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Abstract
This study investigates the contents of lead, zinc, and cadmium in 109 near-surface soil samples collected around the
abandoned mine of Fedj Lahdoum, northern Tunisia, to assess the risk of pollution they generate. The study
involved some analytical procedures such as pH measurements, X-ray diffraction techniques, sequential fractionation,
and geostatistical mapping using the ordinary Kriging techniques. The sequential fractionation revealed that the
bioavailability of Pb, Zn, and Cd follows the orders F5 > F3 » F4 > F2 » F1, F5 > F3 » F4 » F2 > F1 and F5 >
F2 » F4 > F1, respectively; their associations with organic matter and residual sulfides (F4) are relatively low.
However, their high cumulated contents are dominantly associated with the residual (F5) and reducible (F3) frac-
tions. The geostatistical mapping was endeavored to predict the spatial distribution of the studied heavy metals at
unsampled sites and to produce a cumulated risk map of soil pollution. The latter is discussed with emphasis of the
main factors responsible for the scattering of the pollution as much as the landscape conditions, the chemical
composition of the mine tailings, the surface drainage of meteoric water and the wind. This study provides insight
into the delineation of the spatial spreading of Pb, Zn, and Cd around the abandoned mine Fedj Lahdoum and their
surrounding urban areas. It reveals that the mine infrastructure areas encompassing both extraction and processing
and tailing deposition areas are the main sources of contamination. And the landscape conditions together with the
surface drainage of meteoric water and the wind are the main factors responsible for the scattering of the pollution.
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Introduction

Mining activities have a direct and positive economic outcome,
but in return, abundant and uncontrollable heavy metal releases
have contaminated wide areas of the earth surface. The ore ex-
traction using froth flotation process cumulated worldwide mas-
sive sulfide tailings that exert a significant environmental impact
on soils and hazardous to ecosystems and biodiversity.

Heavy metals such as lead (Pb), cadmium (Cd), zinc (Zn),
antimony (Sb), arsenic (As), mercury (Hg), strontium (Sr)… are
toxic pollutants usually accumulated within tailings of aban-
doned mines (Bhattacharya et al. 2006). Alongside mining sites,
the amount of metal pollutants is 100- to 1000-fold higher than
the average concentration in a given soil. When tailings are well
exposed to air and both meteoric and surface water, heavy metal
release is significantly enhanced (Ritcey 2005; Smuda et al.
2008). Once these pollutants are released into the surrounding
environment, they engender negative impacts on soil, basement,
water, natural habitat, and local biodiversity.

The processes of emission and distribution of heavy metal
pollutants in different environmental compartments have been
discussed worldwide (Guillet et al. 1980; Alloway 1995;
Colandini 1997; Mason et al. 1999; Blanchard 2000; Hou
et al. 2019; Delmas-Gadras 2000; Semlali 2000; Bril 2001;
Jung et al. 2001; Marcos 2001; Abollino et al. 2002; Colinet
2003; Kotoky et al. 2003; Algan et al. 2004; Boussen et al.
2010; Sebei et al. 2017). These pollutants can disperse in the
atmosphere and eventually fall, dry or wet on the ground es-
pecially by rainwater infiltration. Their destinations are con-
ditioned by the hydrodynamic and the lithological character-
istics of the ground that impact the distance and the speed of
their migration. In fact, the mobility of an element means its
capacity to move in the soil through the compartments where
it is less intensely retained (Juste 1988). In the ground, heavy
metals are associated with different compartments; during pe-
dogenesis, they are redistributed among the different horizons
based on the physicochemical conditions and natural geo-
chemical functioning (Semlali 2000). Hence, a clear under-
standing of the ground characteristics is essential for a better
prediction of the eventual migration of elements and the risk
of contamination they may cause to soil and groundwater.

Worldwide, the tailings of abandoned mines are often very
hazardous sources of pollution since they contain high
amounts of metal pollutants. Particularly in northern Tunisia,
the abandoned mine of Fedj Lahdoum (Fig. 1) contains con-
siderable tailings with high contents of Pb, Zn, Cd, and Sr.
The mine wastes are spilled around the exploited sites of Fedj
Lahdoum adjacent to an exclusively rural area characterized
by extensive agriculture based on cereal breeding. The culti-
vated area is subject to a high risk of pollution by
heavy metal pollutants that can be exacerbated by de-
velopment related to agricultural activities and water
drainage coming from rainfall and irrigation.

The main purpose of this work is to present an updated inves-
tigation of the concentrations of Pb, Zn, and Cd in the urban soils
around the abandoned mine of Fedj Lahdoum in northern
Tunisia and to define the phases of heavy metals within the
sampled soils using sequential fractionation and geostatistical
mapping. The spatial distribution of these heavy metals within
soils in the watershed of Fedj Lahdoum are interpreted with
emphasis of the main factors responsible for the scattering of
the pollution such as the landscape conditions, the morphology
and the chemical composition of the mine tailings, the surface
drainage of meteoric water and the wind.

