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Abstract Large quantities of phosphogypsum origi-
nate from accumulated Tunisian industrial waste each
year. Thus, mining effluents that do not comply with
Tunisian discharge standards affect the hydrographic
network and cause not only soil contamination of trace
metal elements but are also considered a source of
toxicity in the food chain and ultimately in the human
body organs. In a bid to determine the contamination
status and assess heavy metal pollution and the health
risk of agricultural soils in a typical peri-urban area
in southwestern Tunisia—M’Dhilla Basin, sex sam-
ples subdivided into 17 sub-samples from three dif-
ferent depths (0-60 cm), (0-80 cm), and (0-200 cm)
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were collected with a stainless steel auger. This study
is based on physic-chemical analysis using standard
laboratory procedures, X-ray fluorescence technique,
and multivariate statistical analysis. Results showed
that trace metal element concentration ranged as fol-
lows: Sr>Zn>Cr>Cd>Pb. A significant contami-
nation was discovered in the study area that indicated
a high Cr and Zn topsoil contamination and a homog-
enous pattern in Cd and Pb (p <0.05). Assessment
of the trace metal element pollution was determined
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with calculations of the contamination factor and
the pollution load index. Our finding proved that the
study area was highly polluted with Cd, Sr, and Zn.
Accordingly, high concentrations of trace metal ele-
ments cause serious environmental problems to the
atmosphere, soil, and water. Carcinogenic health risks
worsen and affect most of the inhabitants in the min-
ing basin of M’Dhilla.

Keywords Contamination - Phosphogypsum -
Trace metal elements - X-ray fluorescence - Health
risk assessment

1 Introduction

Trace metal elements (TME) in soils have been
considered important tracers to monitor the
impact of human activities (Manta et al., 2002).
Due to their toxicity and environmental persis-
tence, TME can accumulate in soils increasing
potential risks to the environment and population
(Sey & Belford, 2019). In agricultural soils, these
toxic cations can pose health risks to humans
attributed to the consumption of crops and chronic
exposure to soil particles (Boim et al., 2016). Pre-
vious researchers have shown that mining activ-
ity is an important source of TME in agricul-
tural soils near mining areas worldwide (Khelifi
et al., 2020; Pen-Mouratov et al., 2008). In Tuni-
sia, many investigations are being carried out on
the environmental aspect of TME as a potential
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source of contamination once they surpass the
permissible limits of the international guideline
(Hamed et al., 2014; Khelifi et al., 2020; Mekki &
Sayadi, 2017; Sleimi et al., 2014, 2021).

The anthropogenic sources in urban soils include
vehicle exhaust emissions, waste treatment, waste-
water, and industrial activities (Besser & Hamed,
2021; Dridi et al.,, 2020; Hachani et al., 2022;
Khoualdia et al., 2018; Missaoui et al., 2022).
Indeed, mining activities were considered within the
major anthropogenic sources of TME pollution. The
study of this contamination in urban soils will help
develop strategies to protect the urban environment
and human health from long-term TME accumula-
tion. The physicochemical properties of TME which
cause soil contamination are as follows: (i) TME are
not destroyed and often accumulate naturally in the
soil instead of being depleted (Maas et al., 2010);
(i1) they cause a wide range of health risks worsened
by differences in their oxidative status and associ-
ated bioavailability (Walker et al., 2003) and (iii)
multiple contamination sources (Nriagu & Pacyna,
1988). In Tunisia, the concentration of TME in the
soils near the phosphate mining areas was signifi-
cantly higher than that of the unused area (Hentati
et al., 2015). This industry has developed since the
beginning of the year 1950 and is emitting a high
quantity of phosphogypsum (PG) inevitably sterile
at the same time as the acid. PG is produced during
the wet process of phosphoric acid synthesis by a
chemical reaction of rock phosphate with sulphuric
acid as described in Eq. 1.

10(CaS0O,2H,0 HF
+ (Cas0, 2)+ (1

PG Hydrofluoricacid

Due to the residual phosphoric, sulphuric, and
hydrofluoric acids contained within the porous PG,
it is considered an acidic by-product (pH <3). Tuni-
sian PG is predominated by fine particle size ranged
between 45 and 250 pym in diameter (Tayibi et al.,
2009). It is reported to contain very high Cd, Hg, and
Zn concentrations (Rutherford et al., 1995; Choura
et al., 2009).

The manufacturing of 01 ton of phosphate P,Os
generated the production of 5 tons of PG (Pérez-
Lopez et al., 2010). However, more than 10 million
tons per year of PG were produced. Thus, Rutherford
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et al. (1995) identified PG as a potential hazardous
waste because of its radium-226 content and the large
volumes produced. The presence of TME in PG may
pose a potential hazard to human health (Al-Masri
& Al-Bich, 2002). Its composition shows generally
high total contents of Cr, Zn, Cd, Sr, and As (Garbaya
et al., 2021; Hammas et al., 2016; Tayibi et al., 2009).
In this context, the present paper aims to (i) evalu-
ate the TME pollution using multivariate statistical
analysis and the health risk assessment of agricul-
tural soils in a typical peri-urban area in southwestern
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Tunisia—M’Dhilla Basin and (ii) give a simple over-
view of the environmental management of PG.

2 The Study Area

The study area is located in the region of M’Dhilla,
Gafsa, southwest of Tunisia. The selected sampling
points are located 4 km north of M’Dhilla. It encom-
passes both the discharge from the laundry located
in M’Dhilla and the discharge from the Tunisian
Chemical Group (GCT) (Fig. 1). The study area is
characterized by gypsum soil of low resistance that
is locally present along El Melah Wadi to the north
of the study area. These soils are shallow (60—90 cm)
with a coarse to medium texture; halomorphic soils
(or saline soils) are with coarse sand that becomes
more clayey at depth (Fig. 2).

