Tenmmial of Fandam erdal and Applied Scisnces

Journal of Fundamental and Applied Sciences Research Article

ISSN 1112-9867

“ Available online at http://www.jfas.info

TRACE ELEMENTS LATERAL DISTRIBUTION AND LIMITATIONS FOR
REVEGETATION IN LEAD MINE SOILS: CASE OF LAKHOUAT MINE, TUNISIA

H. Sahraouil’*, R. Attiaz, H. Hamrouni® and M. Hachicha!
"nstitut National de Recherche en Génie Rural Eaux et Foréts. Rue Hédi Elkarray, Elmenzah

IV, Tunis, Tunisie

Direction des Sols. Rue Hédi Elkarray, Elmenzah IV, Tunis, Tunisie

Received: 23 July 2015 / Accepted: 30 November 2015 / Published online: 01 January 2016

ABSTRACT

Anthropogenic activities such as mining have increased the prevalence and occurrence of
trace elements soil contamination. Abandoned mine tailings cause the contamination of
adjacent agricultural soils. In Lakhouat mining area (West-Northern Tunisia), the dispersion
of particles containing Pb, Zn and Cd results in the contamination of the surrounding
agricultural soils. These soils presented high concentrations of Pb (1272 mg kg™"), Zn (5543
mg kg) and Cd (25 mg kg™). Furthermore, the tailing sample and soil sample close the dam
tailing presented higher concentrations of Pb, Zn and Cd and conferred more limitation
factors for revegetation than adjacent soils of mining area. The main limiting factors of mine
soils are their low effective depth, low organic matter content and low phosphorus content
and an imbalance between potassium and manganese exchangeable cations. These mine soils
are strongly affected by high Pb, Zn and Cd levels which hinder revegetation.
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1. INTRODUCTION
Trace elements have become increasingly important in environmental media because they are

potentially toxic to plants, animals and human health. At high concentrations, trace elements
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are potentially toxic to humans and environment [1,2]. High concentrations of trace elements
can be found in soils as a result of natural geochemical processes, but human activities can
significantly accelerate these processes. The toxicity and the mobility of trace elements in
soils depend not only on the total concentration, but also on environmental factors and soil
physical and chemical properties [3,4,5].

Mining activities produce a large amount of tailings and represent an important source of
pollution of trace elements [5,6]. After closure of the mine and the processing facilities the
mine-spoils and ore processing wastes persist, representing a source of potentially toxic
elements in the environment [7].

Many cases of trace elements soil contamination have been described in former mining areas,
where significant levels of various elements were mobilized by weathering and leaching from
abandoned mining tailings [8,9,10]. Tailings from former mines are generally deposited on
the soil surface located in agricultural regions. Dispersion of metal rich-particles from mine
tailings is an important hazard for the adjacent agricultural soils. Furthermore, in semi-arid
areas, the dispersion of fine-grained particles of tailings is often enhanced due to the natural
spread of wastes by wind, scarcely soil vegetated, water and rainfall [11,12,13].

Areas affected by mining activities typically support a sparse natural vegetation cover,
principally as a result of an elevated concentration of trace elements combined with adverse
growth conditions (such as low pH values, low organic matter and nutrients).

May studies have focused on revegetation due to plants potential in the rehabilitation of
metal-contaminated land by removal of trace elements from the soil through their uptake and
accumulation. Furthermore, revegetation aims to establish a vegetation cover and promote in
situ inactivation of trace elements. This technique can potentially restore soil quality and
functions, leading to the recovery of vital biogeochemical cycles.

A limiting factor is any critical soil characteristic that limits soil functions [14,15]. Factors
include physical and chemical properties as texture, slope and effective depth of soil and
nutrients levels. An understanding of the different limiting factors of vegetation is essential in
establishing and maintaining plant cover on the affected zone when carrying out stabilization
and restoration work [16].