Study area

The mine of Fedj Lahdoum is one of the oldest Pb-Zn mine in
Tunisia (first exploitation in 1892). It is located in the so-
called diapirs zone at ~ 120 km to the southwest of Tunis
and ~ 6 km to the northwest of Al Krib city (Fig. 1). The
Pb-Zn ores of Fedj Lahdoum evaluated to ~ 500,000 tons
are considered economically interesting in Tunisia. They oc-
curred within the transition between the Cretaceous
(Cenomanian-Turonian) rocks and the Triassic evaporites of
diapiric structures that pierce the sedimentary cover (Charef
et al. 1987). The mine site, located at ~ 20 km southwest of
Teboursouk, occupies the highest part of the Jouaouda
Mountains which makes part of the Medjerda watershed. To
the east and to the northwest of the mine site, the cultivated
lowlands of Garat Al Krib and Teboursouk plain are drained,
respectively, by the wadi Rmal and wadi Zitouna that consti-
tute two tributaries of the Medjerda wadi to the north (Fig. 1).

The first exploration of Fedj Lahdoum area began at the
mid-nineteenth century by Joseph Faure then followed by
several detailed geologic studies (e.g., Laatar 1980;
Perthuisot 1981; Charef et al. 1987; Kassa 1990;
Bouhlel 1993; Boussen et al. 2010; Sebei et al. 2017
and others). Metal extraction was ceased in 2004 and
about 157,270 m3 (~ 0.39 Mt) of mining wastes were
scattered over an area of ~ 10 ha.

Materials and methods

Soil sampling

A total of 109 near-surface soil samples (0–20 cm depths)
were collected from the terrains surrounding the site of Fedj
Lahdoum Pb-Zn mine (Fig. 2). The soil samples were
packed in polyethylene bags before being shipped to the
laboratory. All samples were systematically air-dried
and disaggregated before being sieved using a 2-mm
diameter polyethylene sieve.
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Analytical procedures

The pH measurements were done for soil/water suspensions
prepared at a ratio of 1:2.5 (v/v) by melting 10 mg of soil in
ultrapure water, using WTW digital pH meter (Soil Survey
Staff 2004). The contents of calcium carbonate have been
estimated using the classic Bernard calcimeter method accord-
ing to the AFNOR NF P 94-048 (1996) norm. The X-ray
diffraction techniques (X-Pert-MPD pro PANalytical auto-
matic X-ray diffractometer with Cu Kα radiation) were used
for identifying the mineral species. The scan speed was 0.02°/
s and the range of 2θ was 2–70°.

The analysis of Zn, Pb, and Cd is done by atomic absorp-
tion spectroscopy (AAS) using a spectrophotometer of
thermo-elemental type. The soil samples were previously dis-
solved by triacid attack (using HClO4, HNO3, and HF) and the
analytical control was based on the BCR-032 (Natural
Moroccan phosphorite). The recovery of the standard sample
ranges from 95 to 105%.

The exchangeable fraction of metals in soil can be estimat-
ed either by single extraction methods such as chemical dis-
solution (e.g., Chao 1972) or by sequential extraction proce-
dures (Tessier et al. 1979; Sposito et al. 1982; Ure et al. 1993).
The sequential fractionation procedures are widely used to

Fig. 1 Location map of Fedj Lahdoum district
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estimate chemical forms of heavy metals in soils (Walter and
Cuevas 1999). Nevertheless, the efficiency of the method of
extraction depends on the mineral to be extracted, and the
resulted extract is not specific for a given mineral (Martin
et al. 1987). Heavy metals in soils and plants are generally
associated with different fractions. The Tessier protocol ap-
plies consecutive selective chemical reagents in five extraction
steps to extract the pollutants associated with the consecutive
soil fractions: F1 > F2 > F3 > F4 > F5which represent, respec-
tively, exchangeable, carbonate-bound metals, reducible, or-
ganic matter, and residual sulfides and residual fractions.

In this study, five successive extractions were performed
following Tessier et al. (1979) and Lespagnol (2003) methods;
F1: extraction with MgCl2, 1 M, pH 7 for 1 h with shaking,
F2: extraction with CH3COONa, 1 M, pH 5 with CH3COOH,
for 5 h with shaking. F3: extraction with NH2OH·HCl, 0.04M
at 25% (v/v) of CH3COOH under 96 °C for 6 h, F4: first
extraction with 3 ml of HNO3, 0.02 M, 5 ml H2O2 30%,
pH 2 with HNO3 under 85 °C for 3 h, second extraction with
5 ml CH3OONH4 in 20% (v/v) of HNO3, diluted to 20 ml,
with 30 min of shaking, F5: during the last extraction (F5), the
final residual was dissolved for complete determination using
the digestion procedure of Tessier et al. (1979).

In this study, 24 soil samples were selected to establish the
geochemical distribution of Pb, Zn, and Cd within the above-
defined five fractions of soil. The order of bioavailability of
Pb, Zn, and Cd is F5 > F3 » F4 > F2 » F1, F5 > F3 » F4 » F2 >
F1 and F5 > F2 » F4 > F1, respectively (Fig. 5). However, the
order of their cumulated labile fractions is F5 > F3 > F2 >
F4 > F1 (Fig. 6). It appears that Cd is not associated with the
reducible fraction and heavy metals associated with or-
ganic matter and residual sulfides are relatively low.

However, the high cumulated contents of the three stud-
ied elements are dominantly associated with the residual
(F5) and reducible (F3) fractions.

The heavy metal content in the samples is computed as a
recovery percentage based on the sum of F1–F5 fractions
using the formula:

%Recovery ¼ F1þ F2þ F3þ F4þ F5
Ctotal

� 100

The recovery values are found between 0.85 and 1.15.

