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a b s t r a c t

Wastes of the former PbeZn mining district of Touiref (Pb/Zn) can be eroded during strong rainfall. The
presence of a downstream lake offers the opportunity to perform geochemical characterisation of
lacustrine sediments and analyze the temporal evolution of metal contamination. For this reason, a
sedimentary core (C1) has been collected at the outlet of the Oued Sidi Bou Said which runs along the
North side of the dike flotation tailings and a second core (C2) was sampled in front of the river flowing
outside the mine site and reaching the plain on the East side of the endoreic study area. The scope of the
present paper is characterize the temporal variability of major and minor elements in both sedimentary
cores. The study of the historical contamination in both Touiref cores shows a clear impact of mining on
the total endorheic basin, especially for the period going from 1914 until 1955 as well as the influence of
urban development.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

On a global scale, anthropogenic activities such as mining and
agriculture, the production of residential and industrial wastes and
urban wastewater can result in the discharge of dissolved and par-
ticulatemetals into rivers,whichcanhavea significant impacton the
sustainability of water resources (Bruggemann et al., 2004; Deycard
et al., 2014). In North African countries, geochemical characterisa-
tion of water and sediments are of increasing interest to scientists
and managers facing a growing population, accelerating urban and
industrial development, and the extension of irrigated agriculture,
all of which have led to an increase in water demand and a rapid
decline in the quality of scarcewater resources (El Yaouti et al., 2009;
Re et al., 2014, in Marocco; Dib, 2009 in Algeria; Hamzaoui-Azaza
et al., 2011; Helali et al., 2013 in Tunisia). Mining activities are often
regardedas amajor source of contaminantmetals in aquatic systems
(e.g. Simpson et al., 2000; Van Den Berg et al., 2000; Audry et al.,
2006, 2007; Monteiro et al., 2012; Omanovi�c et al., 2015). The
most serious problem comes from mine tailings, which are
frequentlyabandonedwith little orno remediationwork. In thepast,
the improper management of mine tailings has resulted in the
(M.A. Othmani).
migration ofmetals into the surrounding environment, contributing
to the contamination of soil substrates, the destruction of the
ecological landscape, and surface water and groundwater pollution
(Quevauviller, 1989; Frommichen et al., 2004; Denimal et al., 2005;
Sarmiento et al., 2009; Tessier et al., 2011; Lanceleur et al., 2011;
Duffa et al., 2011; Duarte and Caçador, 2012; Vrhovnik et al., 2013;
Fern�andez-L�opez et al., 2014; Giuseppe et al., 2014; Pougnet et al.,
2014). During the last century, the mining industry in northern
Tunisia was very active and it still remains a fundamental compo-
nent of the Tunisian economy. Mines were developed near farm-
lands andwithin thewatersheds of themainwatercourses, thus the
erosion and weathering of the mine wastes act as sources of water
contamination.

Previous geological, mineralogical and geochemical studies
have been carried out in order to assess the geochemical behavior
(speciation and mobility) of the mine tailings from the former
mining Touiref district (Othmani et al., 2007, 2013, 2014). However,
studies in areas affected by Touiref tailings do not fully evaluate the
impact of the mining activities on the environment. The former
mining district of Touiref offers the opportunity to investigate the
geochemical and environmental development of the region and
especially the impact of mining activity over time. This historical
analysis is possible thanks to the presence of lacustrine sediments
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that have the ability to record the geochemical evolution of a nat-
ural system. This approach has been widely used in both pristine
and metal contaminated sites as observed in other sedimentary
environments (Coynel et al., 2007; Larrose et al., 2010; Serrano
et al., 2011; Heim and Schwarzbauer, 2013; Jeziorski et al., 2013;
Clark et al., 2014; Arora et al., 2014; Zhang et al., 2014). Previous
studies have identified contaminated sites caused by industrial
activities across the globe, and particularly during the last century,
even in environments very far from industrial areas such as the
Arctic Circle and very high mountain ecosystems (ten Hulscher
et al., 1992; Valette-Silver, 1993; Hong et al., 1994; Renberg et al.,
1994; Shotyk, 1996; Shotyk et al., 1996, 2000; Shotyk, 2002; Call-
ender, 2003; Hernandez et al., 2003; Maanan et al., 2013; Fathol-
lahzadeh et al., 2014; Andrades-Moreno et al., 2014; Ayrault et al.,
2014; Mwanamoki et al., 2015; Dhivert et al., 2015). A greater
coherence was generally observed between the geochemical record
and historical human activities in these regions (Valette-Silver,
1993; Salomons, 1995; Nieminen et al., 2002; Sonke et al., 2003;
Audry et al., 2004; Larrose et al., 2010; Grosbois et al., 2012;
Giuseppe et al., 2014; Pougnet et al., 2014). In addition, the work
carried out in or near mining sites has revealed that, in most cases,
mining has been a long-standing threat to the environment (Zhao
et al., 2012; Maftei et al., 2014; O'Neill et al., 2015).

Based on the mineralogical and geochemical characterization of
two sedimentary cores, the objective of this study is to evaluate the
extent of contamination recorded in the endoreic plain of El Goreaa,
known for the abundance of trace metals in the environment. This
study also aims to reconstruct the impact of anthropogenic activity
on the Touiref watershed by correlating the depth profile distri-
butions of metals (Cd, Zn and Pb) with historical changes of in-
dustrial activities within the watershed.