The sampling point is located at 477,712.74 m E
latitude, 3,798,008.92 m N longitude, in the vicin-
ity of “M’Dhilla discharge.” A control sample, from
an uncontaminated site, was used to compare the
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results. These samples were collected from a pit of
200 cm deep localized at 481,418.70 m E latitude,
and 3,798,571.24 m N at 2 km from CTG. Soil sam-
ples and water samples were collected in February
2022 and April 2022. Seventeen samples from differ-
ent depths (0 to 200 cm) were collected with a stain-
less steel auger. Two pits were created using a drilling
machine to get a 2-m depth, which are sample D and
control sample T, from an uncontaminated site, local-
ized at 481,418.70 m E latitude and 3,798,571.24 m
N at 2 km from CTG. Samples are subdivided into
sub-samples and are classified in Table 1.

3 Methodology

3.1 Sample Collection

Two pits of 2 m each were dug; six samples “T1 to
T6” were collected from a control site that was not
contaminated. Samples were counted and transported

in plastic bags to the laboratory. All samples were
air-dried, homogenized, sieved, and ground in two

480000

—— Drainage Networke Sampling Points

« Control point

Fig. 1 Map showing the location of the study area
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Fig. 2 Profiles and stratigraphic log of a profile A, b profile B, and ¢ profile C

particle size (sieve opening) ranges: course>1 mm
and fine <80 pm. Some of the samples were sub-
ject to physic-chemical analyses. The other section
was used for the X-ray fluorescence analyses using
the Niton FXL 950, Thermo Scientific. The meas-
ure of pH was determined using a pH meter. The EC
and TDS were determined using a laboratory multi-
parameter analyzer “Consort C5020.” The percent-
age of CaO; was determined by Bernard’s calcimeter
method. The total nitrogen concentration was deter-
mined by the KJELDAHL method.

Table 1 Subdivision of samples

Samples Sub-samples
A E3, E4, E5

B E6, E7, E8

C E9, E10

D El1,E12,E13
E El, E2

@ Springer

3.2 X-Ray Fluorescence Spectrometry (FXL)

The TME concentrations (Cd, Sr, As, Cr, Zn, Pb...),
P,05%, SO;%, and SiO,% were determined using an
X-ray fluorescence spectrometer. The FXL has been
widely used for many years as a routine, rapid, and
sophisticated analytical technique for quantifying
minerals.

3.3 Multivariate Statistical Analysis

The multivariate statistical analysis (descriptive
statistics, correlation matrix, PCA, HCA) is a use-
ful tool in providing information about the relation-
ship between nine different physical and chemical
parameters to determine which parameters probably
share the same origin, the possible source of TME,
and to identify the geological processes that govern
their distribution (adsorption, leaching...). Statistical
analysis has been used across disciplines to address
soil contamination problems such as geosciences, soil
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science, atmospheric research, environmental engi-
neering, and chemometrics (Mostert et al., 2012).
Principal component analysis (PCA) simplifies the
complexity of high-dimensional data while retaining
trends and patterns. It does this by transforming the
data into fewer dimensions, which act as summaries
of features. The selection of significant principal
components was based on the Kaiser criterion with
an Eigen value higher than 1 (Kaiser, 1960). Accord-
ing to this criterion, only the first four principal com-
ponents were retained. Hierarchical cluster analysis
(HCA) is a strategy that seeks to build a hierarchy
of clusters that has an established ordering from top
to bottom (Kohn & Hubert, 2014). A “hierarchy of
clusters” is usually represented by a dendrogram.

3.4 Pollution Indices

To assess the soil TME pollution level, it is indispensa-
ble to determine the contamination factor (CF) (Hakan-
son, 1980). CF evaluates the degree of anthropogenic
contamination of sediments by a specific potentially
toxic trace element. It is calculated by the equation
(Eq. 2):

CF= M/ p )

where CM is the concentration of metal in the
sample and CB is the background concentration
(in this study, we use element concentrations in
the continental crust calculated from rock aver-
ages compiled by Wedepohl (1995) as ground
concentration).

The levels of contamination were calculated and
classified as either: CF<1 the contamination is low;
1<CF<3 the contamination is moderate; 3<CF<6
the contamination is considerable; or finally C>6 the
contamination is of very high level. The pollution load
index (PLI) evaluates the degree to which the soil sedi-
ments associated with TME might impact the micro-
flora and fauna of soil, as given by Eq. 3 (Tomlinson
et al., 1980).

PLI = n+/(CF1xCF2xCF3x ... xCFn) 3)

CF is contamination factor; n is the number of met-
als; C metal is the metal concentration in polluted sedi-
ments; and C background value is the background value
of that metal.

According to the PLI value, the soil quality con-
cerning TME safety was classified as null PLI—a
background value, PLI> 1—gradual degradation (non-
polluted to moderately polluted), PLI>2—a moderate
pollution, and PLI>4—high pollution.