The objectives of this study were to characterize the mine soils from an abandoned lead mine
in Lakhouat (West-Northern Tunisia) and to determine the soil limiting factors for

revegetation.
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2. MATERIAL AND METHODS

2.1. Study area

The Lakhouat mine located in West-Northern Tunisia (UTM Zone 32 North 522005.378/
4014334.773) (Figure 1) is characterized by a sub-humid to semi-arid climate. The heavy
rainy season occurs from September to April. The most rainfall month is January with 64.9
mm and the driest month is July with 2.5 mm. The highest temperature was recorded on July
with 29.2 °C and lowest was recorded on January with 10.4 °C. The monthly average
humidity ranges from 69% in January to 41.5% in July. The prevalent winds in Lakhouat
Mine are from North-East to South-West and have an average speed of 2.85 m/s. In the
Lakhouat Mine, ore deposits contained galena, schalenblende, pyrite, marcasite and calcite.
The tailings from the Lakhouat mine are stored on three dams (Figure 1). The adjacent soils
are occupied by various annual crops essentially cereal. The mine was closed in 1992 due to

the depletion of reserves.
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Fig.1. Location of sampling areas (S1, S2, S3 and S4) in Akhouat Mine. (Google maps)
2.2. Soil sampling and analysis

The study area was divided into four differentiated zones (Figure 1): (1) the mining area (2)
three tailing dams where the sludge was deposited from the Zn and Pb flotation Process (3) an

area close to the dams and consists of rolling hills and small riparian which make a water
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erosion evidences and (4) a zone of cereal crop plots.

A tailings sample (S1) and three soil samples (S2, S3 and S4) were taken respectively from
zones 2, 3 and 4 (Figure 1), to study the lateral distribution of Pb, Zn and Cd.

Five subsamples per sampling area were randomly collected to a depth of 30 cm and stored in
polyethylene bags. Soil samples were air dried in the laboratory, passed through a 2-mm sieve
and homogenized in a vibratory homogeniser for solid samples.

The soils were described according to the FAO guidelines [17]. Soil pH was determined with
a pH electrode (Sen Tix 41 (WTW) PLUS) in 1:2.5 distilled water to soil extracts [18].
Electrical conductivity (EC) was also determined from saturated soil-paste with Tetra 325
electrode (WTW) according to U.S. Salinity Laboratory Staff [19]. Particle size distribution
was determined following oxidation of organic matter with hydrogen peroxide, the upper
fraction (down to 50 mm) being separated by sieving and the lower one used for subjection to
the internationally endorsed procedure [20]. The effective cation exchange capacity (CECe)
of the soil and exchangeable cations (Ca’’, Mg”", K" and Na") were determined by
inductively coupled plasma-atomic emission spectrometry (ICP-OES) (Optima 4300 DV,
Perkin-Elmer, Germany) after extraction with 0.1 mol L' BaCl, [21]. Organic matter (OM)
content was determined by soil oxidation with potassium dichromate (K,Cr,O,) and
concentrated H,SO4 [22]. Total Kjeldahl-N (organic plus ammonium-N) was determined after
sample pretreatment with salicylic acid and digestion in sulfuric acid for 20 min. An aliquot
of each extract was analyzed by potentiometric titration [23]. The phosphorus content (P) was
extracted with a mixture of ammonium fluoride (NH4F) and EDTA [24]. The carbonate
content was determined with a LECO-100 analyzer connected to a LECO- CN-2000.

Total trace element content was extracted by means of acid digestion using a mixture of
concentrated nitric, hydrochloric and hydrofluoric acids (1:3:3 v/v/v) in Teflon bombs placed
in a hot plate. Trace element analysis was carried out by ICP-OES (Perkin Elmer Optima
4300DV) [25].

For each physico-chemical parameter some critical values were assigned, following the
modified method proposed by the Soil Fertility Capability Classification [5] (Sanchez et al.,
2003) and soil quality indicators [4,26]. The intrinsic limiting factors for each soil sample
were determined by using these criteria.

2.3. Statistical analysis

The results were analyzed statistically using the software SPSS® for Windows version 20.0.

Statistical significance of differences was determined by variance analysis ANOVA and
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Duncan's multiple range test were used to compare the differences between the soils and the

least-significant difference (LSD) test at the 5%level was used to separate the means.

3. RESULTS AND DISCUSSION

3.1. General characteristics of soils

The topsoil description was described according to the FAO guidelines [19] (Table 1). The
physical and chemical characteristics of the soils (S1, S2, S3 and S4) are summarized in table
2, which indicates significant differences in the components and properties of the soils.