2. The Touiref mining area

The Touiref study area is located in the mountainous region of
Ouargha (NW Tunisia), near the AlgeriaeTunisia border and 56 km
to the West of El Kef. It is in the northern part of the Tunisian Atlas
Mountains, at the southern limit of the flysch zone (Fig. 1), and
corresponds to an anticline structure intruded by Triassic evapo-
rates and surrounded by Cretaceous outcrops (Sainfeld, 1952). The
geology of this area belongs to the Coniacian-Burdigalian period,
which consists of alternating marls and limestone.

Mineralization occurs as veins related to EeW to WNW-ESE
secondary oblique faults, NWeSE transverse faults and local
stratification joints. The mineralization consists of lead (galena,
cerussite), zinc (zincite in surface, sphalerite in depth), and iron
(oxides and pyrite) hosted in hard carbonate formations (SERMI,
1965). Mine tailings are 12 m in height with an estimated volume
of 300 Mm3.

The climate of the region is semi-arid, with average monthly
temperatures ranging from 8 �C in January to 29 �C in July with a
mean annual rainfall of 455 mm. High intensity precipitation
commonly occurs for short periods. The annual potential evapo-
ration typically exceeds 1340 mm, and the (INM, 2004).

3. Material and methods

Two cores were sampled in the mouth of two rivers that join an
endoreic plain, located 1.6 km downstream of themine tailings. The
first core (C1) was taken in themouth of the Oued Sidi Bou Said that
drains mine tailings, and the second core (C2) was sampled far from
source of contamination (Fig. 1b). Both cores were collected using a
coring tube method which involved the manual penetration of a
PVC tube with a diameter of 40 mm. The recovery is carried out by
aspiration of the sedimentary column by closing the top of the tube
with a PVC cap. Once recovered, the base of the core was sealed
with an identical cap. In the laboratory, the length of each core was
measured and divided into ~5 cm sections using a piston and plastic
spatulas to avoid sample contamination. After measuring the pH,
samples were air dried at 50 �C to a constant weight. The physico-
chemical parameters, mineralogical characterization, chemical
composition and selective extraction procedures were all carried
out at the Unity of Research (ONM) and Geosciences Department of
the Aveiro University (Portugal).

3.1. Physico-chemical parameters (pH, organic carbon, particle size)

Sediment pH values were determined in a 1:2.5 sediment/water
suspension. Organic carbon (OC) was determined using the Wal-
kleyeBlack titration method (Walkley and Black, 1934). Particle-
size distribution was determined by a combination of the Rob-
inson pipette and sieving methods.

3.2. Mineralogical characterization

Mineralogical characterization was performed on bulk samples
and on the <2 mm fraction using a PANalytical X'Pert PRO X-ray
Diffractometer equipped with automatic slit, X'celerator and Co-Ka
radiation at a scan speed of 0.04� 2q/s and acceleration powers of
40 kV and 40 mA. Polished thin sections embedded in epoxy resin
were prepared for petrographic observation and microchemical
analyses.

3.3. Chemical composition

The dissolution of samples for Si, Al, Fe, Mg, Ca, Na, K, P and Ti
analyses was performed by fusion (0.06e0.08 g of soil sample was
added to 0.7 g of di-boron trioxide anhydrous (B2O3) and 0.74 g of
pure lithium carbonate (Li2CO3) in a graphite crucible). Melting of
the mixture is carried out in an induction furnace at a temperature
>1200 �C. The obtained pearl was subsequently mixed with 100 ml
of 2% nitric acid in a teflon bomb and then homogenized using a
magnetic stir bar on a magnetic stirrer until completely dissolved.
Then, the solution was decanted in a volumetric flask and adjusted
to 200ml with double distilled water. Solutions were analysedwith
an atomic absorption spectrometer (PYEUNICAM SOLAAR S4). The
dissolution of samples for Cd, Pb and Zn analyses was carried out by
tri-acid digestion (HCl, HF, HNO3). Mineralization was performed
on a hot plate at moderate temperatures (95 �C) until total evap-
oration of the acids. The residue is dissolved with 5 ml of concen-
trated hydrochloric acid until complete dissolution. Heavy metal
concentrations were measured by ICP (Inductively Coupled
Plasma). The analytical error was less than 5%. Analytical precision
and accuracy were determined by inserting a blind duplicate and
Canadian-Certified Reference Sample LSKD-1.

3.4. Methods to estimate the intensity of metal pollution

In order to evaluate the extent of the historical heavy metal
pollution, an enrichment factor (EF) was calculated as follows (e.g.
Sinex and Helz, 1981):

EF ¼ ðMe=AlÞsample

.
ðMe=AlÞbackground; (1)

where (Me/Al)sample is the concentration ratio of a given metal to Al
in both sediment cores and (Me/Al)background is the average ratio of
the same metal to Al in the reference sample (non-polluted site).
Due to the complex lithology and weathering features within the
drainage areas, it is sometimes difficult to determine the typical



Fig. 1. a) Geological framework of the extreme North of Tunisia (modified after Rouvier, 1977); b) Map of the study area showing the location of the flotation tailings and also the
sampling sites.
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geochemical background value (Zhang, 1995). In this study, the
(Me/Al)background was estimated by calculating the mean of the
concentrations observed in the deep layers of the sediment sam-
ples in both studied cores.

