  moderate contamination factors

3<Ci<6 considerable contamination factors; and

Cp6 , very high contamination factor (Hakanson 1980).

Pollution load index

The PLI was originally proposed by Tomlinson et al. (1980) to
determine the pollution load of sediments. It can also give a
simple and relative means for the evaluation of the degree of
metal pollution (Tomlinson et al. 1980). This parameter is
expressed as:

PLI = (C\1 x Cj2 x C}3 x ... x Cin) /", (4)

where n is the number of metals and C} is the contamination
factor. The pollution load index can be classified as no
pollution (PLI< 1), moderate pollution (1 <PLI<2), heavy
pollution (2 <PLI<3), and extremely heavy pollution (3 <
PLI) (Tomlinson et al. 1980).

Potential ecological risk index (PER)

The potential ecological risk index (PER) was introduced to
assess the ecological risk degree of heavy metals in the sedi-
ments studied. It was originally proposed by Hakanson (1980)
and widely used as a diagnostic tool for water pollution con-
trol purposes (Guo et al. 2012; Saeedi et al. 2012; Suresh et al.
2012). The value of requested potential ecological risk index

(PER) for the basin/lake can be calculated by the following
formulas:

e L
C'fZF,Cd:ZCIf (5)
n i=1
m
E, =T, x Cyy, PER = Z E,, (6)
i=1

where Cj; is the single element pollution factor; C' is the
content of the element in samples and C', is the reference
value of the element. The reference values of Cd, Cr, Pb,
Zn, Cu, and Fe in sediments were 0.2, 71, 16, 127, 32,
and 35.900 mg/kg (Martin and Whitfield 1983). The sum
of Ck for all the studied metals represents the integrated
pollution degree (C4) of the environment, E! is the poten-
tial ecological risk index of an individual element, Ti is
the biological toxic factor of an individual element, which
are defined for Cu=Pb=5, Cr=2, Zn=1, Cd=30, and
Fe=6 (Guo et al. 2012; Fu et al. 2009; Zhu et al. 2013).
PER is the comprehensive potential ecological index,
which is the sum of E'. (Table 3). It represents the sensi-
tivity of the biological community to the toxic substance
and illustrates the potential ecological risk caused by the
overall contamination.

Sediment quality guideline

Sediment quality assessment guidelines (SQGs) are very use-
ful to screen sediment contamination by comparing sediment
contaminant concentration with the corresponding quality
guideline (Macdonald et al. 2000). In different studies, the
numerical sediment quality guidelines were applied as predic-
tors of contaminants in aquatic sediments (Sekabira et al.
2010). Sediment quality guidelines (SQGs) were used to
evaluate the toxicological potential of metals in sediments
and to classify areas that may represent a risk for their biota
(Garcia et al. 2008). These synthesized guidelines consist of
the effect range low (ERL)/effect range median (ERM) and
the threshold effect level (TEL)/probable effect level (PEL)
values/threshold effect concentration (TEC)/probable effect
concentration (PEC)/toxicity reference value (TRV). Low

Table 3  The ecological risk level based on PER index

E. value PER value Evaluated pollution risk level
E <40 PER < 150 Low

40<E' <80 150 < PER <300 Moderate

80<E'. <160 300 <PER < 600 High

160<E. <320  600<PER Very high

320<E, - Extremely high
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range values (i.e., ERLs or TELs) are concentrations below  Statistical analysis

which adverse effects on sediment-dwelling fauna would

be infrequently expected. However, the ERMs and PELs  Data were statistically analyzed using the software Statistica
represent chemical concentrations above which adverse 7. A Pearson’s bivariate correlation was used to evaluate the
effects are likely to occur (MacDonald et al. 2000; inter-element relationship in sediments. The means and stan-
Smith et al. 1996). dard deviations of the metal concentrations in sediments were
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calculated. Additionally, cluster analysis was performed in an
attempt to understand sources of pollution.