The soil pH were alkaline and varies between 8.01 (S2) and 8.49 (S4). The organic matter
content varies between 1.26% (S1) and 1.74% (S4). EC ranges from 0.24 dS m™ (S3 and S4)
to 1.10 dS m™ (S1). The CECe varies between 16.91 cmol kg™' (S1) and 29.37 cmol kg™ (S3).
Carbonate contents were not detected on S1 and reached 42% on S2. The particle size
distribution of soils exhibits a substantial variation in sand, silt, and clay contents ranging
from 16 to 89% for sand, 6 to 38% for silt, and 6% to 70% for clay. The soils present a
nitrogen content that varies between 0.18% (S1) to 90% (S4).

In general, Pb, Zn and Cd showed very high concentrations in all samples (concentrations
reached 2524, 37723 and 27 mg kg™ for Pb, Zn and Cd respectively). The lateral variation of
Pb, Zn and Cd from the tailing dam showed a decrease from the upstream to downstream
(From zone 2 to zone 4 (Figure 1).

Table 1. Topsoil description of the study area

S2 (Zone 3)

0-30 cm: gray (7.5Y 5/1). Sandy texture. Weak, crumbly structure. Very friable. Adherent and
plastic. Presence of very fine particles of bright color. Presence of shell debris. Presence of

limestone pebbles. High porosity. Effervescence with HCI. Few roots.

S3 (Zone 3)

0-30 cm: black brown (10Y 3/2). Clayey. Weak. Crumbly structure. Friable. Adherent, and
slightly plastic. High porosity. Frequent presence of roots. Effervescence with HCI.

Abundance of fine roots.

S4 (Zone 4)

0-30 cm: dark brown (7.5YR 3/3). Silty clay texture. Crumbly structure. Friable. Adherent,
and slightly plastic. Presence of limestone pebbles. High porosity. Frequent presence of roots.

Effervescence with HCI. Numerous roots.

Indeed, Pb and Cd presented the highest concentrations on S1 (2524 mg kg for Pb and 27
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mg kg for Cd). These concentrations remained high enough up, eventually for S3 which
presented significant high concentrations than S2. For Zn, S3 presented the highest
concentrations (37723 mg kg") and showed significant difference with S1 and S2. Eventually,
S3 showed the higher concentrations of Zn and Pb than S2, which has the highest content of
clay (70%), highest CECe (29.37 cmol kg'), moderate OM content (1.61%) and high
carbonate contents (30%) (Table 2). Therefore, a possible explanation for this result might be
that soil CECe, clay content, carbonate and OM were the controlling key factors of Pb, Zn
and Cd soil concentration [27].

On cereal crop area (Figure 1, zone 4), Pb, Zn and Cd concentrations decreased significantly
to close cereal plots and reached 1272 mg kg™ for Pb, 5543 mg kg™ for Zn and 25 mg kg™ for
Cd. These trace elements accumulate in agricultural soils (S4, zone 4) and vegetation, which
is a health risk to humans and grazing animals.

Table 2. Physicochemical characteristics of the soil samples in the sampling areas

Soil characteristic ¥ S1 S2 S3 S4
pH (H,0) 8.35b% 8.01c 8.16¢ 8.49a
EC (dSm™) 1.10a 0.50b 0.24b 0.24b
Sand (%) 88a 89a l6c¢ 23b
Silt (%) 6¢ 8¢ 11b 38a
Clay (%) 6¢ 2d 70a 38b
Ca”" (cmol kg™ ") 5.4la 3.08¢ 3.12¢ 4.21b
Na' (cmol kg ™) 0.61b 0.12c 0.53b 3.52a
Mg*" (cmol kg™ ") 6.64a 4.23¢ 3.29d 4.93b
K" (cmol kg™ ") 3.52d 12.31b 22.43a 6.24c
A" (cmol kg ™) nd? Nd nd Nd
CECe (cmol kg™ 16.91d 19.75b 29.37a 17.62¢
OM (%) 1.26b 1.28b 1.61a 1.74a
Carbonate contents (%) nd 42a 30b 24c¢
N(%) 0.18b 0.22b 0.82a 0.90a
P (mgkg™) 10.24d 13.56¢ 28.43a 20.44b
Pb (mg kg™) 2524 1355 1860 1272
Zn (mg kg™) 18133 14320 37723 5543
Cd (mg kg™ 27 22 26 25

a) Means followed by the same letter(s) within each row are not significantly different at P <0.05 (n = 5). b) Not detectable.
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Similar studies in Tunisia, reported high Pb, Zn and Cd concentrations in topsoil close mining
sites, eventually on Bougrine, Boujaber and Fedj Lehdoum, Jalta sites reaching 12000 mg kg
' 1000 mg kg and 19 mg kg Pb, Zn and Cd, respectively [13,28].

