Arabian Journal of Geosciences (2019) 12: 73
https://doi.org/10.1007/512517-018-4204-0

ORIGINAL PAPER

@ CrossMark

Assessment of tailings stability and soil contamination of Kef Ettout (NW
Tunisia) abandoned mine

Nawrez Sliti' - Charef Abdelkrim" - Lamia Ayed?

Received: 3 September 2018 / Accepted: 27 December 2018 /Published online: 23 January 2019
© Saudi Society for Geosciences 2019

Abstract

The abandoned mining wastes still represent one of the significant environmental hazards. Kef Ettout tailings is one example that
was exposed to severe ambient conditions and must be assessed to determine its potential risks. The initial mine wastes, the
tailings, and agricultural soils were investigated. The results showed that the winds and runoff water distributed the potentially
toxic metals and the alkaline pH of tailings and soils, the carbonate, and TOC content controlled the metal bioavailability. About
22% of Pb and 70 and 98% of Zn and Cd, respectively, were leached from tailings. Despite the initial wastes were richer in Zn
(1.5 times) than in Pb, the tailings kept much more Pb (1.6 times) than Zn. In agricultural soils, the mean concentrations of Pb, Zn,
and Cd were 69, 141, and 1.8 mg kg, respectively. The enrichment factor and geoaccumulation index showed that more than
75% of soils were considered strongly contaminated. Speciation results indicated that about 97% of initial wastes metals were
bounded to residual fractions. However, in tailings, 9-30, 4-10, and < 6% of Pb, Zn, and Cd, respectively, were in stable forms.
Redistribution index (Uyy) and relative binding intensity (/r) of metal tailing had confirmed that the tailings continued to provide
more Zn quantity than Pb and Cd. In soils, the highest percentages of Pb and Zn were closely associated with organic matter, the
Cd was significantly bounded to the exchangeable fraction, and the mean decreasing factor mobility order was Cd (66) < Pb (73)
< Zn (78). Therefore, this tailings type must be rehabilitated to limit its risks, particularly of Zn.
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Introduction

The tailings without rehabilitation were still a worldwide
problem since they pose a serious threat to environment and
human health as they continued to be often potentially pollut-
ants (Liakopoulos et al. 2010; Nganje et al. 2011; Bian et al.
2012; Wang et al. 2017; Khamseh et al. 2017). The nature of
pollutants and their concentrations depended on the nature, the
composition and the mineralogy of the ore bodies and their
gangues, and the ambient conditions such as climate, hydrol-
ogy, geochemistry, and particle sizes. These toxic
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contaminants could be leached from the waste rock piles by
natural drainage with surface water run-on and by the wind
that often cause a threatening of the ecosystem (Kossoff 2014;
Ouchir et al. 2016).

Potentially toxic metals present in soil may come from
agricultural activities (Huang and Jin 2008), urbanization,
and industrialization (Zhong et al. 2012). These nonbiode-
gradable metals persist for long periods in terrestrial environ-
ments (Kabata-Pendias and Pendias 2001). Also, fine particles
of tailings are exposed to physical agents like wind that can
disperse them into the surrounding area and contaminate the
land and agricultural soils (Abdallah et al. 2012; Yadav and
Jamal 2015; Lama et al. 2017). The dispersion of the contam-
inants occurs also by rainfall and after by the runoff towards
the plain where we have the fertile soils.

Several Pb-Zn mines were active in the north of Tunisia.
Kef Ettout is among the first mines of Pb-Zn of Tunisian atlas.
This ore exploitation had started in 1883. After the mine clo-
sure (1975), the direct waste rejections were stopped.
However, the improperly abandoned wastes contained poten-
tially toxic metals. The climate of northern mining district is
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characterized by severe climatic conditions since the heavy
rains and average temperatures between winter and summer
are very important. The important wind speed, particularly in
winter, let the Aeolian transport of contaminants is an impor-
tant agent of pollutant dispersion. Thus, these mine tailings
exposed to severe ambient conditions are highly susceptible to
alteration and erosion and are important sources of metal pol-
lution that will likely cause potential and serious risks to the
population, soils, and water resources.

To assess contamination of polluted tailings of Kef Ettout
and the surrounding agricultural soils, the total metal concen-
trations of sampled sediments from tailings and soils were
analyzed. Quantifying the total metal content in the sampled
sediments allowed us to have an idea about the abundance and
the limits of dispersion of potential pollutants in the studied
site. However, they were insufficient to have an exact idea
about the bioavailable metal quantities and consequently
about the toxicity levels of these mobile metals for the envi-
ronmental and human health (Rao et al. 2008; Camden-Smith
and Tutu 2014). Thus, the total concentrations should be
complemented by dosage of metal quantities bonded to ex-
changeable and carbonate fraction (F1), reducible fraction
(F2), oxidizable (sulfides/organics) fraction (F3), and metal
quantity involved into crystal of the minerals (F4)
(Rodriguez et al. 2009; Buccolieri et al. 2010; Trifi et al.
2018). It is also necessary to determine the parameters that
controlled the balance between the immobile (without envi-
ronmental impact) and mobile potentially toxic metal quanti-
ties in tailings and agricultural soils surrounding the pollution
sources (Salomons and Stigliani 1995). Many ambient param-
eters ruled the metal speciation in the tailings and soils. The
most factors that could influence the metal mobility are the
pH, the nature and the concentration of organic matter, and the
texture of sediments (Bolan et al. 2014; Lama et al. 2017). The
clay minerals and their mineralogy and the oxides of Fe and
Mn controlled also the long-term metal behavior (Staunton
2002).

The goal is particularly to have representative characteriza-
tion of the mine tailings and surrounding agricultural soil in
order to identify potential environmental problems for possi-
ble soil remediation or. The results allow estimations of po-
tential pollution and an extent of affected zones and may pro-
vide a scientific basis to see if it is possible to predict a reme-
diation or protection strategies of these natural resources, cul-
tivated crops, and human health in these agricultural areas. To
take stock of this site, the proposed studies were (1) the char-
acterization of contamination level, the spatial dispersion of
the potentially toxic metals of mine wastes, and the surround-
ing agricultural soils, (2) the assessment of the contamination
of the polluted tailings, and (3) the calculation of the pollution
level of studied environment, the mobility factor (MF), redis-
tribution index (Uy), and relative binding intensity (/) of
metals to assess the evolution of the order and the stability
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degree of various metals in the tailings and therefore the de-
gree and the order of their danger to the environment.