The EF values were interpreted as suggested by Sakan et al.
(2009): EF < 1 indicates no enrichment, EF 1e3 minor enrich-
ment, EF 3e5 moderate enrichment, EF 5e10 moderately severe
enrichment, EF 10e25 severe enrichment, EF 25e50 very severe
enrichment, and EF > 50 extremely severe enrichment.

The Geoaccumulation Index (Igeo) was also calculated as a sec-
ond criterion to evaluate the intensity of heavy metal contamina-
tion (Muller, 1979):

Igeo ¼ Log2
�
½Me�sed

.
1:5 ½Me�background

�
; (2)

where [Me]sed is the concentration of a given element and
[Me]background the mean concentration observed in the deep layer
samples of both studied cores.

The Igeo values were interpreted as: Igeo � 0 e practically un-
contaminated, 0 < Igeo < 1 e uncontaminated to moderately
contaminated, 1 < Igeo < 2 e moderately contaminated,
2 < Igeo < 3 e moderately to heavily contaminated, 3 < Ige < 4 e

heavily contaminated, 4 < Igeo < 5 e heavily to extremely
contaminated and 5 < Igeo e extremely contaminated (Müller,
1969).

3.5. Selective extraction procedures

Samples from C1 and C2 were sequentially treated with
different reagents so that metals with different affinities for the
mineral matrix could be released. Themethod used follows a 6-step
sequential extraction procedure, proposed by Cardoso Fonseca and
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Ferreira da Silva (1998). According to these authors, the following
extractants and operationally-defined chemical fractions were
taken: (a) F1: ammonium acetate (1 M NH4Ac, pH 4.5) e water
soluble and dissolved exchangeable ions, specifically adsorbed and
carbonate-bound; (b) F2: hydroxylamine hydrochloride (0.1 M
NH4OH.HCl, pH 2) e elements bound in Mn oxyhydroxides; (c) F3:
ammonium oxalate (dark) (0.175M (NH4)2C2O4e 0.1MH2C2O4, pH
3.3 -Tamm reagent in dark) e elements linked to amorphous Fe
oxides; (d) F4: H2O2 35% e elements associated to organic matter
and authigenic sulfides; (e) F5: ammonium oxalate (UV) (0.175 M
(NH4)2C2O4 e 0.1 M H2C2O4, pH 3.3 e Tamm reagent under UV
radiation e elements associated to crystalline Fe oxides; (f) F6:
mixed-acid (HCl þ HNO3 þ HF) decomposition e elements asso-
ciated to matrix elements in lattice positions, resistant oxides and
some sulphides. After each reaction, the solutions were centrifuged
and filtered. For metal speciation (Cd, Pb, and Zn) the sampled
solutions were analyzed by Atomic Absorption Spectrometry (AAS)
using a GBC906 spectrophotometer.

4. Results

4.1. Physicochemical parameters

The physico-chemical conditions, shown by pH analysis, reflect
neutral settings and no significant temporal variation along both
cores, with values ranging from 7.7 to 8.1. The fraction lower than
63 mm represents 75% of particles for C1 and 79% for C2, excepted
for two sand levels (respectively 55 cm and 75 cm; and 5 cm and
50 cm) in which this fraction is about 25e30% of particles. For both
cores, deeper levels are marked by an increase of <63 mm fraction
(87%). The average OC concentration is about 0.8% on surface
samples. At depth, for both cores, variations of OC contents were
observed (values ranging between 1 and 1.5%). This tendency could
be attributed to either agricultural runoff and the drill or discharges
of untreated urban sewage.

4.2. Mineralogy of both cores

The mineralogy of the two sediment cores was analysed using
an X-ray diffraction (XRD) technique. Fig. 2 shows the XRD spectra
for two different depth levels of the two cores; C1 (55 cm) and C2
(5 cm). All spectra are strongly affected by the signal lines of calcite
and quartz. The abundance of these minerals is determined by the
nature of the parent material of the soil and the geological context
of the carbonated region. Another mineral, dolomite, is also com-
mon at different depths, but in a much smaller proportion than
calcite. The only sulphidemineral identified is galena in C1 at 55 cm
depth; other sulphides (pyrite, marcasite etc) were not identified
since they were below the XRD detection limits.

4.3. Concentration profiles

4.3.1. Major elements
Table 1 summarizes the geochemical results obtained for C1 and

C2. Major element concentrations (SiO2, Na2O, K2O, MgO and
Fe2O3) show similar profiles in both cores. These elements have a
common mineralogical source. Samples from C1 and C2 show high
SiO2 (4.4e16.0%) and CaO (14.1e29.0%) concentrations and are less
rich in Al (2.9e4.5%). A linear relationship is observed between
Al2O3 and Fe2O3 concentrations in both core samples (R2¼ 0.76 and
0.91), reflects probably a constant Fe/Al ratio of 0.64 for C1 and 0.58
for C2 (Fig. 3). This suggests that Oued Sidi Bou Said sediments are
dominated by clay minerals (kaolinite e Al) and chlorites (Fe). The
association of these elements reflects lithological contributions
through the weathering and erosion of the basin by an upstream
process. However, a duality is observed between silica and CaO,
showing that the carbonate inputs that may have originated from
the mining site, can momentarily override the silicate particle
transport (high concentration of CaO observed at 55 cm depth of
C1). The similar values of alumina and silica show that these two
elements appear to be related to the same kind of mineral
component and aluminosilicates, i.e. clays.