Geostatistical analysis and data processing

The Kriging technique is one of the most employed
geostatistical methods used in spatial interpolation and map-
ping of various sets of geospatial data. Since it is resulted in
logical estimations and it allows pertinent analyses and inter-
pretation, this technique is widely used in the prediction of the
spatial distribution of geolocated data. It is one of the success-
ful methods for mapping heavy metal concentration in soils
and estimating the risk of pollution they generate (e.g., Amini
et al. 2005; Franco et al. 2006; Wu et al. 2007; Zhang et al.
2009; Burak et al. 2010 ; Luo et al. 2010; Wang et al. 2012;
Hani et al. 2014).

In this work, the data Kriging is established using ArcGIS
software. The data interpolation aims to show the spatial var-
iations of the contents of three soil contaminants (Pb, Zn, and
Cd) in the watershed of Fedj Lahdoum (Table 1) and to esti-
mate their concentrations at unsampled sites. Indeed, the esti-
mated concentrations are prediction results; the root mean
square error (RMSE) criterion is used to estimate their

Fig. 2 Location of the soil
samples in the watershed of Fedj
Lahdoum
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accuracy and to choose the best fitted variogram model for
each element, and thereby a final risk map of pollution in the
studied watershed can be established. The flow chart of Fig. 3
illustrates the successive steps of the geostatistical analysis
methods (described in literature and followed in this study)

used to map the risk associated with heavy metal contamina-
tion in soils (Mehrjardi et al. 2008; Omran 2012; Marko et al.
2014). Geostatistics in thematic mapping are applied to
geolocated variables to model their variation in space across
the study area and examine their prospective correlation. They

Table 1 Chemical analysis of Fedj Lahdoum soil samples. “-” indicates not detectable content

Samples Chemical analysis Samples Chemical analysis

Pb (mg kg−1) Zn (mg kg−1) Cd (mg kg−1) CaCO3 (%) pH Pb (mg kg−1) Zn (mg kg−1) Cd (mg kg−1) CaCO3 (%) pH

Fej1 907 3316 23 34 8,74 Fej56 8 487 - 32 8,33
Fej2 136 3398 4 33 8,45 Fej57 603 2855 13 30 8,66
Fej3 354 3631 23 34 8,54 Fej58 178 898 - 31 8,25
Fej4 116 2777 5 31 8,31 Fej59 259 1036 - 38 8,25
Fej5 9 32 70 21 8,48 Fej60 165 633 - 34 8,52
Fej6 2 2297 5 21 8,25 Fej61 109 1413 - 34 8,45
Fej7 57 3178 11 21 8,21 Fej62 689 2855 - 28 8,36
Fej8 418 4943 35 22 8,52 Fej63 466 1042 - 28 8,31
Fej9 135 3652 12 23 8,48 Fej64 759 4889 - 35 8,52
Fej10 48 3027 20 23 8,34 Fej65 21 147 - 25 8,64
Fej11 27 2588 8 23 8,38 Fej66 18 64 - 25 8,52
Fej12 1 2110 - 23 8,41 Fej67 97 225 - 21 8,21
Fej13 1 1227 1 24 8,33 Fej68 7 136 - 22 8,56
Fej14 1 344 - 24 8,47 Fej69 79 174 4 20 8,24
Fej15 1 2132 - 24 8,33 Fej70 67 55 6 21 8,35
Fej16 76 3170 14 24 8,19 Fej71 37 111 5 25 8,52
Fej17 1 456 - 24 8,25 Fej72 16 87 5 25 8,45
Fej18 39 2146 - 25 8,64 Fej73 41 54 4 24 8,41
Fej19 222 61 70 25 8,45 Fej74 9 76 3 23 8,31
Fej20 1 501 - 25 8,41 Fej75 1 83 3 22 8,23
Fej21 1 514 9 25 8,35 Fej76 1 91 1 21 8,52
Fej22 461 102 66 28 8,56 Fej77 11 83 5 22 8,36
Fej23 1 652 1 29 8,23 Fej78 7 82 4 24 8,12
Fej24 1 11 49 26 8,25 Fej79 37 83 4 25 8,26
Fej25 1 139 - 29 8,36 Fej80 21 73 4 23 8,24
Fej26 1 227 - 35 8,36 Fej81 9 99 6 21 8,21
Fej27 12 6 29 26 8,65 Fej82 26 80 4 24 8,25
Fej28 1 4 42 25 8,62 Fej83 17 80 4 25 8,56
Fej29 10 7 36 26 8,15 Fej84 20 79 5 21 8,25
Fej30 5 4 104 31 8,51 Fej85 35 76 8 20 8,12
Fej31 30 2 105 32 8,26 Fej86 2 84 10 23 8,25
Fej32 28 3 71 35 8,56 Fej87 38 91 5 24 8,26
Fej33 1 4 57 27 8,56 Fej88 57 76 10 26 8,21
Fej34 1 3 88 28 8,45 Fej89 23 138 7 25 8,33
Fej35 636 253 144 30 8,44 Fej90 1 61 7 21 8,34
Fej36 491 181 93 28 8,39 Fej91 24 107 7 26 8,54
Fej37 54 44 95 31 8,45 Fej92 14 49 6 25 8,25
Fej38 28 27 76 31 8,39 Fej93 16 57 7 28 8,28
Fej39 106 39 66 25 8,34 Fej94 18 71 3 24 8,51
Fej40 51 16 105 21 8,21 Fej95 36 64 6 22 8,27
Fej41 20 23 64 23 8,56 Fej96 20 57 4 21 8,64
Fej42 31 47 78 25 8,21 Fej97 47 58 4 27 8,54
Fej43 156 121 103 30 8,51 Fej98 18 55 6 26 8,45
Fej44 2157 236 186 31 8,35 Fej99 9 36 4 23 8,31
Fej45 954 235 165 33 8,36 Fej100 46 58 1 22 8,31
Fej46 3457 2799 5 35 8,19 Fej101 67 43 5 24 8,32
Fej47 229 476 7 31 8,22 Fej102 1 20 2 22 8,45
Fej48 5 56 - 21 8,14 Fej103 34 29 6 26 8,45
Fej49 4 185 - 29 8,45 Fej104 24 31 3 24 8,21
Fej50 356 21 - 21 8,31 Fej105 2 35 6 20 8,48
Fej51 60 33 - 25 8,31 Fej106 2 22 1 21 8,36
Fej52 8 130 - 25 8,64 Fej107 2 48 5 23 8,32
Fej53 453 42 - 23 8,61 Fej108 1 56 7 21 8,12
Fej54 2700 14180 50 38 8,23 Fej109 33 55 1 20 8,52
Fej55 2200 7943 2 35 8,56
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use variogram function to fit an appropriate model that may
describe the spatial correlation of the studied variables. The
data Kriging is, however, computerized under user-defined
parameters for the spatial interpolation (Webster and Oliver
2001). The variogram computed for paired data values relates
the two following parameters: The semi-variance defined as
half the average of the squared difference between the paired
data values{Z(xi),Z(xi + h)} and the lag h, which is the dis-
tance between them (Atkinson and Lloyd 2014). The classical
variogram estimator proposed by Matheron (1963) still a ro-
bust prediction Kriging tool commonly applied for discrete
geolocated data such these of soil samples. This semi
variogram is computed as follows:

γ hð Þ ¼ 1

2N hð Þ ∑
N hð Þ

i¼1
Z xið Þ−Z xi þ hð Þ½ �2

Z(xi) and Z(xi+ h) are the values attributed to the variable at
locations (xi) and (xi + h), respectively, andN(h) represents the
number of pairs of the sample points separated by h.

Generally, the appropriate fitted variogram is selected after
examining and comparing the sets of computed variograms.

The user can estimate the correlation and the relationship be-
tween the sample points by observing the variogram and eval-
uating the following parameters (Webster and Oliver 2001):
the range (distance at which the model first flattens out), the
nugget (value at which the semi-variogram intercepts the y-
value), and the sill (value at which the model first flattens out).

In fact, there are many different methods of Kriging as much
as the ordinaryKriging (OK)which serves to estimate a value at a
point of a region for which a variogram is known. To model the
spatial variability of heavymetal contents in thewatershed of Fedj
Lahdoum, we used the OK based on the following equation:

bZ x0ð Þ ¼ ∑
n

i¼1
γi Z xið Þ

where bZ x0ð Þ and Z(xi) are the estimated values of the var-
iable Z at the location x0 and xi, respectively, γi is the weight of
Z(xi), and n is the number of values used for the estimation.

The OK is used in this study due to its relatively simple
application and its good prediction accuracy compared to oth-
er alternative Krigingmethods (Omran 2012; Yao et al. 2012).
The variogram used to fit the model obtained from Kriging is
evaluated based on the three parameters highlighted above:
the nugget, the sill, and the range. The nugget is commonly
used to express non-spatial variation and the variation at dis-
tances smaller than the sampling interval. Range is defined as
the lag distance where the variance approaches the sill asymp-
totically (Trangmar et al. 1985; Omran 2012).

To compare and evaluate different interpolation techniques,
the cross-validation methodology can be used (Isaaks and
Srivastava 1989). After that, it is possible to validate the opti-
mal methods to be used for the studied elements to get the best
predictions of the spatial variability for each data set. Cross-
validation can be performed using GIS softwares (e.g., ArcGis
of ESRI); the autocorrelation model is computed using all data
input and allow deleting omitted values and replace them by
new predicted ones. Typically, the normality of the data must
be ensured before proceeding to the interpolation to remove or
reduce the skewness and extreme values which can affect the
variogram structure. In several similar studies, data are normal-
ized using the logarithmic and Box–Cox transformations (e.g.,
Zhang and Zhang 1996; McGrath et al. 2004; Liu et al. 2015).
Nevertheless, the exploratory spatial data analysis (ESDA) tool
of ArcGIS software was used in this study for data processing.
Box–Cox and logarithmic transformation were applied to re-
duce the effect of the outliers and to solve the non-normality
problem. The Box–Cox transformation was employed for Pb
and Zn and logarithmic transformation for Cd, using the spe-
cific power parameter of 0.1. The values of the skewness coef-
ficient of raw data after transformation are shown in Table 2.
All parameters were observed to have a smaller skewness after
transformation.

Soil sampling

Heavy metals analysis

Ordinary Kriging

Exploratory data analysis

Skewness No

Yes

Compute variogram

Selec�ng Best Model

Cross Valida�on of the 
model results

Map Genera�on

Spa�al distribu�on of PbSpa�al distribu�on of Cd Spa�al distribu�on of Zn

Reclassify Reclassify Reclassify

Overlay

Raster calculator 

Risk of Heavy metals

Transforma�on

Fig. 3 Flow chart of the steps followed for the geostatistical analysis
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Finally, the RMSE derived from the comparison of predicted
value to the observed value will be used to evaluate the accuracy
of the plotted models. RMSE can be calculated as follows:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n
∑
n

i¼1
Z pið Þ−Z oið Þ½ �

s

Z(pi) and Z(oi) are the predicted and the observed value for
location i, respectively. n is the number of data points.
Conventionally, the lower the RMSE, the better the prediction
results that are accurate.