Material and methods
Study area

Geologically, Kef Ettout site is part of a Maaden catchment
that has a high-contrast topographic character. Many valleys
notching the relief are observed. The down basin is character-
ized by low slopes and the up basin shows stronger slopes
(from 0° to 49.7°). The transition between the high and low
areas is fast and accompanied with steep slopes. This basin
includes several exploited mines such as Sidi Ahmed, Ain
Erroumi, and Kef Ettout (Fig. 1). In Kef Ettout area, the relief
is contrasted where we have on one hand the forests area
(Fig. 1) with steep slopes and difficult reliefs to be sampled
and on the other hand the agricultural soil with gentle slopes.
In the pen plain soils, the domes and crests are usually ob-
served. The macroscopic observations indicate that the soil
texture and color (dark gray) on the studied soils are relatively
homogeneous and the land use is variable (Fig. 1).

Khanguet Kef mine is one of the oldest mines of Tunisia
and considered essentially as a high producer of lead (Pb) and
zinc (Zn) since the Roman Empire. It is included in Amdoun’s
district that is located in the Tunisian Atlas (Rouvier 1977). It
is located in the northwest region of Tunisia, 150 km N-W of
Tunis, and its geographic coordinates are 36.9 and 9.11667 (in
decimal degrees). The ores were logged in carbonate context.
There are many mineralization types since the ore filled the
diaclases, the fractures, and the dissolution cavities of the
Campanian limestones of lenticular clusters. The ore paragen-
esis is formed by galena, calcite, siderite, sphalerite, cerussite,
calamine, smithsonite, and iron oxides (Sainfeld 1952). The
marcasite and pyrite are rare. Khanguet Kef Ettout exploita-
tion technique was open sky. During the activity period
(1888-1951), this mine produced 70,000 t of Zn-calamine,
15,000 t of Pb-calamine mixtures and 45,000 of galena,
representing 38,000 t of Zn, and 34,000 t of Pb. The total
ore production of Khanguet Kef Ettout was 91.238 t of con-
centrate zinc and 61.644 t of concentrate lead (Rapport of
Mines Directorate 2005). The definitive cessations of the min-
ing activities were in 1978.

The site is characterized by a humid climate with a heavy
rainy season (average precipitation in winter is about
1000 mm year ') (D.G.R.E. 2000), frequent winds, and a
range temperature winter-summer — 1 to +40 °C.

Sampling

In Kef Ettout mining area, six important scattered tailings
were identified. The sizes of these tailings are comparable
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Fig. 1 Geological map of the of Wadi El Maadene catchment area and location of study area (Rouvier 1987; Batik 1980)

and the total volume is about 600.000 m>. As well for the
tailings and the agricultural soils, the topography is not flat
and often we have crests and domes. So well the reliefs are
low, the sampling following a regular mesh allows to have a
nonrepresentative samples. So, it was felt that sampling of
selected plots representative of its surrounding areas allows a
better assessment of studied site. These pots were selected
taking into account also the sediment texture, color, alteration
and heterogeneity degrees of tailing sand soil sediments (esti-
mated by macroscopic observation), and the culture nature for
soil and the principal wind directions. In the tailings and soil,
different plots were selected. For the six tailings, one repre-
sentative plot was selected in each tailing. For soil sediments,
the samples were taken from 19 plots areas (S1-S19) (Fig. 2)
because macroscopically the agricultural soils of the site
are comparable. The selected plots were different by the cul-
ture nature. For each plot, one square grid (5 m X 5 m) was

used at a density of 10 soil points. Because of the clay soil
texture and the heterogenetic composition of the tailings
and to have representative results, each point was a com-
posite (representative) of three or four samples distant
about 15 cm. The locations of the sampling plots were
recorded in field using a GPS. All soil samples were taken
from cultivated lands. Always, 10 x 10 x 30 cm volume of
sample was taken in polyethylene bags. In laboratory, the
composite samples were homogenized and passed through
2 mm stainless steel sieve, lyophilized (freeze-drying),
stored in plastic bags, and kept in a cooler room (about
4 °C) for further analysis.

Tables presented the statistic of element and parameter con-
centrations and values, respectively, obtained from each plot
(about 10 composite samples). The minimum, maximum,
standard deviation, and p (range values 0.001-0.05) were
not presented to have more clear tables and figures.
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Fig. 2 Location of tailings and soil plots in the study area

Methods

For granulometric analysis, the Robinson pipette method was
used. The mineralogical analysis of total rock (powder) was
carried out by X-ray diffraction (XRD) SIEMENS D-5000
type with a scanning speed of 1°/26 min and Cu-K« radiation
(40 kV, 20 mA) from 0° to 70° of the total fraction (Schultz
1964; Van der Marel 1966). The microscopic-metallographic
analyses were based on polished sections. A raw de-
carbonated sample following a 10% hydrochloric acid attack
in order to eliminate the total carbonates was done. These de-
carbonate powders were used for polished sections prepara-
tion and microscopic studies such as the petrography (alter-
ation degree) and the mineralogy of tailings sediments. The
pH and electric conductivity were measured in soil/water ratio
of 1:5. After 1 h, mechanical shaking was done by pH meter
mode 13305 and conductivity meter model WTW LF91

Table 1

T
430400

T T T T
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(Rayment and Lyons 2011; Montoroi 1997). The total organic
carbon (TOC) percentage was achieved according to Walkly-
Black method (1934), total carbonate equivalent determined
by Bernard calcimeter, and the cation exchange capacity
(CEC) using copper ethylenediamine complex (Bergaya and
Vayer 1997).

To better evaluate the bioavailable metal quantity still in
tailing and agricultural soil, the used sequential fractionation
procedure was the BCR (The European Community Bureau
of Reference) schemes since this procedure was applied and
accepted by a large group of specialists (Salomons 1993;
Fiedler et al. 1994; Ho and Evans 1997; Lopez-Sanchez
et al. 1998; Usero et al. 1998; Martin et al. 1998; Agnieszka
and Wieslaw 2002; Yuan et al. 2004). The BCR extraction
procedures were presented in Table 1. It is very important to
ensure the accuracy and reproducibility of results. Therefore,
for each extraction, a blank sample was analyzed with sample

Sequential extraction procedures BCR (the European Community Bureau of Reference)

Extraction methods

Chemical composition

References

Sequential
extraction

F1 (exchangeable and carbonate-bound
fraction)

F2 (Fe and Mn oxide-bound fraction)

F3 (organically and sulfur-bound
fraction)

F4 (residual fraction)

0.11 mol L™! of AcOH

Ure et al. (1993), Davidson et al.
(1998), Rauret et al. (2000)

NH,OH-HCI (0.1 mol L', pH 2)

H,0, (8.8 mol L ™', pH 3.2) and AcCONH,
(1 mol L™!, pH2)

Digestion (HCI-HNO;) + HF (150 °C, 2 h)
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extractions to test the reaction quality and possible contami-
nation. In order to evaluate the stability and accuracy of the
procedure in all samples, the reference material BCR-701 was
used with the same procedure and the results were replicated
three times. When the reproducibility was unacceptable, the
analysis was replicated again to be sure that the results were
representative. The recovery percentage of sequential extrac-
tion was calculated using the equation presented by Davidson
et al. (1998).