4 Results and Discussion
4.1 Soil Properties and TME Concentrations in Soil

Table 2 shows that samples have widely varying
pH values with depth. However, a change in the
soil solution pH results in a corresponding change
in the dominant retention mechanism of TME in
the soils. Acid pH characterizes four samples:
E3 (3.46), E6 (2.84), E2 (3.01), and E8 (5.75) of
respective depths: 0-5 cm, 0-10 cm, 60-80 cm,
and 170-180 cm. These samples are characterized
by the maximum concentration of Cd, Zn, Sr, and
Cr. As pH decreases, precipitation becomes less
important, and cation exchange becomes dominant
(Yong, 1993). Basic pH characterized the most of
samples. At high pH values, precipitation mecha-
nisms (e.g., precipitating as hydroxides and/or as
carbonates) dominate (Yong, 1993). Total carbon
(TC %) in soils is the sum of both organic and inor-
ganic carbon. The samples show a maximum of
TC% 19.95 at 80-90 cm depth in sub-sample E7.
This value is accompanied by zero values of P,05%
and minimum values of SiO,%. Additionally, sam-
ples with low TC values (0-0.93 ms.cm™') are char-
acterized by high values of CaO% (19.56), P,O5%
(0.93), and TME concentrations (Cd=17.69 mg.
Kg™!; Zn=461.15 mg.Kg™!; Cr=55.72 mg.Kg™")
(Table 2). The samples show a low P,Os% content
with a maximum of 0.9%; this parameter is null
in most of the samples, indicating low phospho-
rus content compared to that of the Tunisian phos-
phogypsum, which is equal to 1.2% (Tayibi et al.,
2009). Silicon dioxide (SiO,%) is commonly pre-
sented as quartz. Its contents vary between 0 and
15.24 mg.Kg™! registered in the control sample at
180-200 cm depth.

The mean values of Cd, Cr, Pb, Zr, Sr, and Zn in
the soil of the concerned area showed a concentra-
tion above soil quality standards. The results show
that the highest concentrations of TME in the sam-
ples of soils are (in descending order of abundance)
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Table 2 Distribution of physicochemical parameters and heavy metals in sub-samples E1, E2, E3, E4, ES, E6, E7, ES, E9, E10, E11,

E12,E13, T1, T2, T3,T4

Sample Depth pH EC@ms/cm™) TC% P,0s% SiO,% Metal contents (mg.kg™")
(cm) Cd Zr Pb Zn Cr Sr As

El 0-10 2.84 472 0.23 0.10 0.00 456 4.98 0.00 2328 0.00 1080.30 1.59
E2 60-80 3.01 4.6l 093 0.24 0.23 1747 417.80 0.00 7231 5572 937.60 1.72
E3 170-180 5.75 8.40 0.00 0.93 056 17.69 23890 0.00 461.15 3046 708.40 2.32
E4 0-10 842 4.78 5.81 0.00 0.30 4.65 385.10 0.00 18.08 0.00 211.50 1.82
E5 60-70 848 4.61 4.65 0.00 1.16 350 26590 0.00 1297 0.00 24330 2.29
E6 0-10 7.80 6.56 233 0.04 0.37 823 24650 0.00 2271 1046 62520 0.00
E7 80-90 820 6.32 19.95 0.00 1.01 395 21230 198 1420 0.00 152.00 0.00
E8 190-200 7.86 6.23 10.00 0.00 04 5.09 1740 0.00 17.04 1553 291.60 0.00
E9 5-10 829 6.37 10.23  0.00 0.86 4.65 30240 335 3566 8.06 48440 2.46
E10 50-80 8.56 3.96 3.02 0.10 2.02 453 180.10 1.56 857 0.00 263.60 0.00
Ell 0-5 346 640 140 0.14 026 1375 4549 000 71.56 40.99 1067.10 0.00
El2 5 8.26 17.03 5.12  0.00 0.88 0.00 14030 0.00 18.02 1629  765.20 0.00
E13 5 843 823 10.47  0.00 0.76 339 16460 2.18 20.01 11.39 899.40 0.00
Tl 0-10 8.26 1.55 372 028 12.99 0.00 143.90 0.00 0.00  0.00 7442 154
T2 90-100 9.12 1.71 326 0.08 15.03 0.00 165.60 0.00 0.00  0.00 44.80 1.57
T3 150-160 9.34 222 279 037 14.23 3.98 106.40 0.00 0.00  0.00 41.76  0.00
T4 190-200 9.38 1.88 424 0.09 15.24 3.11 119.00 0.00 0.00  0.00 4512 1.62

Sr>Zr>7Zn>Cr>Cd>Pb. Table 3 shows that soil
TME concentrations were average of 7.04 mg.Kg™!
for Cd, 213.7 mg.Kg™! for Zr, 0.70 mg.Kg™"! for Pb,
61.2 mg.Kg 'for Zn, 14.53 mg.Kg™! for Cr, and
594.6 mg.Kg~! for Sr, hence the great importance of
comparing the surveyed concentration of TME with
the background level.

The results showed that Zn, Cr, and Sr presented
higher levels in the study area, while Cd and Pb pre-
sented the lowest values. In this study, soil TME
concentrations of a non-polluted site (profile T) are

considered as the background values. The maximum
values of the TME concentrations for the study
area are higher than the soil TME background. The
average Sr, Zn, Cr, Cd, and Pb concentrations for
the study area are 11.53, 61.2, 14.5, 3.97, and 0.7
times the soil TME background values, respectively
(Table 4).