Results

Soil characterization

Clay minerals, quartz, feldspar, dolomite, and galena are sig-
nificantly present within all soil samples which exhibit X-ray
diffraction patterns similar to that of Fej45 sample presented
in Fig. 4. However, the occurrence of sphalerite seems to be
restricted in some locations. Among the clayminerals, chlorite

and kaolinite seem to be the most represented, while illite and
smectite appear rarely.

Pb and Zn occur within all soil samples with concentrations
varying from 1 to 3457 mg kg−1 and 2 to 14,180 mg kg−1,
respectively (Table 1). Cd concentration reaches 186 mg kg−1

in Fej44 but it is still relatively low. The highlighted total
contents of Pb, Zn, and Cd within the studied samples indicate
that the soils around the Fedj Lahdoum mine exhibit variable
amounts of contamination, and they can be classified from
uncontaminated to highly contaminated soils (Table 1). The
pollution levels were defined based on the Tunisian soil pol-
lution standards (INNORPI 2003). Nevertheless, the quantity
of detected heavy metals (in mg kg−1) mostly exceeded the
Tunisian pollution norms in soils set at 300 for Zn, 100 for Pb,
and 3 for Cd. The highest values are detected within the soils
sampled near the exploited mineralized bodies and close to the
areas of ore processing.

The pH values (Table 1) of sample suspensions range
between 8.12 and 8.74 indicating alkaline soils. The
mean pH value (8.38) relates to the raised percentage
of the carbonates within these soils (20–38% CaCO3)
(Table 1).

Table 2 Descriptive statistics and
normality test for lead, zinc and
cadmium in Fedj Lahdoum soil
samples. Min, Max, and mean
values are in mg kg−1

Heavy Metal Number of data Min Max Mean Std Skewness Kurtosis

Cd 109 1 186.17 20.26 33.62 2.58 10.09

Cda 109 0 5.22 1.86 1.55 0.32 1.97

Pb 109 1 3457.1 549.72 1004.7 1.91 5.18

Pbb 109 0 12.58 5.47 3.91 0.35 2.05

Zn 109 2.36 14,180 2297.4 3762.5 1.63 4.25

Znb 109 0.89 16.01 8.26 4.27 0.37 1.87

a Transformed using logarithm
b Transformed using Box–Cox

Fig. 4 X-ray diffraction (XRD) patterns for the Fej45 soil sample
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Heavy metals in the substrate

The heavy metal average percentage in the soil sample frac-
tions was evaluated using Tessier et al. (1979) procedure;
metal distribution is studied through five major geochemical
forms attributed to the following fractions (Fig. 5):

– The exchangeable fraction contains the lower heavy met-
al average percentage in the following order Cd > Zn >
Pb. The cadmium content is ~ 8%; however, those of zinc
and lead are near 2%.

– The carbonate bound fraction in which the order of heavy
metal average percentage is Cd > Pb > Zn. The contents
of the three elements within this fraction are 32%, 10%,
and 6%, respectively.

– The reducible fraction which contains high contents of
bioavailable Pb and Zn (an average of 23%) while no
Cd was detected.

– The organic matter and sulfide fraction despite its affinity
with heavy metals shows relatively lower contents (12%)
compared to the residual (46%) and reducible (23%) frac-
tions. In this fraction, the order of heavy metal average
percentage is Zn > Pb > Cd.

– The residual fraction encloses high percentage of heavy
metals with an average of 46% and the order is Cd > Pb >
Zn.

The heavy metal contents detected in the residual fractions (~
46%) seems to be stable and did not participate in the diagenetic
and biological processes in natural conditions (Martin et al.
1987). By contrast, the heavy metals associated with the other
fractions (labile fractions) were more reactive and could be
remobilized. The percentages of the cumulated labile fractions
of both (Pb), zinc (Zn), and cadmium (Cd) within the five soil
fractions obtained from the soil samples of Fedj Lahdoum mine
show the same distribution as for each element taken apart

(Figs. 5 and 6). In fact, these fractions are sensitive to the chem-
ical, physical, and biochemical substances found in soils.

Prediction maps of heavy metal spatial distribution

The OK was applied to normalized data sets to infer interpo-
lated values of some heavy metal content in the soils of Fedj
Lahdoum mine. The RMSE is the criterion used for selecting
the best fitted variogram model for each heavy metal. For Pb
case, the smallest RMSE criterion is obtained by circular mod-
el with the Box–Cox transformation. For Cd, the best fitted
variogram is obtained by exponential model with logarithmic
transformation. And for Zn, the exponential model with the
Box–Cox transformation gives good results (Table 3).

The Nug/Sill ratio is common parameters used to classify
spatial dependence of soil properties. According to many authors
(e.g., Chien et al. 1997; Chang et al. 1998; Liu et al. 2005 and
others), there are three classes of spatial dependence of a variable:
strong, moderate, and weak corresponding to the Nug/Sill ratio
of 25%, 75%, and > 75%, respectively. In fact, this spatial de-
pendence may be affected by intrinsic and extrinsic factors of the
soil. These soil factors relate, respectively, to strong and weak
spatial dependence of soil properties (Cambardella et al. 1994;
Liu et al. 2005). In this study, results relative to Zn and Cd show
strong spatial dependence; however, those of Pb exhibit moder-
ate spatial dependence (Table 4).