High trace elements concentrations were also found on similar soil properties and similar
climate. For example, In Morocco, lavazzo et al. [29,30] reported high Pb, Zn and Cd
contents reaching respectively 13300 mg kg™, 182000 mg kg and 1020 mg kg, in the
abandoned mine of Upper Moulouya lead district site. In Spain, Monterroso et al. [2] showed
a high heterogeneity lateral distribution and founded higher concentration of trace elements
on mine soils than those of Tunisian mine soils, reaching 6100 mg kg™, 52000 mg kg™ and 95
mg kg for Pb, Zn and Cd respectively.

Three factors may be suggested to explain the lateral distribution of Pb, Zn and Cd from the
mine area:

(1) The topography of the region and the locations of soil samples relative to the tailing dam
and the stream: The topography played an important role in the distribution of Pb, Zn and Cd
downstream Lakhouat tailing dam. Indeed, the region has a relatively flat topography and
depressions on zone 3, that trap sediment discharges and then transported mainly by the river.
These depressed areas have allowed the deposit of tailing wastes, for this reason S3 showed
higher significant concentrations of Pb, Zn and Cd than S2.

(2) Physicochemical properties of soil samples: It was reported that the physical and chemical
properties of soil, including CECe, clay content, and pH, were the dominating factors of trace
elements mobility [1,31,32]. Lead, Zn and Cd mobility increased with decreasing soil CECe,
decreasing soil organic matter decreasing carbonate contents and decreasing soil clay content
[33]. Table 2 showed that the CECe content in S3 was 26.17 cmol kg™ greater than that on S1
and S2, respectively.

(3) The abandoned tailing dams without implementing a protection system, the natural spread
of tailing by wind, water and rainfall results in the contamination of adjacent soils: Wind
transport of tailings may be another important factor influencing the spreading of pollution, as
has been reported by several authors for pollution distribution from minning area [13,34,35,
36,37]. Furthermore, in semi arid environments, aeolian erosion is the dominant natural
means of pollution by tailing mine spread to agricultural adjacent soils. Consequently, soils
located in the prevalent wind direction from the tailing dams, were contaminated in Pb, Zn
and Cd due to the aeolian deposition of trace elements-rich particles. In addition, hydric

transport is a local cause of trace elements contamination. For example, soils are flooded
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during flood periods and receive substantial quantities of tailings materials from tailing dams,
which lead to Pb, Zn and Cd contamination of the surrounding agriculture soils.

3.2. Limiting Factors for revegetation

A series of critical values were assigned to each of the physical or chemical parameters based
on the method proposed by the Soil Fertility Capability Classification [5]

Table 3 presented the limiting factors for revegetation for S1, S2, S3 and S4. The effective
depth (E.D) of S1 and S2 is less than 50 cm, which is considered to be a limiting factor for
plant growth [4]. Similarly, S1 and S2 have strong limitation for >2mm fraction and low
organic matter. These conditions are often identified as some of the main factors contributing
to declining soil productivity in mine soils and soil degradation by decreased aggregate
stability, increased risk of erosion and reduced nutrient leaching.

The studied soils presented a moderately alkaline pH which contributed to a decrease of Pb,
Zn and Cd mobility essentially by the formation of precipitates and by increasing the number
of sorption sites. The carbonate rich conditions at Lakhouat mine (S2, S3 and S4) produce and
maintain a moderately alkaline soil pH. This pH decreases the solubility of Pb, Zn and Cd by
reducing their soil solution concentrations and their absorption by plants.

A common chemical characteristic limit of the soils is abnormally high soil potassium which
causes reduced crop production. All of the soils have a limiting factor for the studied trace
elements with high concentrations of total Pb (pbl), Zn (znl) and Cd (cdl) which may
seriously jeopardize the revegetation.

The limit factor K/Mg ratio indicates that the soil has lower availability of Mg in all studied
soil.