4.3.2. Trace elements
The evolution of trace elements (Pb, Zn and Cd) in both cores is

summarized in Table 1. These elements have similar concentration
profiles for each core: C1 has an increase in element concentration
as a function of increasing depth with high concentrations in the
middle section (50e90 cm), while C2 contains higher concentra-
tions in the first 50 cm, especially at the very surface of the core.

Trace element concentrations measured in the core bottom
layers (i.e. 140, 77 and 2.7 mg kg�1 for Zn, Pb and Cd, respectively)
are much lower than those found in the top and middle sections.

The results of C1 show four enriched levels (peaks at 40, 58,
65 cm and the bottome Table 1) for Pb, Zn and Cd; the second peak
concentration is more marked for Zn and Pb thus representing a
very high enrichment (550 and 520, respectively) compared to the
geochemical background concentrations. Finally, beyond 90 cm,
metallic concentrations decrease to become lower than those of the
surface layers (138, 95 and 2.8 mg kg�1 for Zn, Pb and Cd). In C2, the
top 10 cm show significantly higher concentrations of Zn, Pb and Cd
(Table 1), reaching 12050, 7230, and 110 mg kg�1, respectively. The
second and third peaks were recorded at 40 and 50 cm depth, the
same as those observed in C1 but with a lower intensity. The similar
temporal trend of Zn, Pb and Cd suggests a common originwhich is
possibly related to the sedimentation of minerals such as sphalerite
and galena.

4.3.3. Aluminum normalized particulate metal profiles
Trace metal concentration measurements show high temporal

evolution in both cores. However, surface sediments could acquire
different and variable proportions of mineral phases, such as
biogenic fractions, which could increase the trace elemental con-
centration in one sample. This is the reason why, in order to
compare and correlate these variable concentrations it is recom-
mended to normalize these elemental concentration by aluminum
(Al) overcome the matrix effect (Calvert et Pedersen, 1993; Shotyk
et al., 1996; Tribovillard et al., 2006; Smuc et al., 2009; Ayrault et al.,
2010; Soua et al., 2011).

Different chemical elements (Pb, Zn and Cd) are strongly related
to the mineralization of the Touiref mine. Aluminum normalized
metal profiles do not show strong variations from those of total
concentrations (Fig. 4). Mining activity has affected the standard-
ized profiles of both cores; normalization shows that concentra-
tions of these elements are always higher for 40, 58, 65 and 78.5 cm
depth levels in C1 while for C2, Al-normalized profiles show a
decrease for all elements beyond the first few centimeters of the
surface where there is an enrichment of various metals.

4.3.4. Selective chemical extraction
Reactive Fe oxyhydroxides and Mn oxides, known to be reactive

hosts for metal andmetal partitioning, can dominatemetal-bearing
phases in sediments, especially for Pb (Bird et al., 2003). Indeed, in
smelting-waste drainage environments with acid surface waters,
metals are preferentially linked to Fe oxides that typically form at
pH < 7. However, a previous study in the Lot-Garonne River
(France) reported that reactive Mn oxides can play an important
role for the fraction F2 with circum neutral pH conditions. The
distribution of Cd, Pb, Zn, Fe and Mn in the different metal-bearing
phases has been studied in samples representative of the surface,



Fig. 2. XRD analysis of the two cores C1 and C2 (kao: Kaolinite; Qua: quartz; Cal: calcite; Dol: dolomite; Ank: Ankerite; Fel: Feldspar; Gal: galena).
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intermediate and bottom layers: five different depths for C1 (5, 25,
55, 75, and 105 cm) and four depths for C2 (5, 25, 55, and 75 cm e

see Fig. 5). The bottom samples represent the local geochemical
background of the region.

Fe has a very similar distribution for all samples (Fig. 5b). It is
mainly associated with the crystallized fraction (~72%) for the
polluted sediments in C1 (55 cm and 75 cm) and C2 (5 cm and
55 cm) and ~66% in non-polluted sediments in C1 (5 cm, 25 cm and
105 cm) and C2 (25 cm and 75 cm). Amorphous oxides represent
~26% and 20% for polluted and non-polluted sediments, respec-
tively. Only small percentages (<~20%) were extracted by the
ammonium acetate, ammonium oxalate and hydroxylamine hy-
drochloride solutions.

Unlike Fe, Mn is mainly extracted with the solution of ammo-
nium acetate (~65%) (Fig. 5c), i.e.water-soluble and dissolved
exchangeable ions, specifically adsorbed and carbonate-bound. By
order of importance, the other bearing phases for Mn are ~12% Fe
oxyhydroxide, ~8% residual fraction and ~5% Mn oxides.

In non-polluted and polluted sediments, Zn is mainly bound to
the carbonate phase and Fe oxyhydroxides (Fig. 5e), and subse-
quently in smaller proportions between Mn oxyhydroxides frac-
tions, Fe amorphous oxides and organic matter. Lead is essentially
linked to acid-soluble phases in all samples (Fig. 5d), especially in
themost contaminated levels (more than 80% at 55 and 75 cm in C1
and more than 70% at 5 and 55 cm in C2). In bottom samples, Pb is
mainly linked to amorphous and crystalline Fe oxyhydroxides,
organic and residual phases (more than 40%).

