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Abstract Mining activity is one of the most important
sources of heavy metals in the environment. In NE Tunisia,
the former Jebel Ressas mine represents a great hazard due
to huge amounts of waste deposited in waste dumps and
tailings often with high concentration of heavy metal pol-
lution. The aim of this study was to determine total heavy
metal contents in the mining wastes and in the soil samples
collected in the vicinity of the former Jebel Ressas mine
and to evaluate the mobility of heavy metals in the sur-
rounding agricultural soils. The pH, CEC, organic matter
content and total carbonate content in all the samples (soil
and tailings) were also measured using the standard
methods. The mine tailings are characterized by high levels
of Cd (18-89 mg kg_l), Pb (433-5845 mg kg_l) and Zn
(1682-40970 mg kg~ "). The adjacent soils were also
highly contaminated with metals. These toxic metal con-
centrations exceed those environmental standards proposed
by the Off J Eur Communities L181: 6-12 (1986) for
agricultural soils (3, 300, and 300 mg kg~' for Cd, Pb and
Zn, respectively). Selective extractions used to estimate the
risks of toxic element mobilization show that a very low

proportion of heavy metals is water soluble and
exchangeable.
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Introduction

Mining is one of the most important sources of heavy
metals in the environment. In Northern Tunisia, there are
~ 50 metallic mines (Pb, Zn, F, etc.), >98 % of which are
now closed and may be long-term sources of environ-
mental pollution (Bouhlel 1993). One of the main concerns
is the tailing materials that are generally enriched in heavy
metals and consequently they are toxic. The composition of
tailings is directly dependent on the composition of the ore
and gangue as well as the process of mineral extraction
used on the ore (Lottermoser 2007). Exposure of tailings to
air, oxidation, and climatic conditions favored the release
of heavy metals (Smuda et al. 2008) which are often a
threat to the environment (Chiu et al. 2006; Chakroun et al.
2010; Concas et al. 2006). They have a negative impact on
the concepts of sustainable development. In fact, many
heavy metals remain in quantities that exceed the envi-
ronmental standards in mining areas having a potential to
contaminate soil and water. The tailing materials can be
dispersed and accumulated in plants and animals and taken
in by human beings as a consumer (Clemente et al. 2007,
Wang et al. 2008).

Mining activity in Jebel Ressas (1869-1956) generated
important quantities of wastes (two million tons). Under
the semi-arid Mediterranean climate, wind and water ero-
sion triggers the transport of highly Cd, Pb, and Zn con-
taminated dust towards the adjacent agricultural soils and
the former miners’ village located near the waste dumps
(Boussen et al. 2010; Mlayah et al. 2009). In this concern,
few studies have been done in this area to determine the
heavy metal concentration around mine areas and their
impact on surrounding soil and water resources (Ghorbel
et al. 2010). Thus, the aims of this study were: (1) to carry
out geochemical and mineralogical studies of the tailing
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materials and the surrounding agricultural soils and (2) to
estimate the heavy metals availability in soil samples col-
lected in the vicinity of the Pb—Zn abandoned mine of Jebel
Ressas.

Materials and methods
Description of the site investigated

The abandoned Jebel Ressas mine is localized at 30 km in
the South of the Tunisian capital and is characterized by a
semi-arid climate. Jebel Ressas mine is located close to a
rural district and surrounded by agricultural lands (Fig. 1).
The soil is calcareous, deriving from Triassic carbonated
bedrock. On the eastern side, the dump DIII is adjoined by
the village of Jebel Ressas and on the western side by
agricultural lands (orchards, cereal crops). The annual
rainfall in the region is 450 mm, and average temperature
is 25 °C. The prevalent winds in the region are from W to
NW (Ghorbel et al. 2010).