%Recovery = ((F1 + F2 4+ F3 + F4)/(total concentration))
x 100

The contents of Zn, Pb, and Cd in the total sediments and in
the residual fractions were determined by digestion of 0.5 g of
sediments with 5 mL mixture of HF (40%), 1.5 mL HCIO,,
3.75 mL (70%), HCI (37%), and 1.25 mL (65%) HNO;
(Normes AFNOR 1979) in a sand bath at 250 °C. The final
solutions were diluted with 100 mL of ultrapure water.

The concentrations of these elements were measured by
atomic absorption spectrophotometry (AAS) (PerkinElmer
type) with a graphite furnace. For all analyzed samples, each
obtained result was accepted only when the deviation standard
value was at least equal to the detection limits that are 5, 3.6,
and 0.75 pg for Pb, Zn, and Cd, respectively. To simplify the
presentation and limit the space, in the tables and figures, we
reported only the mean values of each plot. For tailings and
soil metal contents, the standard deviations were added. All
calculations in this study were made using XLSTAT. The
sphalerite and galena were the exploited minerals in Kef
Ettout mine that contain significant traces of Cd (about
14 g). The chemical analyses showed that the strontium (Sr),
manganese (Mn), nickel (Ni), copper (Cu), chromium (Cr),
and cadmium (Cd) existed but their concentrations had not
relatively an environmental impact. So, only the Pb, Zn, and
Cd were presented.

To evaluate the stability degrees and contamination level of
these tailings and pollution degrees of Kef Ettout area, differ-
ent indexes were calculated.

Sure enough, among our objectives was to assess numeri-
cally the stability degrees (Uyr and I indices) of different
metals in the tailings after this long exposure period. The
fractional redistribution index Uy was proposed by Banin
etal. (1990) to assess the metal mobility evolution in amended
soils with incubation time. U;s was defined as follows:

Utf:Fa/Fc

F, was the percentage of the total amount of metal that was
bound to a given component in the amended soil and F, was
the percentage of the total amount of metal that was bound to

the same component of control soil. For the application of
Banin et al. (1990) equations to the tailings, the F, was con-
sidered the percentage of the total amount of metal that was
bound to each sediment fraction in initial wastes and F, was
the percentage of the total amount of metal that was bound to a
same sediment fraction in tailings. Thus, the Uisratio assesses
the alteration degree of the abandoned wastes. When the metal
quantities bounded to four fractions in the tailings (abandoned
wastes) were similar to those of the initial wastes of valoriza-
tion metal plant (quasi-equilibrium state), the U values were
equals 1. Following the effects of external parameters such as
the high temperature variations, high rainfall periods, and re-
dox conditions, the tailings sediments were altered and their
metal forms (speciation) and their distributions among the
different fractions of tailings sediments had changed. These
evolutions were displayed by an increase of Uy values. More
the quantities of mobile metals were important and more the
Uyr values are high.

The Ir was also introduced by Banin et al. (1990) to define
quantitatively the binding intensity of metals to sediments.
This index gives an idea about long-term effects of ambient
conditions on the evolution of metal stabilities in abandoned
wastes. Iy was defined as follows (Banin et al. 1990):

I=Y*_(FiX(i)n) and Iy = I/(k n)

In our case, Fi was the percentage of the total amount of
metal that was bound to component i in tailings. The choice of
n was arbitrary (equal 2) because the square relationship (n =
2) clearly expresses the increasing binding strengths of metals
with increasing i in the sequential selective dissolution process
and k =4 (number of sequential extractions steps) (Banin et al.
1990). Iz = 1 (equilibrium sate) if the total metal quantity was
bound to the residual fraction of sediments. The I value de-
crease indicated that the mobile and mobilizable metal quan-
tities had increased.

For an evaluation of environmental risk and the classifica-
tion of the sites according to their potential toxicities, several
indices, factors, and equations were widely used (Trefrey and
Presley 1976; Alexander et al. 1993; Sutherland 2000; Mil-
Homens et al. 2006; Miiller 1969; Hakanson 1980; Ouchir
et al. 2016). In this work, the contamination factor (CF),
geoaccumulation index (/4c,), and MF were used to evaluate
the level of agricultural soil contamination. The CF and I,
index were calculated, for each potentially toxic metal, using
the following equations, respectively:

CF = Cm/Cr (Hakanson 1980), Igeo = log,(Cm/1.5 x Cr)
(M ller 1969) and MF = ((F1 + F2 + F3)/(F1 + F2 + F3 + F4))
x 100 (Salbu et al.1998; Narwal et al.1999; Kabala and Singh 2001)

where Cm is the mean concentration of the metal in the soil,
Cr is the geochemical background value of the concern trace
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metal (Table 8), and the constant 1.5 is the geochemical back-
ground matrix correction factor. It is used to minimize possi-
ble variations in the background values due to natural sources.
Hakanson (1980) defined four levels of the CF: CF < 1, low;
1 < CF < 3, moderate; 3 < CF <6, considerable; and 6 < CF,
very high.

As described by Miiller (1969), the I, values were classi-
fied into seven classes: Iy, < 0, practically uncontaminated; 0
<lIgeo < 1, uncontaminated to slightly contaminated; 1 < Zye, <
2, moderately contaminated; 2 < Iy, < 3, moderately to highly
contaminated; 3 < Iy, <4, heavily contaminated; 4 < /o, <5,
highly to very strongly contaminated; and Iy, >S5, very
strongly contaminated.

Results and discussion
Mineralogical and physicochemical characterizations

The microscopic observation of the initial wastes and the tail-
ings polished sections prepared from the de-carbonated sam-
ples. In the tailings, the pyrite where the grain size range was >
10 to < 100 um (FeS,), galena (PbS) and sphalerite (ZnS) were
identified. This matrix contained also calcite, barite, quartz, and
essentially carbonates gangue and neoformed CaCOs;.

Photo
The carbonate and the sphalerite were the more altered min-

erals in the studied tailings. The alteration degree progressed
from the external border towards the center of different grains

of minerals (Photo 1). The results of XRD analysis of tailings
materials confirmed the presence of the main minerals of
wastes (Fig. 3). The mine tailings contained small amounts
of calcite, quartz, and barite. Because of the percentages of
galena and sphalerite were lower than 5%, these minerals were
not detected. This mineralogical composition was comparable
to that of the initial wastes (Sainfeld 1952).