Results and discussion

Physico-chemical properties and heavy metals in sediment
samples

The data in Table 1 showed physico-chemical properties of the
studied sediment samples. The pH values ranged between 6.5
and 8.76 with an average value of 8.01, suggesting alkaline
conditions for most of the sediment samples. The electrical con-
ductivity (EC) values ranged between 1.4 and 62.49 (ms/cm)
with an average value of 15.86(ms/cm). Salinity values
ranged from 0.01 to 0.63 % with an average of 0.18 %.

The content of total organic carbon (TOC) varied from
0.07 to 5.51 % with an average of 1.46 %. The texture
of the studied sediment samples was mainly dominated
by sand fraction, ranging from 1 to 96 %.

Characterization of minerals in the sediments

Figure 2a depicts the major minerals found in the river sedi-
ments drained from the old mine of Pb-Zn. Based on the XRD
analysis, the sediment sample of this river (S13) was mainly
composed of calcite (CaCOj3) with minor minerals such as
quartz (Si0O,), kaolinite [Al,Si,05(OH),4], pyrite (FeS,), and
Illite [(K,H3 O) (Al,Mg,Fe)2 (Sl, Al)4 OlO ((OH)Z Hz O)],
reflecting the geological characteristics of the mining area.
Clay minerals found in the river often appeared as kaolinite,
vermiculite, and illite.

Table 4  Concentration of heavy metals in sediments of different rivers of Ichkeul Lake and the world (mg/kg)

Sample sites Cd Cr Pb Zn Cu Fe

S1 0.49 894.04 22.54 58.47 12.65 1982.19
S2 0.27 3.46 12.73 18.29 11.24 2011.76
S3 0.25 1.96 9.05 13.14 10.06 2220.89
S4 0.32 1.80 8.46 25.06 11.03 5652.61
S5 0.36 9.28 13.13 34.63 71.26 4694.26
S6 031 6.79 25.65 48.80 19.39 5213.26
S7 043 9.96 10.11 32.35 14.48 2078.80
S8 0.28 4.25 8.34 19.61 11.48 2705.48
S9 041 4.46 11.33 30.46 1543 1236.10
S10 043 7.74 11.41 41.16 11.49 1606
S11 031 2.28 6.70 23.47 11.82 1808.4
S12 0.30 291 13.84 17.96 12.72 3570
S13 1.37 6.22 894.62 918.05 13.42 8086.21
Range * 0.25-1.37 1.8-894.04 6.7-894.62 13.14-918.05 10.06-71.26 1236.10-8086.21
Mean 0.42 73.47 80.6 98.57 17.41 3297.38
Crust average” 0.2 71 16 127 32 35900
Tigris River, Turkey® - 76.4-151.7 673.1-5075.6 191.3-2396 1.449 -
Wadi-al Arabi® - - - 300+98 60+31.8 1.127+0.14
Luan River, China® 0.03-0.37 28.7-152.73 8.65-38.29 21.09-25.66 6.47-178.61 -

SQGs : TEC 0.99 434 35.8 - 31.6 -

PEC 4.98 111 128 - 149 -

TEL 0.596 60 15 90 339 -

PEL 3.53 90 91.3 314.8 196.6 -

ERL 1.2 81 46.7 150 34 -

ERM 9.6 370 218 410 270 -

TRV 0.6 26 31 - 16 -

#This work: full range of metal concentrations from Ichkeul Lake and rivers ecosystem

® Martin and Whitfield (1983)

©Vraol 2011, ¢ Ghrefat and Yusuf (2006), ¢ Liu (2009), PEL: Probable effect level-above which harmful effects are likely to be observed, TEL: threshold
effect level; ERL: effects range-low; ERM: effects range-median; (MacDonald et al. 2000; Smith et al. 1996); TRV : (toxicity reference value) US EPA

(1999)
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Figure 2b shows that site S2, which is considered unpol-
luted, had almost the same mineral characterization. It was
mainly composed of calcite and pyrite.