The cross-validation is used to inspect if the fitted semi
variogram model predicts accurately the heavy metal at
unsampled locations. The accuracy of the model and their pa-
rameters is subjected to validation by statistic results. The ratio
between predicted and measured values should be a straight
line with 1:1 slope. The deviation of the predicted values from
the measured values is evaluated using the “prediction error”.
The smaller the mean error (tend to zero), the greater the pre-
diction result accuracy. Conventionally an accurate prediction
is characterized by very small RMSE, an average standard error
close to 0 and a root mean square standardized prediction error
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Fig. 5 The percentages of lead (Pb), zinc (Zn), and cadmium (Cd) ex-
changeable fractions obtained from the soil samples of Fedj Lahdoum
mine after sequential extraction of Tessier et al. (1979)
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Fig. 6 The percentages of the cumulated labile fractions of both (Pb),
zinc (Zn), and cadmium (Cd) within the five soil fractions obtained from
the soil samples of Fedj Lahdoum mine after sequential extraction of
Tessier et al. (1979)
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close to 1 (Johnston et al. 2001; Marko et al. 2014). The exam-
ple of cross-validation performed for the OK of Pb element
(Fig. 7) provides good correlation between the predicted and
measured values. The maps of the predicted distribution of Pb,
Zn, and Cd contents in the Fedj Lahdoumwatershed (Figs. 8, 9,
and 10) are drawn after OK of their relative data sets. For each
map, the concentration of the studied heavymetal is reclassified
into four classes (low, moderate, considerable, and high) based
on the Interim Canadian Environmental Quality Criteria for
Contaminated Sites (CCME [Canadian Council of Ministers
of the Environment] 1991) (Table 5).

The superimposition of the predicted distributions of these
three elements in one layer permits to produce a map of poten-
tial soil pollution risk (Fig. 11) which can be used to predict the
cumulated contamination and point out the pollution risk near
the Fedj Lahdoummine. Consequently, the “Raster Calculator”
tool was used to overlap the three layers (Pb, Zn, and Cd) and to
generate an output layer illustrating the potential risk of soil
pollution. Since the obtained map illustrates the distribution
of the cumulated concentrations of heavy metals in soils for a
large land surface, it is used to identify the high metal concen-
tration zones and it can help in the detection of the possible
sources of soil contamination. It seems that the central part of
the mapped area (Fig. 11) constitutes the most contaminated
zone of the studied watershed. This zone matches with the Fedj
Lahdoum mine infrastructure areas encompassing both extrac-
tion, processing, and tailing deposition areas.

Discussion

Distribution of heavy metals and contamination
assessment

Heavy metals are natural components of the Earth’s crust and
they occur in the soil environment as trace elements. Heavy
metals in soils are present in different fractions with different

degrees of availability to plants (Morillo et al. 2009), surface,
and underground water. Their bioavailability is, however,
conditioned by their chemical mobility and soil physicochem-
ical characteristics. Plants exhibit presumable tolerance for
heavy metals (Viehweger 2014) since they use some elements
(Zn, copper (Cu), manganese (Mn), nickel (Ni), and cobalt
(Co)) as micronutrients necessary for their biological function
while other elements are toxic even with low concentrations
(Pb, Cd, and Hg). Heavy metal pollution in soils and ecosys-
tems constitutes an important environmental problem
resulting from natural processes and increasing anthropogenic
activities. Heavy metals accumulated in soils and water may
be transferred to the food chain by plant uptake and threaten
the human and animal health. The risk levels associated with
heavy metal concentrations in soil are defined by some ana-
lytical approaches (Ferguson et al. 2000; Carlon et al. 2007)
aiming to define a threshold and standard values for each
hazardous element to identify soil contamination and remedi-
ation needs (Tóth et al. 2016). If the concentration of an ele-
ment is above the guideline value, the assessed area is consid-
ered contaminated and the concentration level will present an
ecological or health risks. For example, according to the per-
missible limits of heavy metal concentrations in soil (in
mg kg−1) established for the European Union countries
(Amlinger et al. 2004), the concentrations of Zn, Pb, and Cd
in soil should be 40–450, 40–450, and 0.4–4 respectively;
however, in Tunisia, the limits are set at 300, 100, and 3,
respectively.

According to the Tunisian standards, we notice that among
the 109 soil samples, 39 exhibit Zn concentrations above the
limit of 450 mg kg−1 and are consequently considered Zn-
polluted soils. According to the same reasoning, 24 samples
are Pb polluted and 71 samples are Cd polluted (Table 1).
Generally, results do not show a clear spatial correlation be-
tween the three analyzed elements and only four samples
(Fej1, Fej46, Fej54 and Fej57) were highlighted to be polluted
with both the three elements. According to our knowledge of

Table 3 Best-fitted
semivariogram models for lead,
zinc, and cadmium in Fedj
Lahdoum soil samples