The grain size distribution of the tailings sample analysis in
the texture triangle showed that the tailings sediments had a
sandy-loam texture (sands from 24 to 70%, loams from 22 to
60%, clay < 18%). The pH and organic matter (M) ranges were
7.1-8.2 and 0.69-1.4, respectively. The pH variation closely
depended on the carbonate content of tailings sediments (50—
80%) (Table 2). Thus, it can be stated that the alkaline pH
values of Kef Ettout sediments (tailing and soils) could be
attributed to strong buffering capacity of carbonates
(Papadopoulou-Vrynioti et al. 2014). Such as the case of sev-
eral tailings in the North of Tunisia, Khanguet Kef Ettout
wastes had a neutral pH to slightly basic and contained rela-
tively important amounts of organic matter (Sliti 2013; Mseddi
2013; Othmani 2013; Sebei 2007). This alkaline pH probably
favored the metal mobility decrease (Plassard et al. 2000). The
conductivity values varied from 500 to 580 uS cm .

Compared with tailings sediments, the texture of the sedi-
ments of the initial wastes stayed stable. However, the initial
physicochemical parameters of initial wastes were different
from those of tailings (Table 3). Probably, the carbonate pre-
cipitation in the tailings, compared to initial wastes, increased
the mean pH about 0.9. In initial wastes, the organic matter
concentrations were relatively high (Charef and Sheppard
1991). The long exposition of these wastes had contributed

Counts
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Photo 1 The progressed alteration from the external border towards the center of pyrite and galena
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Fig. 3 RDX diffractogram of tailings sediments showing the presence of
calcite, barite, quartz, and essentially carbonates of the gangue and
neoformed calcite

to the organic matter mineralization of the ore deposit and
decreased the TOC in the tailings (from 2.9 to 1%) and the
CEC (from 17.9 to 10.7 meq 100 g ). An increase of the EC
about 106 uS cm ! was, in part, due to the release of ions
adsorbed by organic compounds.

The granulometric, alkalinity, EC, CEC, and TOC values
of surrounding agricultural soils were presented in Table 4.
The plotting of granulometric results in the texture triangle
showed that agricultural soils were classified as silty-clay
and silty soils with small amounts of sand. The ranges of pH
values and carbonate percentages were 7-8.1 and 15-25%,
respectively. The mean soils EC varied from 400 to
530 uS cm '. These values were relatively low probably,
thanks to the high capacity of cationic exchange of these soils.
The studied soils contained relatively high organic matter con-
tent (0.7-7.7%). Probably, this respectable percentage of or-
ganic matter was derived from the large vegetation area. The
minimum and the maximum values of soils CEC in the mine
site were from 13 to 22 meq 100 g ' and 18029 meq 100 g ",
respectively. The important cation exchange capacity of the
soils was probably due to the high percentages of clay and
organic matter or the high CaCO; content as proposed by
Papadopoulou-Vrynioti et al. (2014). However, these CEC
values of mine wastes and soils were low compared with other
contexts where the CEC were three times more important
(Papadopoulou-Vrynioti et al. 2014).

The soil texture has an important role in the potentially
toxic metal distributions. In the studied mine site, the planted
soils had a high yield of clay (illite, montmorionite, and kao-
linite), loam, and silt fractions that could contribute to the
adsorption of important potentially toxic metal quantities (Li
and Li 2000). The alkaline soil pH and the carbonate abun-
dance contents that favored the metal and anions complexing
decreased the metal mobility and bioavailability (Sherlock
et al. 1995; Moncur et al. 2005). In addition, the organic mat-
ter concentrations dropped also the soil adsorption capacity of
potentially toxic metals (Bosmans and Paenhuys 1980). All
these parameters indicated that the agricultural soils of Kef
Ettout could contain significant amounts of Pb, Zn, and Cd.
These pollutants could stay in soils for a long time since the
intensity of root uptake of metals by plants decreased with

Table 2 Mean values of

physicochemical proprieties of pH EC CaCO; OM CEC Sand Clay Silt Texture

the tailings plots (mSem™) (%) (%) (meq 100 ™) (%) (%) (%)
DI 78 500 74 0.7 8 53 6 41 Sandy-loam
D2 8 580 78 1.4 13 70 8 22 Sandy-loam
D3 75 570 59 0.5 9 51 3 46 Sandy-loam
D4 7.1 560 59 13 12 32 18 50 Loamy-sand
D5 7.7 570 62 1.0 8 53 8 39 Sandy-loam
D6 82 550 58 12 12 24 16 60 Sandy-loam

D tailings, TOC total organic carbon, EC electric conductivity, CEC cation exchange capacity; OM organic matter
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Table 3 Physicochemical

proprieties of initial wastes of ore pH EC CaCOs TOC CEC Sand Clay Silt

valorization unity (WOVU) mSem™) (%) (gkeg™ (meq 100g™) (%) (%) (%)
Min 6.5 6212 423 2.1 15.9 28.9 21.6 44.9
Max 6.9 7032 51.6 4.2 213 32.6 24.2 55.6
Mean 6.8 661.9 47.0 29 17.9 30.8 19.1 50.1
SD 0,2 387 5.1 0.9 3.1 2.1 1.4 6.3
N 69 69 69 69 69

N sample number, Max maximum, Min minimum, SD standard deviation, TOC total organic carbon

increasing soil pH to about pH 6.5-7.5 (Prasad and Freitas
2003; Kucharski et al. 2008; Fijatkowski et al. 2012).
However, the relatively low CEC values seemed to suggest
that the mobility of traces elements would be expected to be
high (Papadopoulou-Vrynioti et al. 2014).

Potentially toxic metal contents and distribution

The minimum, the maximum, and the mean concentrations
and standard deviations of Pb, Zn, and Cd of different ana-
lyzed samples from Initial wastes and tailings of the ore val-
orization plant were presented in Table 5.

The plant wastes were highly contaminated with Pb, Zn,
and Cd. The highest obtained mean concentrations were of Zn
(23,177.00 mg kg "). Its mean concentrations were 1.5 times

higher than of Pb. The high concentrations of Pb and Zn
reflected the main components of the minerals extracted from
the mine site (Sainfeld 1952; Obiora et al. 2016). The relative
small variations of standard deviations (SD) of Pb, Zn, and Cd
showed that wastes were homogeneous (Table 5).