Concentration of heavy metals (Pb, Cr, Zn, Cu, Cd,
and Fe) in sediments

Heavy metals concentrations (Pb, Cr, Zn, Cu, Cd, and Fe) in
Ichkeul Lake and rivers ecosystem are shown in Table 4. The
ranges of metals in sediments were: 1236.1-8086.21 mg/kg
for Fe, 13.14-918.05 mg/kg for Zn, 6.7-894.62 for Pb,
1.8-894.04 mg/kg for Cr, 10.06-71.26 mg/kg for Cu and
0.25-1.37 mg/kg for Cd. In this study, the total metal concen-
trations followed the order of site S1 > site S5 > site S7 > site
S6 > site S13 > site S9 > site S4 > site S8 > site S3 > site S2 >
site S11 >site S10.

Table 4 was generated by comparing metal content mea-
sured in Ichkeul Lake and rivers ecosystem with similar stud-
ies of sediments in other regions of the world, global baseline
values and sediment quality guidelines which are commonly
applied as a management tool and very useful to track sedi-
ment contamination by comparing the concentration of heavy
metals with the corresponding quality guideline (Caeiro et al.
2005) due to the lack of national guideline for Tunisia. The use
of these guidelines enables evaluation of the degree to which
the sediment-associated chemical status might adversely af-
fect aquatic organisms and are designed to assist the interpre-
tation of sediment quality (Wenning 2002). The SQGs reflect
the importance of polluted sediments as a possible cause of
adverse environmental effects; we compared the obtained
metal contents in the surface sediments of Ichkeul Lake and
rivers ecosystem with the criteria of the effect range low
(ERL)/effect range median (ERM) and the threshold effect
level (TEL)/probable effect level (PEL). The results showed
that the mean contents of Pb and Cr were higher than their
corresponding TEL, TEC, TRV; Cu was higher than TRV
value; and Pb was higher than ERL and TRV values. The
mean contents of other metals are below their corresponding
TEL, PEL, ERL, TEC, TRV, PEC, TRV, and ERM values.
Thus, there is rare or no biological effect that may occur due
to metals contents in the Ichkeul lake sediments.

To measure possible anthropogenic effects, calculated en-
richment factors for each element and station in the Ichkeul
lake and rivers ecosystem were used. According to Zhang and
Liu (2002), EF values between 0.05 and 1.5 indicate that the
metal is entirely from crustal materials or natural processes,
whereas EF values higher than 1.5 suggest that the sources are
more likely to be anthropogenic. In this study, the mean EF
values for all the metals studied were >1.5 in the sediments
suggesting anthropogenic impact on the metal levels in these
sites. The highest EF values were found at site S13 (Ghezala
Mine) due to the drainage river by an old lead mine. The EF
value for Pb in the sediments of site-S13 was 162.55, showing

@ Springer

“extremely very severe enrichment”. Cd at all sites except
site-S1 and site-S2 had the highest EF values among the six
metals studied, while the EF mean values for Zn, Cr, and Cu
were between 5 and 10, indicating “moderately severe
enrichment”. Mean EF values presented in Table 5 show the
following order: site S13 >site S10>site S1> site S12 > site
S11>site S2 > site S9 > site S4 > site S8 > site S4 > site S3 >
site S5 > site S6 > site S7.

The Iy, values for heavy metals in the Ichkeul Lake and
rivers ecosystem are shown in Table 6. We have chosen the
widely used average earth crust’s metals concentration report-
ed by Martin and Whitfield (1983). Based on
geoaccumulation index, it was found that major parts of the
studied samples could be considered unpolluted for Cr, Cu,
Zn, and Fe. The pollution levels of these metals based on /g,
values were assessed as unpolluted (Zy, <0) (The variations
of the Iye, were —1.25 to —0.55 for Cr, —2.22 to —1.60 for Zn
and —2.52 to —1.85 for Cu). While the values of Pb were
demonstrated to have moderate contamination based on /y,
values (Igeo > 0) (The variation of the Iy, for Pb was 0.07 to
0.69). The Iy, values of Cd at sites S2, S3 and S8, Cr at all
sites except site-S1, Pb, and Zn at all sites except site S13, Cu
at all sites except site S5, and Fe at all sites were less than zero,
suggesting that these sites were not polluted by these metals.
The Iy, values for Zn at site S13 and Cu in the sediments of
site S5 were below 1, which can be classified as “unpolluted to
moderately polluted”. Among the six metals studied Pb, Cr
and Cd had the highest /,, values. The highest /., values of
the metals studied were found in the sediments of site S13.
The Iy, class of Pb was “heavily to extremely polluted” for
sediments of site S13 (Z,eo = 5.22). These differences might be
caused by waste water drained from old mining industries