The Jebel Ressas Pb—Zn deposits occur mainly as open-
space fillings (lodes and tectonic breccia cements) in
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Fig. 1 Location of the study area and the soil and tailings sampling
sites
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bioclastic limestones of the Upper Jurassic Ressas forma-
tion and along the contact of this formation with Triassic
rocks. The galena—sphalerite association and their alter-
ation products (cerussite, hemimorphite, and hydrozincite)
are set within a calcite gangue (Jemmali et al. 2011). From
1869 to 1956, the Jebel Ressas mine produced approxi-
mately 122,000 tons of Pb and 165,000 tons of Zn
(Direction Générale des Mines 2005). However, approxi-
mately two million tons of untreated waste materials
dumped in three flattop dumps DI, DII, and DIII, rich in
heavy metals (such as Cd, Pb, and Zn), remained following
mining (Fig. 1). The lack of vegetation development on the
mine tailings and the tailing pile slopes causes instability of
the material and allows wind and rain erosion to occur
(Fig. 2).

Mine wastes and soil sampling and characterization

In this study, there were three types of samples: composite
tailing samples designated as T1, T2, and T3; composite
soil samples from areas in the vicinity of the mine assumed
as polluted (each sample was a mixture of three sampling
corners forming a triangle in the centers of the field and
having edges of two meters length) (P1-P10); and soil
control sample (C sample), obtained about 1 km north from
the tailing dams, representing the local geochemical
background of the analyzed elements (Fig. 1). Soil samples
were taken from O to 20 cm after removing the first layer of
surface soil (2 cm). The sampling of the tailings was car-
ried out in three tailing dams (DI, DII, and DIII) by using a
cylindrical corer. The average sample of each tailing
reservoir is considered after mixture of the various sub-
samples. After collection, the soil and tailing samples were
carefully transferred to clean and dry self-sealing poly-
ethylene bags and transported to laboratory. After being
air-dried in paper lined propylene trays at room tempera-
ture and disaggregated with a wooden roller, all samples
were sieved through <2 mm sieve.

The physical-chemical characterization of tailing
materials and soil samples consisted in the determination of
pH, organic matter content (OM), cation exchange capacity
(CEC), and the carbonate content of the samples according
to standard methods. Soil pH was determined using 1:5
s0il/H,O (Thomas 1996). Cation exchange capacity was
determined using the ammonium-saturation and distillation
method (Sumner and Miller 1996). Equivalent calcium
carbonate (% CaCO;) was determined by the volumetric
method using a Bernard calcimeter (Aubert 1978). Esti-
mation of total concentrations of heavy metals for all
samples was determined by flame-atomic absorption
spectrometry (AAS) and furnace-AAS after digestion of
2 g of sample at 80 °C for 2 h with aqua regia. The quality
of analytical method (QA/QC) for total metal concentration
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Fig. 2 A panoramic view of a,
b the water erosion of the tailing
dam, ¢, d dam slope where
slides can occur

was assessed using the reference contaminated soil sample
(Standard Reference Material 2586) that was digested and
analyzed in the same conditions as the soil samples from
the study area. The agreements between the certified ref-
erence values and those determined by the analytical
method were in the range of 90-110 %.

Selective extractions were performed individually to
determine the water-soluble, exchangeable, and carbonate-
bound fractions.

1. Water soluble fraction: a 10 mL volume of deionized
water was added to 1 g of dried soil or tailing sample.
The mixture was shaken for 1 h at room temperature
on a mechanic shaker. The extract was separated from
the solid residue by centrifugation and stored at 4 °C
before analysis (Kabala and Singh 2001; Lebourg et al.
1996).

2. [Exchangeable cations at the soil pH: a 25 mL volume
of sodium nitrate 0.1 M was added to 10 g of dried soil
or tailing samples. The mixture was shaken for 2 h at
room temperature on a mechanic shaker. The extract
was separated from the solid residue by centrifugation
and stored at 4 °C before analysis (Gupta and Aten
1993).

3. Associated to the carbonates: a 25 mL volume of
sodium acetate (1 M) adjusted to pH 5.5 with acetic
acid was added to 10 g of dried soil or tailing sample.
The mixture was shaken for 6 h at room temperature on
a mechanic shaker. The extract was separated from the
solid residue by centrifugation. The liquid was stored at