In the tailings, the mean Pb, Zn, and Cd contents and their
standard deviations in the six plots were summarized in
Table 6. The range values were from 3250.00 to
37,400.00 mg kg ' for Pb, from 2165.00 to
15,000.00 mg kg for Zn, and from 12.50 to 90.00 mg kg '
for Cd. The data indicated that the significant variations of
metal concentrations were due essentially to the variations of
tailings topography, the residue textures, the particle sizes, and
the storage locations (shape, vegetation density, etc.).
Compared to the metal contents of initial wastes, only 70%

Table 4 Mean values of

physicochemical proprieties of pH EC CaCOs CEC TOC  Sand Clay Silt Texture
the soil plots (mS em ™) (%) (meq 100 g ) @) ) (B

T 7 400 19 17 075 7 43 50 Silty-clay
S1 7.7 460 21 19 1.01 40 51 S1 Silty-clay
S2 7.5 500 17 17 1.27 19 65 S2 Silty

S3 7.7 530 24 17 128 20 55 S3 Silty

S4 72 520 22 18 0.45 17 73 S4 Silty

S5 74 530 18 21 1.67 45 43 S5 Silty-clay
S6 8 480 19 17 1.43 19 65 S6 Silty

S7 7.1 480 23 19 1.8 46 42 S7 clay-silty
S8 8.1 490 24 17 135 32 50 S8 Silty-clay
S9 79 420 22 19 193 41 42 S9 Silty-clay
S10 8 400 25 26 45 59 32 S10 Clay-loam
S11 7.5 450 16 17 1.81 30 55 S11 Silty-clay
S12 7.7 420 18 21 225 50 42 S12 Clay-loam
S13 74 410 16 24 251 55 35 S13 Clay-loam
S14 7.6 420 20 16 1.6 36 40 S14 Silty-clay
S15 73 440 16 16 1.51 34 38 S15 Silty-clay
S16 74 430 19 17 1.72 41 46 S16 Silty-clay
S17 72 420 16 16 1.51 34 39 S17 Silty-clay
S18 7.5 400 20 21 1.75 43 50 S18 Silty-clay
S19 73 420 15 19 203 35 52 S19 Silty-clay

TOC total organic carbon, 7 control soil, S soil plot
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Table 5 Pb, Zn, and Cd mean concentrations, standard deviations, and
maximum and minimum concentrations in initial wastes of ore
valorization unity (WOVU) in milligrams per kilogram

Pb Zn Cd
Min 14,177.00 22,124.00 1649.00
Max 15,277.00 24,591.00 2213.00
Mean 14,505.00 23,177.00 1908.00
SD 751.00 1391.00 271.30

SD standard deviations, Max maximum, Min minimum

of Zn and 22% of Pb had left these pollution sources. Thus,
these tailings continue posing environmental problems to the
surrounding agricultural soils and water resources. However,
the almost entire Cd was leached (about 98%).

In agricultural soils, the ranges of total contents of Pb, Zn,
and Cd were from 6.00 to 230.00 mg kg ', from 6.00 to
698.00 mg kg !, and from 0.1 to 7.7 mg kg ', respectively
(Table 7). Almost all potentially toxic metal concentrations in
the closest soils of the mine were extensively higher than the
corresponding soil backgrounds (Table 8), particularly for Cd
where its concentrations were higher than the corresponding
controlled soils. Thus, the Nefza soil is severely polluted.

These results showed that we had a distribution of the po-
tentially toxic metals in all studied areas. Several mechanisms
and parameters could control the potentially toxic metals dis-
persion such as wind, rainfall (Ettler et al. 2011; Escarre et al.
2011), nature sediments (soils and tailings), and their physi-
cochemical characteristics.

In the studied area, the maximum and the mean monthly
speeds of the wind directions are about 2.4 and 11.8 mS,
respectively. The Rose of the winds and the dynamic resultant
of these winds show that there are two preferred directions,
which are west to northwest directions with average speed
about 10 mS ™! and east to southeast directions with average
speed about 7 mS ™. The spatial distribution maps of the three
potentially toxic metals of Kef Ettout (Fig. 4) indicated that,
unsurprisingly, the tailings were the most polluted in this

Table 6 Mean concentrations and their standard deviations of
potentially toxic metals of tailings plots (mg kg ")

Plot tailings Pb SD Zn SD Cd SD
D1 3250.00 861.00 2165.00  787.00 18.00 1.7
D2 3281.00  120.00 4900.00 672.00 18.00 2.0
D3 8984.00  1265.00 5330.00  1072.00 69.00 4.6
D4 11,082.00 2268.00 15,000.00 2123.00 77.50 7.8
D5 3486.00  266.00 4900.00 316.00 12.50 1.3
D6 37,400.00 3435.00 9520.00  729.00 90.00 2.7

Dx tailings number, SD standard deviation

Table 7 Mean concentrations and their standard deviations of
potentially toxic metals of soil plots (mg kg ")

Pb SD Zn SD Cd SD
T 10 4 7 3 0.1 0.0
S1 227 28 556 49 4.0 0.8
S2 70 14 44 4 2.0 0.9
S3 72 10 80 10 1.0 0.3
S4 230 29 551 32 44 1.1
S5 49 8 60 8 2.6 0.2
S6 44 6 41 8 0.9 0.3
S7 67 6 73 17 2.2 0.3
S8 82 7 151 10 1.8 0.3
S9 114 7 99 9 1.0 0.2
S10 138 8 698 17 7.7 0.4
S11 14 5 42 5 0.4 0.1
S12 24 5 45 8 0.3 0.1
S13 22 7 32 7 2.5 0.2
S14 44 6 98 9 2.0 0.3
S15 16 3 9 4 0.1 0.0
S16 33 4 23 7 0.2 0.1
S17 7 3 6 3 0.2 0.1
S18 53 8 62 8 1.6 0.3
S19 6 4 16 4 0.3 0.2

T control soil, SD standard deviation

sector. Also compared to the tailings position, the east area
where the wind forces were important showing the most pol-
luted area. However, the west and southeast areas where the
wind forces were less important we had moderately polluted
agricultural soils. Thus, the winds carried significant amounts
of Pb, Zn, and Cd. But, if we looked the details, there was on
the one hand a local variation of potentially toxic metals and
on the other hand there was any tendency to decrease away
from the mine wastes (Huynh 2009). Thus, a second transport
vector of pollutants had been involved in the distribution of
potentially toxic pollutants which could be the water erosion.

Table 8 Comparison of potentially toxic metal contents with some
background values (mg kg ')

This study  Control soil ~ Reference values

1 2 34 5
Pb 6230 6 50 9-50 25 10 35
Zn 6698 7 100 10-100 62 90
Cd 0.1-7.77 0.1 3 0.05-045 - 03 035

1 Canadian Norms of the total contents of the ETM (mg kg ') in soils
(the Canadian Council of Ministers of the Environment 1991), 2 ordinary
soils (Baize 1997), 3 worldwide data (Kabata-Pendias and Pendias 2001),
4 WHO (cited by Parizanganeh et al. 2010), 5 Bowen (1979)
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Fig. 4 Spatial distribution of Pb, Zn, and Cd in study area

Besides in agricultural soils of east area, the effect of runoff
from the tailings had remained limited. Probably, the forests
had played the role of filter since the abundant organic matter
adsorbed the pollutants from water erosion of tailing.