Very high TME concentrations in a peri-urban area
of M’Dhilla city were also reported in other studies.
For example, Salhi (2017) found that the maximum
Zn, Cr, Cd, and Pb content in the around discharges

Table 3 Descriptive statistics of the heavy metals (Cd, Zr, Cr, Pb, and Zn) content

Metal contents (mg.Kg™")

Statistics Cd Zr Pb Zn Cr Sr As EC (ms.cm™)  TC% P,05% Si0,%
Mean 7.04 21370 0.70 61.20 14.53  594.60 0.94 6.02 5.70 0.12 0.68
Median 465 21230 0.00 20.01 1046  625.20 0.00 6.32 4.65 0.00 0.56
Minimum 0.00 4.98 0.00 8.57 0.00 152.00 0.00 3.96 0.00 0.00 0.00
Maximum  17.69  417.80 3.35 461.20 5572 1080 2.46 8.40 19.95 0.93 2.02
Kurtosis 0.14 -0.02 0.70 12.10 1.16 —1.63 -2.02 -0.81 2.06 10.24 2.38
Skewness 1.16 0.00 1.38 3.43 1.35  0.11 0.33 0.26 1.38 3.10 1.32
Range 17.69  412.80 3.35 452,60 5572  928.30 2.46 4.44 19.95 0.93 2.02
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Table 4 Comparison

between the concentrations Parameters Control soil Contaminated soil

of the study samples and Mean  Minimum Maximum Mean Minimum Maximum

the control sample
Cd 1.77 0.00 3.98 7.04 0.00 17.69
Zr 133.70 106.40 165.60 213.70 4.98 417.80
Pb (mg.Kg™) 0.00 0.00 0.00 0.70 0.00 3.35
Zn 0.00 0.00 0.00 61.20 8.57 461.20
Cr 0.00 0.00 0.00 14.50 0.00 55.72
Sr 51.53  41.76 74.42 594.60 152.00 1080.00
EC (ms.cm™) 0.84 1.55 222 6.02 3.96 8.40
TC% 3.50 2.79 4.24 5.70 0.00 19.95
P,05% 0.21 0.08 0.37 0.12 0.00 0.93
Si0,% 14.37 12.99 15.24 0.63 0.00 2.02

from the M’Dhilla washing plant was 443.5, 245.3,
48.92, and 19.90 mg.Kg~!. These suggest that a sig-
nificant portion of the Zn, Cr, Cd, and Pb metals
originated from non-crustal or anthropogenic pro-
cesses. Results showed that the soil Cd levels in the
peri-urban area of M’Dhilla city were much higher
than those in the industrial areas of other cities such
as agricultural soils in a typical peri-urban area in
the southeast of China. Indeed, Huang et al. (2018)
reported that the average levels of soil Cd were
0.80 mg.Kg~!. However, the concentrations of Cr and
Zn (14.5 mg.Kg~! and 61.2 mg.Kg™!, respectively) in
a peri-urban area of M’Dhilla city were much lower
than those shown in the agricultural soils located
in a peri-urban area of China (69.11 mg.Kg™' and
90.89 mg.Kg™', respectively) (Huang et al., 2018).

4.2 Multivariate Statistical Analysis

Pearson’s correlation matrix is a measure of linear
correlation between two sets of data. Table 5 shows
that Cd has positive correlations with Cr, P,Os%, Zn,
Sr, and Zr contents with coefficients 0.823, 0.750,
0.684, 0.421, and 0.237, respectively. Although Cd
shows a negative correlation with SiO,% (—0.399)
and Pb (—0.332) and TC (—-0.510), the Cd-Zn Cd-
P,05% and Cd-Cr correlation coefficients are con-
sidered statistically significant. Similarly, Cd and Cr
seem to be interrelated parameters (0.823) despite the
fact that they are a similar correlation with all param-
eters. Zn correlates positively with Cd, Cr, P,0s%,
As, EC, and Sr and negatively with Pb, TC, and
Si0,% (Table 5). The positive correlations between

Table 5 Pearson’s correlation matrix showing the relationship between heavy metals (Cd, Cr, Pb, and Zn) and other parameters

Variables Cd Zr Pb Zn Cr Sr As EC TC% P,0s%  SiO,%
Cd 1

Zr 0.237 1

Pb —-0.332  0.083 1

Zn 0.684 0.081 -0.207 1

Cr 0.823 0.157 -0.325 0414 1

Sr 0.421 -0426 —-0.232  0.206 0.592 1

As 0.279 0.477 -0.018 0.401 0.039 -0.033 1

EC 0.135 -0.191 0.174 0.502 0.212 0.281 -0.195 1

TC% -0.510 0.089 0.629 -0360 —-0416 —-0.543 -0.287 0.212 1

P,05% 0.750 0.071 -0262  0.980 0.467 0.260 0.382 0.376 -0462 1

Si0,% —-0.399  0.041 0.480 -0.152 -0422 -0.551 -0.183 -0.177 0.271 -0.135 1

Bold values are statistically significant at p=0.05
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Table 6 The contribution of the factor in the total values and
the attributed Eigen values

F1 F2 F3 F4
Eigen value 4.31 1.943 1.69 1.03
Variability (%) 39.2 17.65 15.34 9.37
Cumulative % 39.2 56.86 72.21 81.58

different parameters mean common sources, mutual
dependence, and identical behavior during transport
(Mao et al., 2013). Thus, the samples show a positive
correlation between Cd, Cr, Zn, Sr, Zr, As, EC, and
P,05%. This means that they probably share a com-
mon origin, which is PG washing water. Contrarily,
negative correlation with other parameters TC, SiO,%
and Pb seem to be influenced by different processes.