The Cd speciation is homogenous in both C1 and C2 but very
different from that of Zn. Cadmium is mainly associated with acid-
soluble phases (carbonates). Its pattern is relatively similar to Pb
(Fig. 5a). Only small percentages (<9.3%) were extracted by the
hydroxylamine hydrochloride solution.

5. Discussion

5.1. Intensity of metal pollution

The EF profiles for Cd, Pb and Zn, taking into consideration the
proposed values for the local geochemical background, are quite
similar (Fig. 6). The EF values calculated for C1 samples are less than
1 between 0 and 30 cm depth, suggesting no enrichment. The
enrichment of all elements in C1 is recorded between 55 and 75 cm
depth. At 55 cm depth, the EF values are at a maximum for all el-
ements (14.5 for Cd, 47.7 for Pb and 51.9 for Zn). Towards the bot-
tom of the core (beyond 80 cm depth) the EF values are well below
1. For C2, a significant EF is observed in the most superficial sedi-
ments with highest values at 5 cm depth (56.3 for Cd,141 for Pb and
126 for Zn). Other significant EF values are recorded in the middle
section of C2 (35e45 cm) but with the lowest order of magnitude
(Fig. 6).

The calculated Igeo values for Cd, Pb, and Zn in C1 (Fig. 7) in-
dicates that the surface sediments (0e25 cm) are considered “un-
polluted to moderately polluted”. The highest Igeo values are
recorded between 55 and 85 cm. Indeed, the Igeo values of Pb and
Zn range between 6 and 7, which results in “very highly polluted”
sediments while Igeo values for Cd (4.3e4.9) classify these sedi-
ments as “highly polluted”. The minimum Igeo (Igeo class < 1)
determined in the deeper samples confirms that samples are
classified as “unpolluted”.

In the C2 surface sediments (to 5 cm deep), very high Pb and Zn



Table 1
Concentrations of the major (%) and trace (mg kg�1) acquired in this study.

Depth SiO2 CaO Al2O3 Fe2O3 MgO K2O Na2O As Cd Pb Zn

% mg kg�1

C1 5 34.3 19.8 11 4.8 1.1 1.3 0.8 36 6 381 680
10 33.1 21.0 10.3 4.5 1.0 1.1 0.6 40 7 447 942
15 31.9 21.0 11.2 4.6 1.1 1.3 0.7 33 5 294 586
20 34.2 21.6 10 4.5 1.0 1.1 0.6 33 5 375 476
25 34.8 20.7 10 4.3 1.0 1.1 0.7 34 5 267 440
30 32.6 22.6 8.2 3.6 1.2 1.0 0.2 24 3 80 123
35 32.5 20.5 9.4 4.9 1.2 1.2 0.6 67 26 3635 4053
40 32.7 20.9 9 4.5 1.4 1.0 0.6 72 28 3532 4114
45 33.7 20.4 9.3 4.7 1.4 1.1 0.8 72 28 3551 4089
50 33.6 21.2 8.6 3.8 1.1 1.0 0.2 24 3 91 142
55 9.4 40.6 2.7 2.5 1.0 0.2 0.2 275 125 12414 22957
60 21.9 29.8 6.2 3.1 1.6 0.9 0.6 118 100 7714 11824
65 20.8 31.3 5.6 3.1 1.9 0.8 0.4 115 108 9005 13831
70 20.8 30.6 6 3.2 1.9 0.8 0.5 102 104 8143 12920
75 18.6 31.8 5.3 2.9 2.1 0.7 0.4 108 124 9527 15251
80 24.0 28.3 6.7 3.6 1.8 0.9 0.6 78 85 7027 9701
85 35.0 19.2 10.5 5.0 1.4 1.4 0.9 39 23 1497 3196
90 31.2 22.1 9 3.8 1.1 1.2 0.3 24 3 74 142
95 31.3 21.5 9.3 4.0 1.1 1.2 0.5 23 3 76 148

100 31.0 21.5 9.3 4.0 1.1 1.2 0.4 23 3 82 152
105 33.0 21.6 8.6 3.7 1.1 1.2 0.3 23 3 90 146
110 33.3 22.5 8 2.6 1.0 1.0 0.2 23 3 95 139
115 32.4 20.9 8.8 4.0 1.2 1.2 0.3 24 3 94 146