Despite the initial wastes were richer in Zn (1.5 times) than
in Pb, the tailings kept many more Pb (1.6 times) than Zn. In
addition to wind and water erosion, this selective leaching of
potentially toxic metals could be due to the property of the two
elements or physicochemical parameters of tailings and soils
sediments. The principal component analysis (PCA) was used
to define the relationship among the different physicochemical
parameters and potentially toxic metals in Kef Ettout tailings
and agricultural soils. The obtained results showed that the Cd
was well correlated with Pb (>0.76) and Zn (>0.72) in the
tailings and soils. However, the Zn and Pb were not well
correlated in the tailings (0.46) and well correlated (> 0.86)
in agricultural soils. The correlation orders of potentially toxic
metals with physicochemical parameters were for Zn pH
(0.63) > TOC (0.48) > CEC (0.39) > EC (0.35) in the tailings
and CaCOs (0.58) > CEC (0.42) > pH (0.29) > TOC (0.25) in
the soils. However, for Pb, the order was pH (0.51) > CaCO;
(>0.39) > CEC (> 0.28) > EC (0.24) > pH (0.1) in the tailings
and in soils it was CaCOj3 (0.61) > EC (0.34) > pH (0.26) >
CEC (0.19) and inversely correlated with pH (= 0.11). The
correlation order of Cd in the tailings was pH (>0.37)
and EC (>0.28) and inversely correlated with CaCO3 (—
0.68), OM (= 0.07), and CEC (—0.01). In soils, the order
was CEC (0.63) > CaCO; (0.56) > TOC (0.45) > pH
(0.29) > EC (0.11).

The TOC and CEC were well correlated (> 0.73) in tailings
and soils. This result confirmed the good affinity between
CEC and TOC.

@ Springer

The pH was moderately correlated with Pb (0.51) and Zn
(0.63), but it was weakly correlated with Cd (0.37), TOC
(0.35), and EC (0.31).

The factor analysis of data set revealed three factors
explaining 82.83 and 84.42 of the total variability of tailings
and soil sediment parameters, respectively: F1, contributing
with 44.4 and 46.71% of inertia in tailings and soils, respec-
tively. The F1 was defined by Zn (0.876), Cd (0.841), Pb
(0736), pH (0.773), and EC (0.534) for tailings and by Cd
(0.936), Zn (0.910), Pb (0.786), CaCO;5 (0.726), and pH
(0.514) for soils. The F2, contributing with 28.18% (tailings)
and 25.70% (soils) had well positive correlation (>0.89) on
TOC and CEC and moderate (0.420) negative on CaCOj; (tail-
ings). The three components (F3) contribute with 10.25% for
tailings and 12.05 for soils; it was defined by the pH (0.630)
and TOC (0.284) and pH (0.801) in tailings and soils,
respectively.

In the correlation circles (Fig. 5), the first component axis 1
was expressed towards its positive pole by pH, EC, and Pb,
and Zn and Cd contents show good correlations between them
in the tailings. However, for soils, it was expressed towards its
positive pole by the pH, Pb, Zn, Cd, and CaCOj3 contents
showing also good correlations with each other and the EC
towards its negative pole. The axes 2 were defined, in tailings
and soils, by the TOC and CEC towards their positive poles
and by the CaCOj; towards its negative pole for tailings.

These statistic values showed that the three potentially tox-
ic metals in the tailings and agricultural soils had the same
origin. Thus, we had any external origin in Kef Ettout pollu-
tion. It was also clear that the specific properties of the Pb, Zn,
and Cd and physicochemical parameters had controlled in part
the distribution of Pb, Zn, and Cd (Kabala and Singh 2001;
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Karczewska 1996; Narwal et al. 1999; Trifi et al. accepted).
But these parameters differently controlled the distribution of
the potentially toxic metals since the values and the correlation
coefficients orders of the various physicochemical parameters
between them and between the physicochemical parameters
and the potentially toxic metals were variable. The abundant
clay particularly in soil that had an important adsorption ca-
pacity must have an important effect on the distribution and
mobility of potentially toxic metals leached from the tailings.
Probably, another pollutant part was retained in soil. We added
to that the heterogenic spatial distributions of pollutants which
were also partly induced by the metal complexing under dif-
ferent forms such as Fe-Zn oxide co-precipitants (McLean and
Bledsoe 1992) and the irregular topography of the surface soil.

Metal mobility

The information obtained about the total contents of heavy
metals had permitted to have an idea about their pollution
degrees. Thus, it was important to complete the balance about
the impact of metals in tailings and their toxicity degrees. The
BCR extraction methods were proposed to determine the bio-
available metals quantities that are bounded to the different
sediment fractions.

In initial wastes, the Pb, Zn, and Cd proportions bounded to
residual fractions followed the descending order: Pb =99.8%
<Zn=99.3% < Cd=97.9. Since the ore deposit was for a
long time (geologic time) in quasi-equilibrium state, about
97% of Pb, Zn, and Cd quantities were bounded to residual
fractions.

In tailings, the mean obtained values were illustrated in
Fig. 6. The percentage ranges of Pb bounded to exchangeable
and reducible fractions were 2-35 and 0.9-9%, respectively.
However, the highest fractions of the Pb were bounded to
organic matter (28-83%). From 9 to 30% of lead was in re-
sidual minerals. The percentages of Zn bounded to organic
matter and reducible (3—80%) fractions were relatively high
(from 3 to 51%). The exchangeable fractions involved be-
tween 0.8 and 4% of Zn. The lowest percentages of this metal
were in residual fractions (4-10%) (Fig. 6).

Thus, in the tailings, 9-30, 4-10, and < 6% of Pb, Zn, and
Cd, respectively, were in stable forms and could be released

towards the surrounding environment only after important
rock weathering. Consequently, the long exposition of the
tailings to the local severe climatic conditions had destabilized
the metals stock and increased their danger levels.
Consequently, an important metal quantity was available to
be leached towards the agricultural soils and local surface
and groundwater. Also, these important metal quantities could
be probably transferred from soil to crops (Ma and Rao 1997;
He et al. 2005; Rodriguez et al. 2009; Chai et al. 2015). These
results showed that Kef Ettout tailings continued to be a
source of potential danger for the environment.

In agricultural soils, the percentages of Pb, Zn, and Cd
bounded to exchangeable, reducible, oxidizable, and residual
soil fractions were summarized in Fig. 7. As it can be seen
from the obtained results, the highest percentages of Pb and
Zn were always closely associated with organic matter frac-
tions. The percentage ranges of Pb and Zn in F3 were 49 to
85% and 45 to 68%, respectively. The residual fractions
bounded respectable Pb (5-31%) and Zn quantities (10—
46%). However, the Pb and Zn bounded to exchangeable
and reducible fractions were relatively low. F1 fixed between
2 and 17% of Pb and between 2 and 22% of Zn. F2 bounded
from 0.5 to 23% of Pb and from 1 to 25% of Zn. The Cd
distribution among the different soil fractions was different.
The Cd was significantly bounded to the exchangeable frac-
tions (20 to 55%) and only about 20% was involved in organic
matter fractions. The proportions of this element bounded to
the residual fractions (6—-58%) were relatively more important
than those associated with the reducible fractions (12—41%).