4 °C before analysis (Han and Banin (1995). Heavy
metal contents in the supernatant solutions were
quantified with flame-atomic absorption spectrometry
(AAS) and furnace-AAS and blanks were used for
quality control. The proportions of each fraction are
defined as the ratio of the bound heavy metal in each
fraction to the total heavy metal in the soil. All reagents
used to prepare the extracting solutions were of
analytical grade (Merck pro-analysis). All solutions
and dilutions were prepared with double deionized
water. Duplicate analyses were performed on all
samples and reagent blanks were used for quality
control assurance. Blanks were measured in parallel for
each analysis batch, and the appropriate extracting
reagents were used to verify the quality of the reactants
and to detect contamination. The accuracy of the
selective chemical extraction was determined by com-
paring the sum of the concentrations obtained at
different stages of extraction with the contents obtained
by total decomposition (Cuong and Obbard 2006). The
accuracy values ranged between 70 and 110 %, which
are of the same order as those obtained by other
researchers (Cuong and Obbard 2006; Li and Thornton
2001; Umoren et al. 2007; Cornu and Clozel 2000).

Diffraction analyses by X-ray (XRD) were performed on
powdered bulk soil samples after the grinding of repre-
sentative sub-samples using a Philips X’Pert-PRO
diffractometer equipped with a diffracted beam
monochromator and an X‘Celerator multichannel detector.

@ Springer



254 Page 4 of 7

Environ Earth Sci (2016) 75:254

The analyses were performed under the following condi-
tions: Cu Ko radiation, 40 kV, 30 mA, step scanning at
0.01°260/s in the range 1-30°. Mineral identification was
made by reference to the International Center for Diffrac-
tion Data (ICDD) and the International Crystal Structure
Database (ICSD) patterns.

Results and discussion
Physical-chemical properties of soils and tailings

The results of chemical analysis of the tailings and soils
that are taken from topsoil in the vicinity of the lead-zinc
abandoned mine of Jebel Ressas and control soil are pre-
sented in Table 1.

The results obtained for the soil pH measurements
revealed that the pH of the mine tailings varies from 7.1 to
7.3 with a mean value of 7.2. The pH values of the sur-
rounding soils vary from 7.6 to 7.9 with a mean value of
7.8. The neutral and alkaline pH values in soil and mining
residues are related to the presence of high concentration of
carbonates (values ranging from 38.6 to 45.5 % for tail-
ings, and from 31.4 to 45 for soils). In Tunisia, the soils
that are developed on sedimentary rocks are mainly cal-
careous in the North and gypseous in the South. All the soil
samples presented very high organic matter content (OM)

ranging from 4.6 to 6.1 %, similar to background samples.
These values are due to the nature of soil (arable land and
cultivated). The lack of a vegetation cover in some parts of
the mining area could explain the low values of OM con-
tent in samples corresponding to the tailings (0.78-1.1 %).
The cation exchangeable capacity (CEC) varied between
9.4 and 13.2 cmol kg~' with a mean value of 11.9 cmol
kg~'. High CEC indicated that some soils have a natural
potential for immobilizing toxic trace elements (Garcia-
Sanchez et al. 2010). In general, these results are correlated
with previous studies carried on Tunisian soils (Boussen
et al. 2010).

According to mineralogical analysis, in the Jebel Ressas
soil samples the primary non-metallic phases are largely
dominated by calcite (CaCQOj3) along with quartz. Pb is
present as cerussite (PbCO3) and galena (PbS) (associated
with calcitic gangue). Other minerals like hemimorphite
(Zn4Si,0,2H,0) and sphalerite [(Zn,Fe)S] could also
occur.

Total heavy metal levels in soils and tailings

Total heavy metal contents in the soils and the mine tail-
ings are shown in Tables 1. The mine tailings are charac-
terized by high levels of Cd (18-89 mg kg™'), Pb
(433-5845 mg kg™'), and Zn (1682-40,970 mg kg™ ').
The adjacent soils were also highly contaminated with