C2 5 22.9 30.4 6.5 3.1 2.0 1.0 0.5 97 110 7227 12045
10 36.8 18.0 10.8 4.6 1.1 1.5 0.9 37 17 1098 2101
15 36.8 17.8 11.2 4.6 1.1 1.5 0.9 34 15 913 1765
20 36.5 17.9 11.8 4.7 1.1 1.5 0.9 34 14 909 1694
25 36.5 18.2 11.9 4.6 1.1 1.3 0.8 36 16 1054 1860
30 34.4 19.1 10.5 4.5 1.1 1.4 0.8 42 24 1183 2080
35 35.6 19.2 10 4.5 1.1 1.3 0.8 44 27 1861 3299
40 35.7 19.2 10.5 4.5 1.1 1.3 0.8 46 29 1995 3420
45 32.3 21.9 8.6 3.9 1.1 1.1 0.3 24 3 65 130
50 34.8 21.0 8.7 4.2 1.2 1.1 0.6 68 29 3886 4534
55 32.9 21.5 8.8 3.8 1.1 1.1 0.3 24 3 94 149
60 30.6 23.3 8.6 3.7 1.1 1.0 0.3 24 3 82 138
65 32.6 22.9 9.1 4.0 1.1 1.1 0.3 24 3 70 140
70 31.4 22.7 9.2 4.1 1.1 1.0 0.3 25 3 61 132
75 32.5 22.8 8.9 3.9 1.1 1.1 0.3 24 3 76 143
80 31.5 21.8 9.9 4.3 1.2 1.3 0.3 26 3 62 136
85 32.9 22.5 8.3 3.7 1.0 1.0 0.3 23 2 50 108
90 30.7 22.1 9.5 3.9 1.1 1.1 0.5 25 3 76 113

R² = 0,7588

R² = 0,9093
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Fig. 3. Crossplot of Fe2O3 vs Al2O3 concentrations in C1 and C2 core samples.
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Igeo values are calculated (5.9) which classify these sediments as
“very highly polluted”. The Cd Igeo values do not exceed the value of
3 i.e. “moderately polluted”. Sediments at the base of the core are
classified as “non-polluted”.
5.2. Comparison of heavy metal concentrations with natural
background values and other river sites

The comparison of heavy metal concentrations with natural
background values and other river sites shows that the heavy
metal concentrations in C1 are clearly higher than those at the
other contaminated sites listed in Table 2. The results suggest the
presence of severe pollution in the Sidi Bou Said Valley sedi-
ments. Indeed, the comparison of these results with the UCC
values (Wedepohl, 1995) clearly shows that concentrations of Cd,
Pb, and Zn in C1 are up to 1245-fold, 730-fold and 441-fold,
respectively.

In Tunisia, several studies have been carried out to estimate the
metal contamination in sediments influenced by PbeZn mining
activities. For example, in the OuedMedjerda sediments, maximum
total concentrations are 265 mg kg�1 for Pb, 304 mg kg�1 for Zn,
and 1.4 mg kg�1 for Cd (Moldenhauer et al., 2008). The Zn, Pb and
Cd concentrations reported for the Ou�ed Mell�egue are roughly
17 mg kg�1, 79 mg kg�1 and 0.3 mg kg�1 (Mlayah et al., 2009).
Moreover, in sediments of the Oued, which drains the Bouaouane
mining districts (where Pb and Zn are extracted), the concentra-
tions of Pb, Zn and Cd reach 13065 mg kg�1, 23695 mg kg�1,
124 mg kg�1 respectively (Chakroun, 2012).

Compared to other sites affected by mining activities (Table 2),
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Fig. 4. Profiles of Al-normalized concentrations of Pb, Zn and Cd.
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the maximum Cd, Pb and Zn concentrations observed in C1 are at
least one order of magnitude higher. The maximum Pb concen-
tration (12410 mg kg�1) is about 11-fold higher than the con-
centrations observed in Spanish polluted rivers (Odiel and Tinto).
The maximum Zn concentration (23,000 mg kg�1) is quite similar
to those measured in the Kalimanci Lake (Macedonia). In contrast,
the maximum Cd concentration (125 mg kg�1) was about 2-fold
lower than the results in the Lot River (France) at the Cajarc site
(close to the confluence with a small mining- and smelting-
affected watershed), but almost similar to those observed at
another site, located at the outlet of the Lot River (Temple site,
185 mg kg�1). According to the results obtained from other
Tunisian mining sites, the metal concentrations in both cores are
exceptionally high.
5.3. Metal bearing-phases and availability

The distribution of Fe (Fig. 5b) is similar for both C1 and C2. Fe is
associated with three major bearing phases: (a) associated to
crystallized oxy-hydroxide and amorphous Fe-oxides. They are
typically secondary mineral phases resulting from the oxidation of
mineral tailings, formed according to reactions:

Fe2þ þ 1=4O2 þ 2OH�/FeOOHþ 1=2O2 (3)

4Fe2þ þ 10H2Oþ O2/4FeðOHÞ3 þ 8Hþ (4)

(b) associated to the acid-soluble fraction (carbonates),
explained by the substitution of Fe to Ca in calcite or the occurrence



Fig. 5. Percentage of extraction of Cd, Fe, Mn, Pb and Zn in selected C1 and C2 core
samples.
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of Fe as siderite (FeCO3); and (c) sulphides, corresponding to the
residual fraction (associated to the primary mineralization mainly
sulphides). Manganese is largely associated with the carbonated
fraction and, to a lesser extent, with Mn-oxi-hydroxide and amor-
phous Fe-oxy-hydroxide. The higher availability of Mn in carbonate
phase is consistent with the results ofWang et al. (2010) for Jinzhou
bay.