4.3 Principal Components Analysis (PCA)

The results of PCA based on the most significant
first principal components show four significant
factors representing 81.580% of the total vari-
ance and are given in Table 6. The first factor (F1)
accounts for 39.201% of the total variability and
involves high positive loadings of Cd (0.888), Zn
(0.782), Sr (0.618), P,05% (0.824), and Cr (0.777)

Table 7 Correlations between variables and factors

Parameters F1 F2 F3 F4

Cd 0.888 0.167 -0.010 0.173
Zr 0.054 0.767 —-0.272 0.473
Pb —-0.518 0.290 0.519 0.227
Zn 0.782 0.367 0.399 -0.271
Cr 0.777 -0.126 0.004 0.413
Sr 0.618 -0.619 0.051 0.119
EC 0.284 —0.128 0.859 0.133
P,05% 0.824 0.336 0.297 -0.312
Si0,% —0.544 0.368 0.207 —0.452

and relatively low loadings of Zr (0.0054). It indi-
cates that these elements derive from a common
origin, which is the anthropogenic activity of wash-
ing PG. SiO,% (—0.544), TC (-0.689), and Pb
(—0.518) behave oppositely from all other elements.
They show a negative loading with F1 suggesting a
geogenic source. Thus, in the factorial plan F1*F2
(Fig. 3a and Table 7), the 1st component (axis F1)
describes the origin of the chemical elements Cd
(0.888), Zn (0.782), Sr (0.618), P,0s% (0.824), As
(0.351), Cr (0.777), Si0,% (—0.544), TC (—0.689),
and Pb (—0.518). From left to right, the F1 axis there-
fore reflecting the geogenic origin is manifested by

e
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9
n

-0.5
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Fig. 3 a The distribution of elements in the PCA plot. b The distribution of samples in the PG
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a negative correlation with SiO,%, Pb, and EC (sili-
ceous PG) and the anthropogenic origin of metallic
trace elements in the study area (Khelifi et al., 2019).
The second factor (F2) represents 17.664% of the
total variance. It comprises positive loadings of As
(0.646), Pb (0.290), Zr (0.767), Si0,% (0.368), and
Zn (0.367) and negative loadings of Cr (—0.126) and
Sr (—0.619). This factor is related to the texture of
the soil (granulometry). The third factor that shows
positive loadings of Pb (0.519), EC (0.859), and Zn
(0.399) accounts for 15.343% of the total variance.
The fourth factor (F4) accounts for 9.373% and com-
prises positive loadings of Cr (0.413), Zr (0.473), and
Pb (0.227).

4.4 Cluster Analysis

PCA plot (Fig. 3a) displays the relationships between
all 13 variables at the same time. The elements were
hierarchically clustered based on the total metal con-
centrations in the soils. Thus, three distinct clusters
were identified (G1, G2, G3). The first group (G1)
involves Sr, CE, and Cr; the second group (G2) with
Zn, Cd, P,0s, and Zr; and the third group (G3) with
Pb, SiO,, and TC. This subdivision suggested that
each group contains individuals sharing the same
geochemical behavior, the same mineralogical phase,
or are controlled by the same physical and chemi-
cal parameters. G2 and G3 are orthogonal to each
other, so they are significantly uncorrelated (r close
to 0). G1 is symmetrically opposite concerning the
center with G3, so they are significantly negatively
correlated (r close to—1). The portioning of TME
concentrations seems to be governed by several fac-
tors depending on the vertical distribution of the
chosen samples. Based on the principal component
values, PCA can explore multivariate relationships
and reduce the number of variables across multiple
subgroups while explaining the variance of the data
(Fig. 3b) (Mouissi & Alayat, 2016; Missaoui et al.,
2023).

The dendrogram of HCA shows three different
clusters. The first cluster contains Cd, Zn, P,O5%, Sr,
and EC, indicating a common origin and a common
anthropogenic source which is PG waste. The second
cluster includes SiO,%, Pb, and TC referring to the
mineralogical soil phase. Zr and As form the third
cluster, implying a natural source of those metals
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Fig. 4 Dendrogram obtained from the agglomerative HCA of
four heavy metals and other parameters in the analyzed sam-
ples

(Fig. 4). Finally, the analysis results are in concord-
ance with those of PCA.

4.5 Vertical Distribution of TME in Soil

In order to quantify the TME accumulation in
urban soil, it is essential to take soil samples below
the surface layer (Linde et al., 2001). As shown in
Fig. 5, profile D illustrates a high concentration of
Cd (8.23 mg.Kg™), Zn (22.71 mg.Kg™"), and Cr
(10.46 mg.Kg™') in topsoil at 010 cm of depth with
extremely high pollution levels. The same thing for
profile C, the concentration of the four TME (Cd,
Sr, Pb, and Zr) was extremely high in the topsoil.
While in the topsoil of profile B, the concentrations
of the five TME, except for Cd (4.56 mg.Kg™!), did
not exceed the threshold limits. All the four metals
in profile C showed increasing content along with
soil depth and increasing rates from 0-20 cm to
170-180 cm. A severe TME pollution also occurred
in topsoil and in subsoil. For profile B, the TME con-
centrations in topsoil were much lower than those
of profiles C and D. The concentration of Zn and
Cr was not observed in the topsoil, and increased
as the depth decreased, with the exception of Cd

@ Springer



332 Page 10 of 18

Water Air Soil Pollut (2023) 234:332

Profile B
Depth(em)

0-10
20-30
3040
60-80
160-170
170-180
190-200 Cd(mg ke-1)

0 5 10 15 u
Depthicm)

0-10
20-30
30-40
60-80
160-170 '
170-180
190-200 In(mg kg-1)

0 100 200 300 400 500
Depth(cm)