Table 1 pH, CEC, organic matter content (OM), CaCO;5 content, and total heavy metal contents in soils and tailings in the vicinity of the

abandoned Jebel Ressas mine area

Sample type pH  CEC (cmolkg™")  CaCO; (%) OM (%) Cd(mgkg ") Pb(mgkg ™"  Zn(mgkg ™"
Tailings
Tl 71 nd 45.54 1.10 19 602 1682
T2 71 nd 5471 0.91 18 433 1700
T3 73 nd 38.67 0.78 189 5845 40970
Polluted soils
Pl 79 132 42.00 5.20 53 970 9641
P2 7.8 12.7 38.21 6.12 230 12825 42368
P3 76 114 39.48 5.60 57 3814 9203
P4 79 132 41.00 5.40 54 508 4706
P5 7.7 10.4 31.44 461 53 269 4260
P6 76 129 45.00 4.92 11 1272 6130
P7 76 112 43.00 5.10 13 1564 6211
P8 7.9 9.4 39.00 5.80 9 2341 5940
P9 76 127 33.23 491 12 1124 5620
P10 7.7 12.2 37.00 572 11 1065 5745
Control soil
C 8.1 12.9 32.00 6.20 0.1 36 65
Reference levels CEE - - - - 3 300 300

nd not determined

@ Springer



Environ Earth Sci (2016) 75:254

Page 5 of 7 254

Table 2 Cadmium, lead and zinc contents in water soluble, exchangeable and associated to carbonates fractions

Water soluble fraction (mg kg™")

Exchangeable cations at the soil pH (mg kg™')

Associated to the carbonates (mg kg™")

Cd Pb Zn Cd Pb Zn Cd Pb Zn
P1 <d.L <d.lL 1.15 <d.L <d.L 1.67 29.68 669.3 1060.51
P2 <d.L 1.53 3.81 <d.l 0.64 6.35 186.3 9875.2 5084.16
P3 <d.L 0.34 1.19 <d.l 0.22 1.28 45.03 2822.36 1104.36
P4 <d.L <d.l <d.l <d.l <d.L <d.l 43.74 381 470.6
P5 <d.L <d.l. <d.l <d.l 0.16 <d.l 26.5 196.37 468.6
P6 <d.L 0.17 <d.l. <d.l. 0.10 <d.l. 8.8 941.28 919.5
P7 <d.l 0.12 <d.l. <d.l. <d.l 1.11 10.66 1079.16 683.11
P8 <d.L 0.23 <d.l. <d.l. 0.16 <d.l. 6.84 1779.16 712.8
P9 <d.l <d.l 1.12 <d.l. 0.11 <d.l 9.24 764.32 674.4
P10 <d.L <d.l 1.14 <d.l <d.L 1.03 9.13 724.2 746.85

d.l. detection limit

metals. The highest heavy metal contents were 230,
12,825, and 42,368 mg kg~ with median concentrations
of 19, 5157, and 1842 mg kg71 for Cd, Pb, and Zn,
respectively. These high concentrations were also reported
near mining sites in Tunisia reaching 15, 12,000, and
1000 mg kg ™' Cd, Pb, and Zn, respectively) (Sebei et al.
2006). Similar studies, on carbonated context and in semi-
arid climates showed enrichment of heavy metals in soils
near mining sites. For example, the heavy metal concen-
trations at the Jebal Ressas site were similar to those in
Morocco, which ranged between 2.89 and 13, 74 and 6706,
and 233 and 22,641 mg kg{1 for Cd, Pb, and Zn, respec-
tively (Esshaimi et al. 2013). In Spain, Navarro et al.
(2008) reported concentrations in soils near mining sites as
high as heavy metal contents in the Tunisian soils reaching
104 for Cd, 1.9 % for Pb, and 4.6 % mg kg_1 for Zn. In
Morocco, lavazzo et al. (2012a, b) reported high Cd, Pb,
and Zn contents reaching, respectively, 1020, 13,300, and
182,000 mg kg™, in the high Moulouya Valley district.
According to the European standards (Council of the
European Communities 1986), the majority of the soil
samples located around the tailing D1, DII, and DIII
exceed the maximum Cd, Pb, and Zn allowable concen-
trations of heavy metals for agricultural soils. This fact
suggests the common origin of all the metals analyzed and,
therefore, the mining activity can be pointed out as the
source for the metal pollution of the studied area. In semi-
arid environments, Aeolian erosion is the dominant natural
mechanism in which pollution is spread from mines to
agricultural soils (Boussen et al. 2010; Ghorbel et al. 2010;
Jacob and Otte 2004; Conesa et al. 2007). Soils located in
the prevalent wind direction (W to NW) from the mine
tailings (Fig. 1) were enriched in heavy metals due to the
Aeolian deposition of heavy metal-rich particles. In addi-
tion, hydric transport is a local cause of heavy metal

contamination. For example, soils are flooded during flood
periods and receive substantial quantities of tailings
materials, which lead to the heavy metal contamination of
the surrounding agriculture soils.