These results highlight different solid state partitioning for Cd
and Zn. Those obtained for Pb show that this element is associated
to carbonated phases. Other researchers have found similar re-
sults: Denys et al. (2007) showed that Pb carbonate forms, and
particularly cerussite, are highly bioaccessible; Palumbo-Roe et al.
(2013) indicated that higher bioaccessible Pb fractions are related
to samples where cerussite occurred in the Pb mineral assemblage
of mine wastes, irrespective of the presence of other Pb minerals.
An experimental study of dissolution of galena, carried out by this
author, suggested the presence of carbonate and hydroxycar-
bonate of Pb. However, for pH values higher than 7, Carroll et al.
(1998) suggested a competition between the sorption of Pb onto
Fe oxyhydroxides and carbonated phases according to the Fe
concentrations in the system. Plots point out a preferential Zn
adsorption onto Fe oxyhydroxydes and carbonated phases. This
behaviour was observed by O'Day et al., 1998; Relic et al., 2005;
Farkas et al., 2007; Nemati et al., 2011; Hamzeh et al., 2014 in
sediments which are contaminated by mining activities where Zn
showed a high affinity to hydrous iron oxides and carbonates.
According to these authors, Cd is not associated with oxy-
hydroxides, while for the same samples, 50e75 % of Zn is bound to
oxyhydroxydes. Bo-feng and Wei-ling (2014) shows that the Cd in
sediments from the Xiangjiang River in China is mainly bound to
non-residual fractions, mainly to the exchangeable (7.2%e54.4%),
carbonate (7.6%e58.1%) and FeeMn oxides fractions (21.3%e
62.3%), but rarely to the organic fraction (1.0%e28.6%). Similarly,
Zhi-feng et al. (2009) and Jain (2004) showed that Cd in sediments
of the Yamuna River and the Yangtze River are also primarily
bound with the exchangeable and carbonate fractions. This
distinctive behaviour between Zn and Cd can be explained in
terms of competition of adsorption, either between Zn and Cd or
between Cd and alkaline earth cations (such as Ca and Ba). Li-
cheng et al., 1996; Sutherland et Tack, 2007; Farkas et al., 2007;
Sundaray et al., 2011; Garcıa-Pereira et al., 2014, reported that
the high proportion of carbonate-bound Cd in sediments
contaminated by heavy metals may be ascribed to the fact that
carbonates are common in this area and that the similarity of the
ionic radii of Ca and Cd favours the co-precipitation of Cd car-
bonate and its incorporation into the calcite lattice.

In binary adsorption experiments with transition metals and
Cd, Benjamin and Leckie (1981) found that the competition rate
depends on the specific combination of metallic cations. In
particular, they show that the presence of Zn (but also Pb) in so-
lution significantly reduces the adsorption of Cd by oxides due to
the adsorption on mutually compatible sites. Using similar ex-
periments, Cowan et al. (1991) showed that a significant decrease
(up to 40% with pH 7.2) of Cd adsorption by amorphous Fe oxides
in the presence of Ca in solution, compared to a solution con-
taining only Cd. The presence of Ba can also influence the Cd
adsorption onto the surface of Fe oxides (15% in pH 8 e Cowan
et al., 1991).

In sediments, metals are mainly distributed between acid-
soluble and reducible phases and, to a lesser extent sulphides.
Sulphides are unstable species in surface conditions. Their oxida-
tion will eventually result in metal release. Conversely, carbonates
and (oxy) hydroxides of Fe are more stable under the Touiref con-
ditions, at the outlet of the upstream watershed. However, metals
may become unstable if physicochemical conditions change,
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particularly changes in pH or Eh. Sediments can act as metal storage
and are a secondary source of reactive metal contamination.
5.4. Metal pollution and accumulation sedimentary record

It is possible to link the geochemical results and the accumu-
lation sedimentary record of the two cores at El Goreaa with the
events in mining production. These events can be summarized as
follows:

1) Around 1900, the discovery of rich Pb/Zn veins in the district “St.
Louis Jobard and St. Felix,” and the first mining operations
triggered a large displacement of sediments and rocks in the
downstream pool with a monthly output around 2000 tons
(1889e1930). This is reflected in a concentration peak between
78 and 85 cm of C1 (Fig. 6a).

2) Economic downturn between 1931 and 1935 resulted in the
collapse of Pb prices and an economic crisis in the mining in-
dustry. Metal ore extraction and mining-quarrying then
continued with limited resources and is restricted to Ressas East
with a monthly production of about 1000 tons. This is recorded
as a peak at 60e78 cm depth and explains the high EF values
(Fig. 6a).

3) In 1948, the company mining in Tunisia was taken over by
Pennaroya, a different mining company with a new philosophy.
Research was actively pushed and important investments were
made, resulting in the construction of a Laundromat flotation of
250 t/day. Production exceeded 4000 t/month, which is re-
flected in the two cores by the existence of very intense peaks
for all the elements (Fig. 6a and b) in the range of 50e57 cm
depth. During the early period of World War II, there were
inflated international prices for metals (Pb, Cd and Zn). These
peaks coincided precisely with the production capacity of major
Touiref's mine, following the construction of the new laundry,
around 1951.

4) Significant research carried out produced disappointing results.
In Ressas West, operating tests should have been stopped
because of the high mining costs and the low-grade of ore
extracted. This work in Ressas West stopped in November 1955.
In Ressas East, the surface was mineralized and the concentra-
tions decreased with depth, but most fractures were not heavily
mineralized. Work in these areas stopped in May 1957. This can
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Table 2
Maximum values of the trace elements (mg kg�1) acquired in this study and comparison with other selected sites.