Soil phosphorus on S1 and S2 was low because the soil fines fraction was also low (6% and
2% compared to 70% and 38% on S3 and S4) [38], causing less phosphorus to be available to
plants [39]. In addition, decreased of the phosphorus concentrations in both S1 and S2 are
probably due to organic matter adsorbing extractable phosphorus or to microbial uptake of
available phosphorus for organic matter decomposition.

None of the soil samples exhibited the limit factor N, despite S1 and S2 have a low N content
which might due to the toxicity of the tailings and thus the absence of microorganisms that
transform organic N into forms that are available to plants [40]. However, we showed a
progressive increase of N far to the lead tailing dams; eventually S3 and S4 presented higher
N percentage indicating higher microorganism densities in these soils proportionally with the

decrease of mine tailing.
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Table 3. Limiting factors for forest production in the soil samples of the sampling areas S1, S2, S3 and S4

Limiting Limitation condition S1 S2 S3 S4
factor

Limitation Value Limitation = Value  Limitation Value Limitation Value
E.D. <50 cm Strong 5 Strong 15 N.L 60 N.L 60
pH(H,0O) USDA-NRCS, 1998 Moderately 8.35 Moderately  8.01  Moderately 8.16 Moderately 8.49

alkaline alkaline alkaline alkaline
>2mm Strong: > 35%; Strong 88 Strong 89 moderate 16 moderate 23
fraction moderate: 15%-35%
mo Organic matter content L 1.25 L 1.28 N.L 1.60 N.L 1.74
<1.5%
N Total N content <0.1% N.L 0.18 N.L 0.22 N.L 0.82 N.L 0.90
P Deficit <18 mg kg’' L 10.24 L 13.56 N.L 28.43 N.L 20.44
e Strong: CECe <4 cmol) N.L 16.91 N.L 19.75 N.L 29.37 N.L 17.62
kg, Moderate:
> 4 <7 cmol kg’
mgl <0.4 cmol kg™' in CEC N.L 6.64 N.L 4.23 N.L 3.29 N.L 4.93
mg2 K/Mg >0.5 L 1.06 L 5.82 L 13.64 L 2.53
cal <1.5 cmol kg in CEC N.L 5.41 N.L 3.08 N.L 3.12 N.L 4.21
ca2 Ca” /Mg~ <0.5 N.L 0.82 N.L 0.73 N.L 0.95 N.L 0.85
N (%) Saturation of Na™ > N.L 0.18 N.L 0.22 N.L 0.82 N.L 0.90
15%
11<1 (cmolkg < 1.5cmol kg in CEC N.L 3.52 N.L 12.31 N.L 22.43 N.L 6.24
)

k2 (%) K+/Xbases < 2% N.L 21.76 N.L 62.36 N.L 76.38 N.L 35.41
pbl ICRCL Guideline L 2524 L 1355 L 1860 L 1272
cdl ICRCL Guideline L 27 L 22 L 26 L 25
znl ICRCL Guideline L 18133 L 14320 L 37723 L 5543




H. Sahraoui et al. J Fundam Appl Sci. 2016, 8(1), 101-114 110

The Pb, Zn and Cd concentrations of the soils is high and thus surpasses the critical limit
indicated in diverse reference guides (ICRCL) [40]. Consequently, these soils are rather
difficult to revegetate and then the stabilization of tailings can be very complex and slow due
to trace elements toxicity. The results are consistent with those of several authors in other
mine soils in Tunisia (Sidi Bouaouane, Jebel Ressas, Boujaber, Slata, Fedj Lehdoum et
Bougrine) [13,28,36,41] and showed that Tunisian minesoils concentrations therefore have
very high Pb and Zn levels which are probably the most important hindrance that has to be

overcome before revegetating [42].

4. CONCLUSION

The Pb, Zn and Cd concentrations in the studied polluted soils were higher than the maximum
limits established in some reference guides. Soil physicochemical characteristics and
environmental conditions, inducing aeolian deposition of trace elements-rich particles and
hydric transport from tailing dams, may influenced the lateral distribution of Pb, Zn and Cd
into their surroundings. The most important limitation factors of mine soils are their low
effective depth, low organic matter content and low phosphorus content and an imbalance
between exchangeable cations. Adding organic amendments like technosols, compost, and
fertilizers can improve the soil properties; improve soil functions and quality, and benefitting

the natural plant cover.
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