Solubility and extractability of heavy metals

The sequential extraction was used in this study to indi-
rectly assess the potential phytoavailability of metal con-
taminants in soils. Water soluble and exchangeable
fractions represent the immediately mobile and the car-
bonate-bound fraction (Adamo and Zampella 2008; Ure
and Davidson 2002). Selective extraction results are pre-
sented in Table 2.

Based on our results, the amount of Cd, Pb, and Zn
present in the water soluble and exchangeable fraction (i.e.
the most mobile and bioavailable fraction present in soils)
is very low. These results are in agreement with those
observed by Li and Thornton (2001) and Rodriguez et al.
(2009) in a contaminated environment near industrial
activities and mines. After the oxidation of galena in
alkaline conditions, when exposed to atmospheric oxygen
and rain, Pb precipitates as cerussite (PbCO;3) (Ramos
Arroyo and Siebe (2007). According to lavazzo et al.
(2012a, b), the small contribution of water soluble and
exchangeable forms to the total metals extracted sequen-
tially could be explained by the fact that the small solu-
bility of cerussite (logK = —13.1) and hemimorphite
(logK = —24) enhances metal precipitation and cation
retention processes in alkaline conditions.

On the contrary, the carbonate fraction is the most
important fraction with approximately 68—77 % of total Pb,
9-15 % of total Zn, and 50-83 % of total Cd. Heavy
metals show the following affinity for carbonates:
Cd > Pb > Zn. Based on our results, the proportions of Cd
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associated to carbonates are high. Similarly, Yusuf (2007)
observed that carbonate fraction of Cd represents more
than 70 % of total Cd. Some authors, such as Iavazzo et al.
(2012a, b), reported that Pb carbonate accounted for
53-82 % of the total Pb. Similarly, Li and Thornton (2001)
showed that Pb is strongly associated with carbonates
(24-55 %) and reducible fractions (Fe and Mn oxides
phases) in contaminated soils from historical Pb mining
and smelting areas in Derbyshire (England). The geo-
chemical repartitioning of lead in the studied soils agrees
with the mineralogical analysis, which shows the presence
of lead carbonates such as cerussite and, to a lesser extent,
galena (PbS). According to Lindsay (1979), cerussite is the
most stable and dominant form of Pb in alkaline mineral
soils. Thus, the small proportion of the most mobile Pb
fraction suggests that Pb is stable in natural conditions, and
consequently, mobilization risks are limited. Mineralogical
analysis of the mine tailings and soils showed that zinc
occurs as sphalerite, hemimorphite, and as a Fe-associated
oxyhydroxide. According to Ramos Arroyo and Siebe
(2007) the affinity of heavy metals to Fe oxyhydroxides
decreases in the following order: Zn > As > Pb. In alka-
line conditions, the association of Zn with oxyhydroxides
and the residual fraction has been reported by several
authors (Banin et al. 1990; Xiang et al. 1995). The pre-
dominant form of Zn is in the reducible fraction up to 54 %
(Yobouet et al. 2010) or up to 25 % (Li and Thornton
2001). Xiang et al. (1995) reported that the percentage of
zinc that was associated with Fe and Mn oxyhydroxides
increased with increasing pH.

Conclusions

Jebel Ressas mine area has been characterized by deter-
mining various physico-chemical parameters including pH,
CEC, CaCOj; content, and organic matter content. The
studied wastes and soils of the mining areas showed that in
general, all samples presented a neutral to alkaline pH
similar to background sample, the alkaline pH could be
attributed to the presence of carbonates. The data indicate
that the abandoned tailings and soils are all highly enriched
in Cd, Pb, and Zn. According to the European standards
(86/278/EEC, 1986), most of the studied wastes and soils
represent a potential source of contamination for the sur-
rounding environmental compartments. The sequential
extraction data show that a small fraction of Cd, Pb, and Zn
was labile, which is attributed to the carbonate content of
the soils, the low solubility of the major metallic mineral
phases and to the alkaline pH conditions.
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