0-10
20-30
30-40
60-80

170-180
190-200

T T

0 20
Depth(cm)

0-10
20-30
30-40
60-80
160-170
170-180 Zr(mkg1)
190-200

0 200 400

Cr(mgke1)

40 60

Profile C

Depth(cm)

010
10_20
20:30
3040
60-70 Cd(me ke 1)

L) 1 1 E
Depth (cm)
010
1020
2030
3040
60-70 Hestel)
2 40 600
Depth (cm)

ProfileD
Depth(cm)
010
10-40
50-80
160-170 Cimekel)
190-200
0 5 10
Depth(cm)

0-10
10-40
160-170
Cr{mg.kg-1)
190-200
0-10
1040
50-80
50-90
160170 -
190200 In(mg ke-1)

0 10 0 X 40

Dep ficm)
0-10
10-%
5080
160-170
190-200 Zr(mg kg-T)
; 1. 2'“ M 4

Fig. 5 Vertical distribution of heavy metals (Cd, Cr, Pb, and Zn) in soil samples

which was observed to have a high pollution level
from the surface to the subsoil. Profile C showed a
slight decrease in the concentration of Cd and Zr at
10 cm. Zr concentration continued to decrease until it
reached its minimum at 3040 cm. Additionally, Cd
value increased again until it reached its maximum
at 30—40 cm. Profile D showed a decreasing content

@ Springer

with increasing soil depth and decreasing rates from
0-10 cm to 50-80 cm. The decreasing rates of Cr, Zn,
and Zr from topsoil to subsoil were much higher than
those of Cd, indicating that Cr, Zn, and Zr were more
readily accumulated in topsoil than Cd. However, the
concentrations of Cr at the soil depth of 10-190 cm
were absent and increased all at once to the maximum
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value of 190-200 cm. The absence of Cr and Pb
enrichment in the samples indicates that these met-
als are of natural source. The results show that Cd is
still at a high pollution level in all the profiles, and at
all depths. This may be explained by the high pollu-
tion level and the high exchangeable fraction of Cd.
Cr concentration shows a heterogeneous distribution
in profiles B and D, and it was absent in profile C. In
contrast, Cd, Pb, and Zn seemed to have an even dis-
tribution in all profiles. The vertical distribution of Cd
and Zr had a similar pattern in C and D profiles. Their
concentrations were relatively high in 0-10 cm but
relatively low in 20-80 cm. This distribution might
be attributed to the large quantities of waste resulting
from the washing discharges of PG from TCG on the
one hand or from the liquid effluents from CPG on
the other.

These results are conformed to the study of Salhi
(2017), which concludes that the levels of TME on
the soil surface are very high and do not comply with
the discharge standards. They pose a problem with
the toxicity of soil resources as well as on steppe
rangelands. Furthermore, the contamination of the
hydrographical network, by mining effluents that do
not comply with Tunisian Discharge Standards, is
mainly due to the phenomenon of leaching by rain-
water with stocks of phosphate waste or by the direct
discharge of muddy waste from laundries. Large-
sized discharges are often deposited on the banks
of wadis, while fine-sized discharges (of a muddy
nature) are discharged directly into the flow bed of
the wadis. These high levels are explained by the fact
that the sludge has been discharged and accumulated
in the hydrographical network for decades (about
30 years). Depending on their mobility, Zmemla et al.
(2016) classified the TME contained in PG into three
categories: high mobility (Sr, Zn), moderate mobil-
ity (As, Ba, Cd, and Cr), and low mobility (Cu, Ni,
Pb, Se, V, Y, and Zr). Thus, PG leaching shows the
ability of Cd to dissolve and contaminate the environ-
ment (Al-Masri et al., 2004). The lower pH acceler-
ates the leaching of the TME. Acid pH characterizes
four sub-samples: E11 (3.46), E1 (2.84), E2 (3.01),
and E3 (5.75) of respective depths: 0-5 cm, 0-10 cm,
60-80 cm, and 170-180 cm. These samples are char-
acterized by the maximum concentration of Cd, Zn,
Sr, and Cr. In fact, Al-Masri et al. (2004) confirm this
result for the leachability of Cd, and Zn in Syrian PG.
The solubility of metals tends to increase at lower

pH and decrease at basic pH. Indeed, results showed
that Zn and Cd were the most easily transferred ele-
ments in the aqueous phase, with transfer percentages
of 97 and 57%, respectively (using distilled water and
varying the stirring time between 10 and 120 min).
Likewise, sequential treatment of PG with concen-
trate H,SO, showed that TME were dissolved differ-
ently: Cd (25%), Zn (10%), and Cu (10%). Thus, the
increase of H,SO, concentration caused an increase in
Cd and Zn. However, acid pH characterizing the deep
ground study area explained the higher concentration
of TME at high depth. Actually, wastewater percolat-
ing from PG stock through the Wadi increases TME
level, and high acid concentration increases TME sol-
ubility. With high TME solubility, its concentration
increases with depth, but its style is relative with the
mineralogical composition of the soil.

The difference in the vertical distributions of TME
observed between profiles and compartments might
be caused by many factors such as the influence
of soil processes, combined with each other, on the
distribution of these TME. Indeed, the pathogenesis
involves redistributions of soil components (carbon-
ates, clays, oxides, organic matter), often governed by
water infiltration, in the soil profile.

4.6 Assessment of TME Pollution

According to the PLI value, the soil quality concern-
ing TME safety was classified as follows: null PLI—a
background value, PLI>I1—gradual degradation
(non-polluted to moderately polluted), PLI>2—
moderate pollution, and PLI >4—high pollution.