Heavy metal Lag size Models on original data Models on transformed data

Exponential Circular Stable Exponential Circular Stable

Cd 100 27.48 27.70 26.61 25.13 26.34 25.77

Pb 50 598.75 596.27 600.86 592.32 594.20 597.6

Zn 50 2779.909 2752.226 2805.353 2438.014 2485.092 2514.44

Table 4 The most suitable
semivariogram model
characteristics for map generation

Heavy
metal

Number
of data

Transformation Model Nugget Partial
sill

Sill Nugget/
sill

Nugget/
sill

Cd 109 Logarithmic Exponential 0.7 2.2 2.9 0.2 Strong

Pb 109 Box–Cox Circular 7.83 10.27 18.1 0.43 Moderate

Zn 109 Box–Cox Exponential 6.46 22.53 29 0.22 Strong
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the study area and the mine activity history, the soil contam-
ination near these sampled sites is of different origins. The
contamination near Fej1 located beside the mine access road
is assumed to be the result of accidental spills of ores during
their transport by truck outside the site (ore processing was
done in the mine of Lakhouet for a period). Fej46 is located to
the vicinity of the exploited area; the high concentration of
heavy metals seems to be linked to the presence of a

mineralized body. Fej54 is located near the treatment plant
and i t exhibi ts the highes t concentra t ion of Zn
(14,180 mg kg−1). The high amount of pollution highlighted
within the Fej57 is explained by the fact that this sample is
taken from the outlet of the E-NE-oriented talweg (tributary of
wadi el Mour to the west) that drain the mine tailings located
upstream and spread the pollution toward the west (Figs. 8, 9,
10, and 11).

Fig. 7 Cross-validation test of
ordinary Kriging interpolation for
the Pb content in the soils of Fedj
watershed (thin green line denotes
the 1:1 line)

Fig. 8 Predicted distribution map of cadmium in the watershed of Fedj Lahdoum using ordinary Kriging interpolation method
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The map of Fig. 11 reveals that most contaminated area
matches with the extraction and processing area located in the
central part of the watershed of Fedj Lahdoum. The highest
contents of heavy metals are restricted close to the mining area,
smelters, and the mine tailing dam. The contamination exhibits a
clear spreading to the southeastern part of the studied area; how-
ever, soils located upstream or away from contamination sources
contain relatively low levels of heavy metals. Heavy metal con-
tents in the mine tailings are commonly very highs, well exposed
to meteoric water and wind. The infiltration and drainage of
meteoric water through the mine tailings easily mobilize dis-
solved and particulate forms of heavy metals and transfer them
to drained terrains and groundwater. In addition, wind can mo-
bilize and disperse particle-bound heavy metals to random envi-
ronmental locations. So, the leaching of the mine tailings by
meteoric water and the spreading of particle-bound heavy metals
bywind seem to be twomain pollution process nearmining areas
since they can transfer pollutants in particulate and/or dissolved
form (Conesa et al. 2006; Tembo et al. 2006). Heavy metals
spreading from mining wastes can be related to two main
reasons: (1) the physicochemical properties of the mine tail-
ings involving high heavy metal contents, thin size of
wastes, and sensitive erosion zone considered as source of

soluble metals that can be mobilized to contaminate sur-
rounding areas. According to Babbou-Abdelmalak et al.
(2011), the average contents of Zn, Pb, and Cd (in
mg kg−1) within the wastes of Fedj Lahdoum mine are
14,600, 2100, and 62.1, respectively. (2) Dusts transported
by wind can scatter the pollution by strewing pollutants far
from their sources as described in other similar mine sites
(e.g., Conesa et al. 2006; Boussen et al. 2010; Babbou-
Abdelmalak et al. 2011; Sebei et al. 2017).

Jebel Fedj Lahdoum exhibits a mountainous landscape
with NNE-trending culminations of about 850–950 m. The
latter are made of Cenomanian-Turonian limestones and en-
compass several Pb-Zn mineralization bodies of banded, vein,
and massive types (Charef and Sheppard 1987). The eastern
side of Jebel Fedj Lahdoum is abruptly sloped toward 650 m
and it encompasses several ravines draining the surface runoff
toward the ESE direction. This landscape condition is respon-
sible for the erosion and the leaching of Cenomanian-
Turonian series located in relatively highlands and the spread-
ing of the heavy metals by means of the surface drainage
system toward the eastern lowlands (Figs. 8, 9, 10, and 11).

In addition, particle-bound heavy metals can be transferred
and resuspended naturally as dust storms affecting the ambient

Fig. 9 Predicted distribution map of lead in the watershed of Fedj Lahdoum using the Box–Cox transformation of the ordinary Kriging interpolation
method
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concentration and deposition of heavy metal pollutants
(Jeričević et al. 2012). The wind resuspension of heavy metal
may explain the occurrence of pollution in some restricted
location apart from the exploitation and processing areas and
not connected to the surface drainage. The amount of wind
pollution around mining area depends on many factors as
much as the speed and frequency of winds, the heavy metal
content in sterile slag, and the quantity and the composition of
wind-mobilized material (Brotons et al. 2010). The dominant
wind direction in the study area is NWwith 2.7 m s−1 average
speed. Generally, the contamination pattern follows the dom-
inant wind direction which can be locally influenced by the
orography. The mine of Fedj Lahdoum is located in an
ENW-oriented talweg system. Their bordering hills sys-
tem seems to prevent the dispersion of pollution north-
ward and southward; however, the pollutants spreading
toward the SE seem to be privileged.

Geochemical forms of metals in soil

The F1 fraction includes the metals retained near the
soil surface due to electrostatic interaction. This fraction
is the most bioavailable and labile metal forms.

Moreover, F2, F3, and F4 fractions are also potentially
available to plants and are mobile in the environment.
The species in the four first fractions are the bioavail-
able fractions; however, the last one will be referred as
the residual fraction.