Table5  Enrichment factors (EF) for Ichkeul Lake and rivers ecosystem
sediments normalized with respect to the iron content

Enrichment Factor (EF)

Sampling point Cd Cr Pb Zn Cu
S1 10.83 55.90 6.25 2.04 1.75
S2 24.72 0.88 14.41 2.61 6.36
S3 22.66 0.49 10.09 1.85 5.61
S4 25.94 0.41 8.55 3.19 5.57
S5 11.30 0.83 5.21 1.73 14.14
S6 11.89 0.73 12.26 2.94 4.63
S7 14.63 0.97 435 1.75 3.12
S8 24.52 1.03 9.00 2.67 6.20
S9 27.33 0.83 9.39 3.18 6.40
S10 62.44 3.16 20.72 9.41 10.43
S11 34.76 0.72 9.35 4.13 8.26
S12 29.88 0.81 17.17 2.81 7.89
S13 68.78 0.88 162.55 72.69 422
Mean 28.44 5.2 53.00 8.54 6.51
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Table 6  Calculated value of geo-accumulation index (/4e,) and potential ecological risk index (PER) in Ichkeul Lake and rivers ecosystem sediment

Sample sites Toeo Er PER
Cd Cr Pb Zn Cu Fe Cd Cr Pb Zn Cu Fe

S1 0.70 3.07 —-0.09 -0.21 -0.28 -0.52 73.2 25.18 7.04 0.46 1.13 1.98 47.20
S2 -0.14 —4.95 -0.92 -0.72 -0.33 -1.13 40.95 0.10 3.98 0.14 0.28 1.76 42.94
S3 -0.24 -5.76 -1.41 -0.86 -0.38 -1.13 38.1 0.06 2.83 0.10 0.28 1.57 53.08
S4 0.10 -5.88 -1.50 —-0.58 -0.34 -1.08 48.15 0.05 2.65 0.20 0.31 1.72 69.96
S5 0.25 -3.52 -0.87 —-0.44 0.47 -0.68 53.4 0.26 4.10 0.27 0.79 11.13 58.92
S6 0.05 -3.97 0.10 -0.29 -0.09 -0.76 46.65 0.19 8.02 0.38 0.65 3.03 70.43
S7 0.50 -3.42 -1.25 -0.47 -0.22 -0.71 63.75 0.28 3.16 0.25 0.73 2.26 47.56
S8 -0.08 —4.65 —-1.53 —-0.69 -0.32 —-1.11 42.6 0.12 2.60 0.15 0.29 1.79 68.49
S9 0.46 —4.58 -1.08 —-0.50 -0.19 -1.00 61.8 0.13 3.54 0.24 0.38 2.41 70.58
S10 0.52 -3.78 -1.07 -0.36 -0.32 -1.34 64.5 0.22 3.57 0.32 0.17 1.80 51.06
S11 0.05 -5.55 -1.84 —0.61 -0.31 -1.22 46.65 0.06 2.09 0.18 0.22 1.85 51.94
S12 0.00 -5.19 -0.79 -0.72 -0.28 -1.17 45.15 0.08 432 0.14 0.25 1.99 494.77
S13 2.19 —4.10 522 0.98 -0.25 —0.88 205.2 0.18 279.57 7.23 0.50 2.10 108.99
Mean 0.34 —4.02 -0.51 -0.42 -0.22 -0.98 63.85 2.07 25.19 0.78 2.72 0.46 95.07

located in the upper reach. The Iy, class of Cr was
“moderately to heavily polluted” for sediments of site Sl
(Igeo = 3.06), while the Iy, class of Cd were “moderately
polluted” for sediments of site S13 (Igeo =2.1) (Table 5).