The contamination factor, by which the contamina-
tion degree was evaluated, was mostly high for differ-
ent sample types, especially for Cd. Accordingly, CF
values of this metal ranged from 38.314 to 111.511.
Thus, CF exceeded the established standards signify-
ing a “very high contamination level” with CF> 6.
Considerably high CF was noticed in profile E1. CF
of Zn value ranged from 0.235 to 1.916 (Table 8)
indicating that contamination of Zn was low to mod-
erate in the total of samples. CF for Sr varied notice-
ably between nearly null values and considerable val-
ues. For further assessment of the pollution status of
the studied site, the pollution load index (PLI) was
determined. The PLI values of the twenty sites var-
ied from 2.84 to 20.29. No soil sample had PLI<2.
Two samples, E4 and E3, have PLI>2 (classified as
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Table 8 Calculated

e Models Profile A Profile B Profile C Profile D Back-
contamination factors (CF) ground
and pollution load index value
(PLI) for samples A, B, C, (mg
and D K N

g7)
Contamination factor Cd 38.314 111.511 44.00 44.885 0.1
Cr 0.311 0.821 0.00 0.371 35
Zn 0.235 1.916 0.417 0.313 52
Pb 0.142 0.125 0.122 0.116 17
Sr 0.806 3.113 1.018 0.582 316
PLI 2.84 20.29 6.056 2.9783 -

moderate pollution) and the two other samples, Eland
E2, with PLI>4 are classified as high pollution sites,
with high contamination factors of Cd and Sr.

Due to natural factors (high-temperature rates)
and management factors (excess of irrigation water),
agricultural land is covered by saline soil and con-
tains frequent gypsum crusts (Besser et al., 2021;
Ncibi et al., 2020a, 2020b). Several environmental
issues developed with the increasing exploitation of
phosphate production. In fact, the mining industry
produces large quantities of waste materials contain-
ing chemical elements, which are environmentally
hazardous. Thus, chemical elements constitute a per-
manent pollution source for the different environmen-
tal components leading to the unhealthy functioning
of the ecological system and raising the discomfort
of the residents (Besser et al., 2018; Mokadem et al.,
2012).

4.7 Air Pollution

In addition, samples show a high concentration of
sulfur responsible for a large quantity training of SO,
and SO;. Thus, NOx (NO, and NO) produced dur-
ing the phosphate transformation activities are dis-
persed over long distances from the M’Dhilla TCG
factories to neighboring regions. Longer exposures
to the high concentration of NO, irritate airways in
the human respiratory system and may cause res-
piratory diseases, particularly asthma and lung can-
cer. NOx gases, particularly NO,, are emitted into
the atmosphere, transported by wind, and inter-
act with water, oxygen, and other chemicals in the
atmosphere to form acid rain. In addition, wind can
blow SOx and NOx over long distances, so acid rain
becomes a widespread problem. Acid rain disrupts
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photosynthesis, hinders growth, and changes plant
leaves morphology (Mabrouk et al., 2020; Moka-
dem et al.,, 2012). Moreover, in open-cast mining
areas, there are concentrations of particles such as fly
ash, fumes, and dust derived from coarse, fine, and
ultrafine apatite particles released during the treat-
ment activities, washing, and transport of phosphate.
Results show that the study area is characterized by a
high contamination factor of Cd and Sr. Thus, daily
exposure to particles rich in TME and radioactive ele-
ments, St, Cd, Pb, Zn..., leads to respiratory and car-
diovascular diseases, cancer, and infertility in young
people (Hamed et al., 2014, 2022a; Khelifi et al.,
2019).

4.8 Soil and Water Pollution

The use of the wet process, in the study area, is
considered less safe to land and ground water,
since 64% of dumped water is evaporated or infil-
trated the soil (Maazoun & Bouassida, 2018).
Although the water consumption in the wet pro-
cess is almost 6 times as the dry one, it seems to
be less dangerous than the dust emission when
using the dry process.

In the attempt to develop a specific method to
avoid the groundwater contamination and health
risk, the use of geomembrane helps drain a signifi-
cant portion of the evacuated water and reuses it in
the industrial process. Therefore, wastewater recovery
saves the environment and also leads to economiz-
ing the natural resources in the industry (Maazoun
& Bouassida, 2018). Likewise, the use of olive mill
wastewater, rich in organic matter, as a solvent consti-
tutes an important solution to protecting the environ-
ment. In fact, the mixture of the olive mill wastewater
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and PG, during 60 days, ensures a supply of about 5%
of organic matter. This product may be used in the
agriculture as a fertilizer (Boughzala et al., 2015).
The study area is characterized by clay and silty
soil. In this context, higher concentrations of TME
are registered in the clay soil and with the presence
of organic matter. This result confirmed many previ-
ous works which reported that muddy and silty soils
retained much higher concentrations of TME (Koret-
sky et al., 2006; Singh et al., 2002). In fact, high CF
was noticed in the study, which is marked by a soil
cover of blackish to a grayish color. Pollutants in con-
taminated soil come mainly from the percolation of
acidulated water and the phenomenon of leaching by
rainwater. The percolation of contaminated sediments
and sludge increases each year, and therefore, the Wadi
perimeter increases along with contaminated surfaces
(Fig. 7a, b). Acid pH increases the solubility of toxic
compounds and thus facilitates their fixation or their
exchanges with the soil. Hence, the degradation of
agricultural soils and the contamination of camel

pasture which consume polluted plants and water and
therefore transfer these toxic metals to consumers
(Fig. 6). In addition, the evaporation phenomenon is
very important and marked by a high concentration of
salt on the surface of the ground cover (Fig. 7e). Thus,
only halophytes plants with great resistance against
TME persist all around the Wadi (Fig. 7¢) (Cagador
et al., 2016; Sghaier et al., 2019; Sleimi & Abdelly,
2003). Vertical distributions of TME in the study area
show a high concentration of Cd, Cr, Zn, and Sr in
high depth. Moreover, the statistical level in the study
area is very high (Fig. 7d). Thus, TME derived from
phosphate ore and PG are mobilized from the soil to
plants and shallow underground aquifers (Hamed
et al., 2022b; Khelifi et al., 2020).