The potentially toxic metals existed as loosely bound frac-
tions such as exchangeable and deductible forms; they tended
to be easily moved and dispersed. Thus, the Zn and Pb quan-
tities associated with exchangeable fractions posed serious
threats because they were mobiles and potentially bioavailable
for either plants or organisms (Huang et al. 2012; Halim et al.
2013; Chai et al. 2015; Fang et al. 2016). However, the resid-
ual fraction solid should mainly contain primary and second-
ary minerals that held metals within their crystal structures.
Therefore, it did not seem reasonable to assume that these
metals may be released under the conditions normally encoun-
tered in nature (Dang et al. 2002; Esshaimi et al. 2013). The
organic matter could immobilize heavy metals or works as a
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factor which causes their releases. Indeed, the heavy metals
associated with organic ligands could be complexes by soil
organic matter, forming an organometallic complex (Lamy
2002; Chotpantarat et al. 2015) or bounded by organic matter
by a complex process, due to the diversity of its connections
with the mineral phase. Thus, it was often considered that the
increasing of the amount of organic matter actively retains the
metallic elements. It was also accepted that the metals bound-
ed to the F3 fractions were immobile especially when the
solubility degree of the organic matter was low. Also, the
sorption capacity of organic matter was well above the mineral
sorption capacity of the soil (Gworek et al. 2000; Van Loon
and Duffy 2007; Ociepa et al. 2010; Fijatkowski et al. 2012).

120
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20 -
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Fig. 7 Mean percentages of lead, zinc, and cadmium bended to the four
fractions of soil sediments. F1, exchangeable and carbonate-bound
fraction; F2, Fe and Mn oxide-bound fraction; F3, organically and
sulfur-bound fraction; F4, residual fraction
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The increase of soil organic carbon percentages was accom-
panied by an increase in the CEC of the soil and a reduction of
the metal absorption capacity of plants (Haghiri 1974).
Usually, the acceptable solubility of organic matter led to its
dissolution enabled the transition of metal elements to the
aqueous phase (Bodar et al. 2006; Vamerali et al. 2010;
Fijatkowski et al. 2012). Thus, the oxide-, carbonate-, and
organic matter-bound fractions may be potentially bioavail-
able and the metal fractions are directly available to either
plants or microorganisms (Ma and Rao 1997; He et al. 2005;
Rodriguez et al. 2009). We can add that in Nefza region the
climate is semiarid and the humidity degree is high.

Risk assessment

The metal quantity bounded to the different fractions of tail-
ings sediments provides important information on the danger
degrees of these metals that could be leached towards Nefza
region. It is also important to know the stability degrees of
these pollutants because more of these fractions are stable and
more the danger of these metals is low. The pollution levels
(contamination factor, geoaccumulation index, and mobility
factor) gave, also, an idea about the risk degree of the pollut-
ants. The results could be determinant to suggest, perhaps,
some solutions that protect the surrounding soils.

The calculated values Uy, Uip, and Uym for Pb and Zn
(Fig. 8) were comparable because of their range values were
0-15. The mean values of Utg, Up, and Ui were 0.01, 0.15,
and 0, respectively, for Pb and 0.02, 0.01, and 0.06, respec-
tively, for Zn. However, the Uy ranges and mean values were
3.23-10.25 and 6.11 for Pb and 21.9-112.5 and 49.5 for Zn,
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Fig. 8 Distribution indexes of exchangeable (Uyp), Fe-Mn oxide (U,p)
organic matter (Uy), and residual (U,y) fractions and binding intensity
(Ir) of analyzed metals of tailings sediments. Dn, tailing number

respectively. These results showed that the distribution evolu-
tion of the Pb and Zn was comparable. However, the Cd be-
havior was totally different. The Cd quantities bounded to
exchangeable (Ui = 24.13), reducible (U = 264), and oxide
fractions (U = 36.11) were widely higher than of those of Pb
and Zn, and the Uy and Uys of Cd were comparable.
However, the Uy was about 8.8 times higher than of Uy
and of U,z values and the Uy =0.03 of residual fraction
was near zero. This order was quite different in other mining
contexts (Obiora et al. 2016; Daldoul et al. 2015). Globally,
the Uys values indicated that the environmental conditions had
destabilized the Pb, Zn, and Cd of abandoned wastes.
According to the metal stock of initial wastes and their speci-
ation, the calculated mean values of Uy, Uip, and U, were
near zero. However, the Uy values indicating after the long
exposition the tailings continue to be a source of the Pb and Zn
pollutants. The danger of the Zn is more important than the Pb
since the mean U,y value of Zn is 8.2 times higher than of Pb.

The Iy that determined the binding intensity of metals
among the solid phases of the Kef Ettout and consequently
the stability degrees of the tailings were calculated. The mean
Iy values for Pb, Zn, and Cd were 0.35, 0.17, and 0.29 (Fig. 8).
Thus, the increasing order of the binding intensity of metals to
sediments was Zn < Cd < Pb. These results showed that after
the long-term effects of ambient conditions, the Pb remained
the more stable element since it had the highest /g mean value
(0.35). It was the closest value to the quasi-equilibrates state
(Ig =1). While the Zn had the lowest binding intensity value
with the tailings minerals and the lowest stable metal. The
obtained values of Iz confirmed that the [z of Pb was the
closest to the equilibrium state. Thus, the results had con-
firmed that the tailings continued to provide for the surround-
ing environment more Zn quantity than the Pb and Cd since
the increasing order of metal quantities leached from the tail-
ings was Zn > Cd > Pb.

In agricultural soils of Kef Ettout, the minimum CF values
were 0.7, 0.85, and 2 for Pb, Zn, and Cd, respectively. These
factors showed that the studied soil had a very low level of

contamination for Pb and Zn and moderate contamination for
Cd. However, the maximum CF values (23, 99, and 154 for
Pb, Zn, and Cd, respectively) indicated that Kef Ettout soils
had a very high level of contamination. Thus, the calculated
CF proved that the studied soils were enriched with Pb, Zn,
and Cd.