Table 6 presents Er and PER values of the metals studied.
The potential Er indices of Fe, Zn, Cr, and Cu were lower than
40, which indicate a slight potential ecological risk of these
elements in the Ichkeul Lake. The average potential ecological
risk Er indicates that metal pollution in the sediments followed
the sequence of Cd>Pb>Cu>Cr>Zn> Fe. The Er values
of Cd and Pb at site S13 showed high levels. In the case of
these metals, most of the Er values were at a very high level,
while the Er value for the rest of the examined metals was at a
relatively low level (Er <40). However, in the present study,
Cd showed higher ecological risk. Generally, applications of
phosphate fertilizers to the agricultural field beside the river
and waste disposal from the Mateur town are the main sources
of cadmium in sediment, thus the proper drainage discharge
treatment systems prior to the release of polluted waste into
Ichkeul Lake should be upgraded to preserve the lake water
quality. Potential ecological risk index (PER) in the sampling
sites varied from 42.94 to 494.77, indicating low to consider-
able risk (Table 6).

The CF and PLI are widely used to evaluate the degree of
heavy metal pollution in the sediments (Bhuiyan et al. 2010).
The calculated CF and PLI for the studied metals in sediments
of Ichkeul Lake and rivers ecosystem are listed in Table 6. The
CF values for Pb (55.91) and Cd (6.84) at site S12 are rela-
tively high, indicating that site S12 is highly polluted by both
metals originating from deep geological formations. The mean
CF values for the metals in the study area followed the

sequence Pb (5.04)>Cd (2.13)>Cr (1.03)>Zn (0.78)>Cu
(0.54) > Fe (0.09) and demonstrated low pollution levels. The
PLI values calculated for each site are also shown in Table 7.

The values of PLI were low in all the studied samples and
varied between 1.15 and 2.03, indicating moderate pollution,
considering the total of the studied metals (Fig. 3). Sekabira et
al. (2010) reported that a PLI> 1 indicated anthropogenic
inputs.

Table 7 Metal contamination factors (CF) and pollution load indices
(PLI) for sediments of all sites studied in the Ichkeul Lake and rivers
ecosystem

sites Contamination factor (CF) PLI
Cd Cr Pb Zn Cu Fe
S1 1.37 0.05 0.80 0.14 0.35 0.06 1.61
S2 1.27 0.03 0.57 0.10 0.31 0.06 1.18
S3 1.61 0.03 0.53 0.20 0.34 0.06 1.15
S4 1.78 0.13 0.82 0.27 2.23 0.16 1.18
S5 1.56 0.10 1.60 0.38 0.61 0.13 1.32
S6 2.13 0.14 0.63 0.25 0.45 0.15 1.28
S7 1.42 0.06 0.52 0.15 0.36 0.06 1.25
S8 2.06 0.06 0.71 0.24 0.48 0.08 1.17
S9 2.15 0.11 0.71 0.32 0.36 0.03 1.24
S10 1.56 0.03 0.42 0.18 0.37 0.04 1.24
S11 1.51 0.04 0.86 0.14 0.40 0.05 1.17
S12 6.84 0.09 55.91 723 0.42 0.10 1.20
S13 2.44 12.59 141 0.46 0.40 0.23 2.03
Mean 2.13 1.03 5.04 0.78 0.54 0.09 1.15
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Fig. 3 The schematic state of
pollution load index (PLI) of
metals in Ichkeul lake and rivers
ecosystem (values up to 1 indicate
moderate pollution status for
metals)
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Pearson correlation analysis