Lead

The lead concentration in the earth’s crust is 10 to 30 mg kg−1

(USDHHS 1999). Lead found in the soil is not mobile, limited
to the upper horizons and is not absorbed by plants because it
is not a plant nutrient (Verheye 2009; Sharma and Dubey
2005). However, increased Pb content in soils has serious risk
to groundwater. The main Pb content in the soil was prefer-
entially associated with the residual fraction and it ranges from
29 to 49% of the total Pb (43%). The reducible Pb fraction
ranges from 30 to 39% of the total Pb. Eleven percent of the
compounds were found to be organic matter and sulfide resid-
ual fraction with ~ 10% of carbonate-bound metal fractions
and ~ 2% exchangeable fractions. The chemical association
of this element in the different phases follows the order F5 >
F3 » F4 > F2 » F1 (Fig. 5). Numerous works highlighted that
the Pb residual fraction seems to be the most increased in

Fig. 10 Predicted distribution map of zinc in the watershed of Fedj Lahdoum using the Box–Cox transformation of the ordinary Kriging interpolation
method
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contaminated soils (Ramos et al. 1994; Karczewska 1996;
Ahumada et al. 1999). Bioavailable Pb in the soils of
Fedj Lahdoum mine is relatively high (57%), and due to
its mobility in the environment, it constitutes a high risk
for underground water.

Zinc

Zinc is a trace element with a content of 75 mg kg−1 in the
earth’s crust. It is vital for plant growth and many plant func-
tions (Hafeez et al. 2013). Zinc toxicity is naturally rare under
normal field conditions; however, it can occur near industrial
zones. The most common form of mobile zinc in soil is Zn2+

which is easily adsorbed on the mineral components. Among
the other heavy metals contained in soil, Zn is relatively easily

soluble. This metal is preferentially associated with the resid-
ual fraction like the lead case (Fig. 5). Its amount ranges be-
tween 41 and 50%; however, the amount of reducible Zn
ranges from 31 to 38%. About 13% of the total Zn is associ-
ated with sulfide fraction and organic matter, ~ 6% is associ-
ated to the fraction bound to carbonates, and ~ 2% with the
exchangeable fraction. This metal is distributed in five frac-
tions as follows: F5 > F3 » F4 » F2 > F1.

Kabala and Singh (2001) reported that Zn is found in asso-
ciation with the Fe oxides. The fact that the percentage of Zn
within the residual fraction is high argues for an evolution to
Zn unavailability in these soils (Shaheen and Rinklebe 2013).
According to other authors (e.g., Karczewska 1996; Wilson
and Pyatt 2007), Zn mobility in soils is greater than the Pb
one.

Cadmium

Galena (PbS) occurs commonly in association with sphalerite
(ZnS) (Klein and Philpotts 2013; Ndimofor 2018). Sphalerite
is the chief host of cadmium in zinc deposits (Schwartz 2000)
since it allows the Cd substitution for zinc. The Cd average
concentration is 0.15–0.2 mg kg−1 in earth’s crust (Adriano

Table 5 Canadian norm of total content (ppm) of heavy metals in soils
(CCME-EPC-CS34 1991)

Chemical element Agricultural area Residential area Industrial area

Cadmium 3 5 20

Zinc 100 500 1500

Lead 50 300 600

Fig. 11 Risk map of Pb, Zn, and Cd soil pollution in the watershed of Fedj Lahdoum resulting from the superimposition of the three relative predicted
distribution maps using the ordinary Kriging interpolation method
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2001) and 0.3–0.62 mg kg−1 in the world’s soils (Ure and
Berrow 1982). Regarding these concentrations, the Cd content
highlighted within the analyzed soil samples (Table 1) is high
and may engender a serious environmental risk given its high
toxicity.

Cd is preferentially associated with the residual fraction
as much as Pb and Zn (Fig. 5). The residual Cd content
ranges from 38 to 54%. Cd associated with the carbonate-
bound fraction makes about 32% of the total Cd. Moreover,
a significant association was observed between the organic
matter and sulfide (12%). About 8% of the total Cd is found
in association with the exchangeable fraction. However, Cd
was not detected in the reducible fraction. The order of Cd
contents in the different soil fractions is F5 > F2 » F4 > F1.
The increased content of Cd in the residual phases argues for
possible transfer of Cd to the food chain via the uptake of the
water retained in soil by plants or by any other mechanism
(Petit and Rucandio 1999).

Conclusion

The study of soils sampled around the mine site of Fedj
Lahdoum revealed high concentrations of Pb, Zn, and Cd
within the residual fractions. Considering the total metal con-
centrations and mobile fractions, these metals engendered in-
creased contaminations of soil in the following order of con-
tamination Zn > Pb > Cd. The high amounts of contamination
are located close to the mine and smelters which argue that the
zones of mineral extraction and processing are the principal
sources of contamination. The landscape of Fedj Lahdoum
area, the morphology, and the chemical composition of the
mine tailings and the surface drainage of meteoric water are
main factors responsible for the scattering of the pollution to
the southeastern part of the watershed of Fedj Lahdoum. The
wind is also a contributor factor responsible for the spreading
of heavy metals especially toward the SE of the mine.

Since no treatment method was applied for these mine tail-
ings and considering the pollution impact it engenders for the
surrounding ecosystem, the application of an appropriate
treatment method is an emergency action to endeavor for the
elimination and/or the reduction of the pollution risk.
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