The obtained mean /gy, values for Pb showed that 42% of
the samples had a moderate contamination class, 36% had a
practical uncontamination class, and 21% were moderately to
highly contaminated. For Zn, /,, values indicated that 42% of
the mean samples had moderate contamination class, 21%
were practically uncontaminated, 15% were moderately to
highly contaminated, 10% were heavily contaminated, 5%
had a high to very strong contamination class, and 5% were
moderately to highly contaminated. /4, values for Cd showed
that 42% of the mean samples had a heavy contamination
class, 15% were moderately to highly contaminated, 15%
had a moderate contamination, 15% were practically uncon-
taminated, and 10% had a high to very strong contamination
class. Thus, the /,., values showed that in Kef Ettout soils,
78% of soils had moderate to high contamination status with
Pb, 79% had a moderate to high and very strong contamina-
tion with Zn, and 85% of analyzed soils had moderate to high
and very strong contamination with Cd. Globally, these agri-
cultural soils could be considered contaminated with mobiles
Zn and Cd and lesser with Pb.

To assess the degree of heavy metal danger in soils, MF
were also calculated. As it is discussed above, we noted that
the F3 was considered a mobile fraction especially in arid and
humid climate such as the case of the Nefza site. The mini-
mum, the maximum, and the mean calculated values of mo-
bility factors were 53, 90, and 73, respectively, for Pb, 70, 94,
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Fig. 9 Mobility factors (MF) of different metals percentages in control
(T) and agricultural soils
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and 78, respectively, for Zn, and 42, 94, and 66, respectively,
for Cd (Fig. 9). Thus, the mean decreasing mobility order of
studied metals was Cd < Pb < Zn. This order was also pro-
posed by Lei et al. (2010). The maximum mean observed
mobility variation was 12. We noticed that the mobility order
of the soils was different from that of the tailings.

The physicochemical parameters and the mineralogy of the
soil sediments controlled the solubility (mobility) of metal
fractions and their biodisponibility. Probably, the organic mat-
ter, the clay minerals, and other active soil compounds con-
tributed to the metal mobility degree in the soil. Sure enough,
the basic soil pH normally promoted the precipitation of dif-
ferent species in soil that could limit the solubility and bio-
availability of all ionic species such as metals (Deneux-Mustin
etal. 2003). Also, the organic matter in Kef Ettout soil favored
the stability increase of the formed organometallic complexes
(Blanchard 2000) and hydroxides and immobilized them.
Compared with tailings, the soil was richer in TOC (about
two times), in clay fractions (about three times). Thus, the
organic matter and the clay fraction induced an increase of
the number and the variety of functional groups, of CEC,
specific areas, specific behavior that strongly affected by their
interactions and/or competition for the available surface sites
and the surface precipitation-adsorption in soils (Neal and
Sposito 1986; Kalbitz et al. 1998; Mouni et al. 2017) com-
pared with the tailings. These parameters were decisive factors
for potential mobility and bioavailability of Zn, Cd, and Pb in
this soil kind. These soil characteristics were the major reasons
of the increase of metal mobility in soils compared with the
tailings.

Protection strategy

In Kef Ettout, the mine exploitation was not associated with
appreciable changes in the geomorphologic characteristics of
the area and the alterations in vegetation cover. Thus, the
appropriate restoration for Kef Ettout concerns the tailings
and soil. In order to minimize the potentially toxic metal im-
pacts on the environment, it is recommended to select tailings
management practices. The possibility of the tailings conser-
vation could be a measure to prevent the potential loss of
pollutants by wind and water erosion. The choice of tailings
conservation methods and technologies can be based on the
action on the physical and chemical parameters of wastes
(e.g., Perel’'man 1986) or stopping the transfer of tiny particles
by wind and water ways (e.g., Alekseenko et al. 2017). The
alkaline tailings pH let us think that the beneficial outcomes
can be achieved by the tailings conservation. From the analy-
sis of existing methods of polluted dust suppression of tail-
ings, we proposed the use of the screen by clay layers, coated
with polyethylene and polypropylene wastes. To limit the pos-
sibility of perforation of putted screen, it is necessary main-
taining the isolation material.
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For the agricultural soils, the possibilities of limiting the
impact of the important quantity of labile potentially toxic
metals, present a health danger, are more difficult. The possi-
ble scenario is the depollution of the agricultural soil by
phytoremediation. However, taking into account the socioeco-
nomic conditions of this area, it is imperative to track the
quality of crops because the contaminated soils could intro-
duce a significant amount of Pb, Zn, and Cd into human diets.

Conclusion

The abandoned mine wastes pose a serious threat to environ-
ment and human health since they contained to be often po-
tentially pollutants. The toxic contaminants were dispersed by
wind that often cause a threat to the ecosystem and leached
from the waste rock piles by natural drainage with surface
water. The selective potentially toxic metal distribution was
controlled in part by the specific property of each metal and
the physicochemical parameters of tailings and soils. Despite
the basic pH, an important part of metal left the tailings.
Probably, the organic matter content and the sediment
granulometry of tailings contributed to these metal disper-
sions. Kef Ettout poses also a serious problem for the sur-
rounding agricultural soils. An assessment of this type of pol-
lution source was essential to carry out the danger degree of
these tailings. The physicochemical parameter, the total con-
centrations of Pb, Zn, and Cd, and the BCR extraction were
conducted. Based on the Ui and Iy indexes, the CF, Iy, and
MEF, the metal availability was evaluated.

The results showed that the initial wastes were highly con-
taminated with Pb, Zn, and Cd. The long period of initial
waste exposition to severe climatic conditions (frequent tor-
rential rainfall, high humidity, high wind speed, hot summer,
etc.) had caused their alteration. During this long exposition
period, one part of the metals was leached with water and
wind and distributed towards the surrounding areas. About
78% of Pb, 30% of Zn, and 2% of Cd remained in tailings.
It was clear that the Zn alteration was higher than of Pb be-
cause the initial wastes were richer in Zn than in Pb. However,
the inverse concentrations order was detected in the tailings.
The sequential extractions had proved that in initial wastes,
more than 97% of metals were immobile. However, in the
tailings, a small metal quantity was bounded to residual frac-
tions. The calculated U, and Iz showed that Pb was the more
stable element in these tailings. These important quantities of
Pb, Zn, and Cd that left the tailings were deposed in agricul-
ture soils. The mean concentrations of Pb, Zn, and Cd were
69, 141, and 1.8 mg kg™, respectively, and the calculated CF
and J,, had proved that more than 75% of sampled soils were
considered contaminated and the sequential extraction of soil
metals showed that an important quantity of metals was mo-
bile in soil. The organic matter and the high clay fraction of
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soils were the principal compounds that retained the metal in
soils where their mobility order was Cd < Pb < Zn. Thus, the
Kef Ettout tailings were always an important polluting source
because of an important quantity of metals were in mobile
forms. These potentially toxic metals were susceptible to be
dispersed towards the surrounding areas and posed serious
risks to crops. Since an important part of the potentially toxic
metals remained is always in these tailings, it must be
protected by the use of a screen of clay associated with poly-
ethylene and polypropylene wastes to stop their dispersion.
For agricultural soil, a strict control of produced vegetables
is necessary. The phytoremediation could be a solution for
these polluted soils.
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