Table 8 shows the results of Pearson’s correlation coefficient
of the calculated Er of individual metals and PER. The corre-
lation suggested that Cd, Pb and Cd, Zn may originate from
the same pollution source, with a correlation coefficient of
0.97 (p>0.01) and 0.98 (p>0.01), respectively, which leads
us to hypothesize that metals with a high positive correlation
are possibly from the same pollutant source (Khuzestani and
Souri 2013; Nowrouzi et al. 2012). Similarly, Pb and PER had
a high correlation coefficient of 0.99 (p>0.01). Significant
correlation also occurred between Zn and PER (0.99 (p>
0.01)). However, Cu shows very low correlations with other
variables, indicating the possibility of different source. The
absence of correlation between these heavy metals illustrates
that the metals are not controlled by a single factor (Table 8).

Cluster analysis was conducted to evaluate the correlation
between the calculated Er and PER. As shown in Fig. 4, var-
iables are grouped into four statistically significant clusters:
cluster 1 consists of Pb, Cu, Zn, and PER, which means that
Pb, Cu and Zn are closely related to each other and mainly
determine the PER value; cluster 2 consists of Cr, while

Table 8 Pearson’s correlation coefficients between heavy metals in
sediments

Cd Cr Pb Zn Cu Fe PER
Cd 1.00 0.07  0.97%*  0.98** —0.05 0.18 0.99**
Cr 0.07 1.00 -0.07 —-0.05 -0.08 0.71 0.04
Pb 0.97%* —-0.07  1.00 1.00 -0.07 0.05 0.99%*
Zn 0.98** —0.05 1.00 1.00 -0.06 0.08 0.99%*
Cu —0.05 -0.08 —0.07 —-0.06 1.00 040 -0.05
Fe 0.18 0.71  0.05 0.08 040 1.00 0.15
PER  0.99**  0.04 0.99** 0.99** —-0.05 0.15 1.00

Italic numbers indicate significantly correlated (p > 0.05)
*significant at 0.05 level
**significant at 0.01 level

@ Springer
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cluster 3 contains only Fe, implying that it is independent from
the other metals and did not closely relate to the PER; and
cluster 4 contains Cd.

Conclusion

The geochemical analysis of selected heavy metals (Pb,
Cr, Cd, Cu, Zn and Fe) in the sediments of the Ichkeul
Lake and rivers ecosystem (northern Tunisia) ranged
from 1236.1-8086.21 mg/kg for Fe, 13.14-918.05 mg/
kg for Zn, 6.7-894.62 for Pb, 1.8-894.04 mg/kg for
Cr, 10.06-71.26 mg/kg for Cu and 0.25-1.37 mg/kg for Cd.
The sediment quality guidelines (SQGs) showed that all the
studied metals were lower than TEL, PEL, ERL, PEC, and
ERM values, except Pb and Cr. Pollution levels of Cr, Cd, Cu,
Zn and Fe were assessed as unpolluted based on /4, values
(Igeo <0), but not for Pb (/ze, > 0). The potential ecological
risk index (PER) values of each single metal had low potential
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Fig. 4 Metal clusters for Ichkeul Lake and rivers ecosystem
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ecological risk with the exception of Cd and Pb at site S13
which showed high levels of Cd. Higher potential ecological
risk was observed at site S13; the old lead mine indicated
moderate to considerable risk level. The contamination factor
(Ch also demonstrated low contamination levels for Fe, Cr,
Zn, and Cu, while most of the values of Pb were found to have
moderate contamination level based on (Ch analysis. The
values of PLI, determining the overall metal pollution in
sediments, showed moderate pollution status in all the studied
stations in the Ichkeul Lake border. The statistical results
showed that Zn and Pb present a clear trend and have the same
potential pollution source. It is recommended that effective
remediation strategy and environmental management plan
are required to control and reduce the input of toxic metals
(Cd and Pb), which would significantly minimize the potential
of further pollution of the environment. This study may serve
as a useful reference tool for decision-makers in agronomic
activities planning, future reclamation, and remediation efforts
for the old lead mine area surrounding the Ichkeul Lake.
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