TME exposure in high concentration can cause
severe neurological and developmental health effects
(Hamed et al., 2022a; Khelifi et al., 2020). Because
of its potential toxicity and high mobility in the envi-
ronment, Cd is one of the most poisonous and exten-
sively distributed pollutants (KryStofova et al., 2012).
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Fig. 6 Conceptual model of hydrodynamics, geographical features of the study area, and sampling methods

@ Springer



332 Page 14 0of 18 Water Air Soil Pollut (2023) 234:332

Fig. 7 a Waste water
discharge in El Melah
Wadi. b Domestic waste. ¢
Halophyte factories near the
waste dump Wadi. d Evapo-
ration phenomena and
statistical level. e Sampling

. evaporation
e
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Previous studies in the world aimed to assess the envi-
ronmental and health impact of TME in the mining
area. Chronic inhalation, even at low concentrations,
causes kidney disease. Similarly, acute inhalation of
high concentrations of Cd causes severe lung damage
that can be fatal and could damage the kidneys and
the bones (Khelifi et al., 2019). Recently, the study
by Hamed et al. (2022a) aimed to assess the impact
of TME pollution from phosphate mines in southern
Tunisia. This study shows that the Cd could be trans-
mitted to humans by inhalation, due to its high con-
centration in the environment. The age range affected
the most seems to be the people over 60 years. Indeed,
at least one family member of local residents working
in the mining industry was affected, which reveals the
level of pollution to which they have been exposed
(Hamed et al., 2022a). Gafsa-M’Dhilla-Gabes con-
stitute the triangle of death in Tunisia. These regions
have the highest rate of people suffering from cancer.
Additionally, cancer is considered the most dominant
after lung diseases. Hammas et al. (2016) note that
the highest number of cancer hospital patients come
from the mining region of Gafsa.

4.9 PG Geovalorisation

Several studies have shown that it is possible to
geovalorize Tunisian PG. Nevertheless, PG can
be used in different industrial fields, provided that
the influence of all the impurities it may contain
is controlled. Accordingly, in the cement industry,
the natural gypsum is substituted by PG after a pre-
treatment of this PG (Charfi-Fourati et al., 2000).
On the other hand, the PG could be incorporated
into the fired clay bricks used as a primary mate-
rial in the chemical industry or as a construction
material (Ajam et al., 2009, Saadaoui et al., 2017).
The use of PG in road engineering is considered as
a potential way to mobilize large quantities of this
material (Sfar Felfoul et al., 2002). However, it
poses environmental problems due to the solubility
of the toxic or even radioactive constituents con-
tained in the PG.

The performance of clay materials and the
adsorption process of TME have been verified.
Nevertheless, the effect of pH is the most critical
parameter that influences the adsorption process of
heavy metal ion (Bhattacharyya & Gupta, 20006).

In fact, the adsorption of most heavy metals (Cu,
Pb, Zn, and Cd.) decreases with the increase in
pH above 6, due to the precipitation. On the other
hand, the clay minerals have shown the applicabil-
ity to remove metal pollutants from wastewater (Gu
et al., 2019).

5 Conclusion and Recommendations

This study is an initial investigation to assess the TME verti-
cal distribution and health risks in a typical peri-urban area
in southwestern Tunisia (M’Dhilla basin) using geochemi-
cal and multivariate statistical analysis approaches. The
assessments of the TME pollution using FXL experiments
and multivariate statistical analysis (PCA and HCA) per-
mit the following conclusion: The results showed that Cd,
Sr, and Zn could be derived from an anthropogenic source,
the PG water washing, while Cr and Pb are probably related
to a natural phenomenon. TME contamination in agricul-
tural soils in the study area was “moderate” to “‘severe” as
shown by geochemical investigation of the vertical distribu-
tion of five TME (Cd, Cr, Zn, Pb, Zr, and Sr) in the peri-
urban zone of M’Dhilla mining basin. The TME contents
decrease respectively Sr>Zn>Cr>Cd>Pb. In summary,
TME vertical distribution indicated that despite their behav-
iors to accumulate in the topsoil of long-term polluted areas,
they could still move down to the deep soil layers gradually
and cause deep soil pollution. Moreover, even if the topsoil
is devoid of contaminants, TME are still in high concentra-
tion in the subsoil. The contamination factors proved that the
studied area is definitely in a critical situation with a high
contamination level in the most of sites. In this context, daily
exposure to the contaminants cause serious problems for the
inhabitants of the study area who suffer from many serious
diseases and carcinogenic tumors affecting vital organs like
the lungs, kidneys, and liver.

Additionally, the actual level of knowledge needs
further evaluations of the radioactivity effect of PG
and its environment and health risks. Thus, the best
knowledge of PG radioactivity helps us to better
choose the path of its geo-valorization and to make
the right protective decisions.
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