Location Cu Zn Cd Pb References

Min. Max. Mean Min. Max. Mean Min. Max. Mean Min Max. Mean

Core 1, Touiref 11 20 15 146 22957 4617 2.7 124 35 74 12414 2978 This study
Core 2, Touiref 12 19 14 107 12045 1890 2.3 95 16 50 7227 1153 This study
Geochemical background 12 140 2.7 77 This study
Cajarc site, Lot River 40.6 264 97.7 909 10,000 4430 12.6 294 125 111 1280 523 Audry et al. (2004)
Temple site, Lot River 16.7 78 30.7 81.5 7230 949 0.56 180 20.4 31.3 593 105 Audry et al. (2004)
UCC e e 14.3 e e 52 e e 0.10 e e 17 Wedepohl (1995)
Oued Mell�egue, Tunisia 7 12 9 49 110 43 01 03 0.4 33 49 7 Mlayah et al. (2009)
Jendouba Basin, Tunisia 18 23 e 74 108 e e e e 31 51 e Moldenhauer et al.

(2008)
Oued Tessa, Tunisiaa 8 50 24 29 3055 739 e 5 1 83 356 148 Sebei (2007)
Lake Kalimanci, Macedoniaa 144.4 1162 415.1 295 20,900 8420 16.5 136 56.58 187 16,300 6059 Vrhovnik et al. (2013)
Malter Reservoir, Germanya e 240 196 e 1900 1362 e 91 37.5 e 740 465 Müller et al. (2000)
Oued Kasseb, Tunisiaa 5277 13,065 57 151 49,360 Chakroun (2012)
Odiel River, Spaina 54 2920 1282 143 3150 954 0.35 68 8.5 46 1140 649 Morillo et al. (2002)
Tinto River, Spaina 180 2650 846 110 6730 1754 <1 23 6.2 370 1650 870 Gal�an et al. (2003)
Guadiamar River, Spaina 98 265 165 590 2970 1421 1.8 9.5 3.9 51 250 127 Lacal et al. (2003)
Patroon Reservoir, NY, USA e e e e e e e 25 e e 3600 e Arnason and

Fletcher (2003)
Elbe River, Germany 7 283 34 1266 0.1 12.4 7 305 Schulz-Zunkel et al.

(2013)
Elbe River, Chine 11.3 920 34.1 1050 00.9 29.4 15.9 535 Wang et al. (2014)

a River draining mine sites.
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be observed as the decrease in EF values for Pb, Zn, Cd and As in
the depth range of 7e8 cm.

5) South of the concession (Touiref's mount and in the Jebel
(mount) El Lafi), the tonnage of minerals remaining was low and
the rate of extraction of 4000 t/month explains highest FE values
in the sediments between 30 and 45 cm.

6) The decrease in metal concentrations at the surface of the core is
likely to reflect the decrease inmining and its final activity in the
1960s. Consequently, surface values are now similar to those
observed at the base of the core.

Finally, recent anthropogenic influence has been detected in C2;
the peaks observed and the EF values in the most superficial
sediment could be the result of the use of mine tailings for unpaved
road base. Moreover, it is not a question of transportation by wind
or water, but it is due to human transport. In this area, the mining
wastes were stored directly (for almost 50 years) in agricultural
lands without any measure of protection to avoid environmental
and human health impact.

Given the mountainous landscape, the high-altitude of the Sidi
Bou Said River, the climatic conditions (high-intensity precipitation
is dominant during winter, 455 mm), the mode of deposit and the
physical characteristics of the mine tailings, there is a severe hy-
draulic erosion of the mining residue. The presence of these metals
in downstream sediments reveals the influence of the transported
metal-contaminated, especially Pb and Zn. These concentrations
could be explained by the erosion and transport of waste particles
from the tailing impoundments through the river and the conse-
quent settling of particles in endoreic plain.

6. Conclusion

Based on the study of major element compositions, vertical
metal concentration profiles and solid state partitioning, the re-
sults have shown a significant human influence on the natural
records of the Touiref region. Both cores show an impact of the
mining development in the valley. In fact, the beginning of mining
activity in the region began after World War II, with the installa-
tion of a gravimetric laundry, which is reflected in C1. The intensity
of the metal pollution was evaluated by calculating enrichment
factors that showed maximum values of 65, 524 and 550 for Cd, Pb
and Zn, respectively. Furthermore, according to the Geo-
accumulation Index (Igeo), the sediments are classified as
‘‘severely polluted’’. The relative importance of the pollution is as
follows: Zn > Pb >> Cd.

The improvement of processing mineral ores by the upgrade of
the flotation process during the late ‘40s is reflected in a maximum
metallic contamination in both cores. Trace element concentrations
measured in the core bottom layers (i.e. 140, 77 and 2.7 mg kg�1 for
Zn, Pb and Cd, respectively) are much lower than those found at the
top and middle sections. These values could be representative of
geochemical background concentrations before the period of
industrialization in the Touiref watershed and the beginning of the
ore processing plant activities, i.e. around 1900 (SERMI, 1965).

Finally, recent anthropogenic activity marked by an increase of
metal EF and Igeo is recorded in surface C2 sediments. These con-
centrations do not seem to be directly related to mining activity,
since it has fallen sharply in intensity during this period, but this
could be due to the dispersion of tailing materials by water and
wind and by the use of these materials in the s road pavements.
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