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Abstract

The mineral extraction in the mining mountain of Cartagena-La Union has been
developed during 2500 years by different population who have colonized the area. Now, we
can find many polluted mining residues by heavy metal in this area due to mineral extraction.
This mining residues have a negative impact on the environment and on the human health.

To decrease these impacts, it must decontaminate this zone.

In the mining mountain of Cartagena-La Unidn, there is an area restored by a technique
of phytoremediation. The technique used is the aided phytostabilization. The principle of this
technique is to use tolerant plants with metal to immobilize heavy metals by an accumulation

in the root or a precipitation in the rhizosphere.

As the physical and chemical characteristics in the area of study aren’t appropriate for
the majority of plants, it must use amendments to facilitate the growth of plants. For this

project, the amendments are: pig slurry, pig manure and marble mud.

Two years after the end of the rehabilitation of Santa Antonieta tailing pond, we can
see that exist differences in the growth of the plants. There are plots where there aren’t plants
and others areas where plants are developed. The objective of this project is to study the
differences of soil physical and chemical properties among the plots where there is a good
vegetation cover and areas where there aren’t plants. After carrying out the lab analyses and
visits to the studied area we conclude that the pH influences on the vegetation development
due to its acidity. Also, the electric conductivity negatively influences the development of the
vegetation when the values are very high for that plants can absorb the water and the
nutrients. The inorganic carbon is too low in order that the vegetation grow, due to it prevents
the biological activity and the nutrients retention of the soil. The available phosphorus is also
too low, it's an important component for the plants growth but when the pH is acid, the
available phosphorus become unavailable. Regarding the heavy metals concentrations in the
studied plots we observed that copper, zinc and cadmium affect the efficiency of the aided

phytostabilization.

Keywords: Phytostabilization; Polluted mining residue; Heavy metals; Mixing of marble mud,

pig slurry and pig manure.
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1. Introduction

1.1. Previous history

1.1.1. Mining activity in district of Cartagena-La Union

The mining district of Cartagena-La Union is one of the most important of Spain and it
is the most representative of the Murcia Region. The mining district of Cartagena-La Union is
a coastal mountain about 26 km length which is one of the most important mining districts in

the Iberian Peninsula [1].

In this district, there were a large deposit of iron, lead and zinc [2]. This concentration
of metals is associated with volcanic activity that took place in the south-eastern of Spain
during the Upper Miocene. The alteration of potassic calc-alkaline rocks (andesite, dacite and

rhyodacites) resulted in the precipitation of minerals in faults and cavities of the mountain [1].

The mining activity of Cartagena-La Union has been developed for more than 2500

years. It has been one of the most important in Spain and in Europe [2].

The mining extraction has started in the 3 century BC by the Carthaginians. Their
objective was to extract precious metals in order to finance their wars campaign in the Iberian
Peninsula and in the Mediterranean Sea. Then, during the Roman era, the Roman civilization
has started to exploit in a way more intensive the mining resources. The Roman civilization
has mainly extracted the silver to commercialize it. During the Middle Age, the mining activity

has deeply decrease due to the barbaric invasion and afterwards the Muslim occupation [2].

In the 19™ century, the mining activity started again and it was superior at the mining
activity of Roman. This recovery is mainly due to the industrial revolution with the promulgation
of the Mine Law in 1825. It's also due to the discovery of a vein Jaroso de Almagrera in 1839
which will provoke an increase of the mining activity. What will enable to the Spain to be one
of the first international exporter of lead and silver in the middle of the 19" century. During this
period, the zinc and iron were exploited too. At the end of the First World War, the mining
activity has deeply decrease by the fact that the commercial value of metals had decreased,
the deposits were over-exploited and that there were few investments in the technology of

mining activity [2; 3].

In the middle of the 20™ century, the mining activity started again with a new exploitation
technique: the opencast mining operation with the separation of mineral through wells by
differential flotation using the cutting method in order to increase the profitability of the
exploitation. In the end of the 1980s, the mining exploitation has reduced a lot due to the
exhaustion of mining resources, a weak need in metals and a reduction of the metals price. In

1991, the mining activity of Cartagena-La Union definitively stopped [2; 3].
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The mining exploitation with the separation of mineral through wells by differential
flotation has created several million tonnes of sterile residues which contain lead, zinc, copper
or iron. We can see on the Photo 1 the sterile residues after the mining exploitation [3].

Photo 1: Landscape after the mining exploitation. Source: www.panoramio.com

1.1.2. Environmental impact of the mining operation

First of all, the opencast mining operation creates a large disfigurement of the
landscape like we can see on the Photo 1. It requires to excavate one or several huge hole on
the shore to extract the metals contained in the mountain. This operation is done at open air
because it is not possible to find metals in high concentrations in veins as before. The metals

extracted are found in small concentrations and diffused in vast stretches of subsail [4].

The main environmental impacts caused by the mining operation are widely known.
The mining operation at large scale has harmful impact. We will see the different impacts which
has been identified in several opencast mining operations [4]:

- Large scale pollution of surface water and groundwater with toxic substances,
including: arsenic, lead, cadmium, chromium, cyanide and mercury. And some
radioactive substances with catastrophic impact on the fauna, the flora and the human
health

- Acid rock drainage: a process that acidifies the surface water and groundwater and
favours the water contamination with heavy metals, including several centuries after

the end of the mining operation

- Massive deforestation and drought, which create a desertification and a depletion of

water resources


http://www.panoramio.com/

Identification of soil physical and chemical and properties involved in aided phytostabilization efficiency of a tailing pond

- Destruction of habitats of animal species and plants species in danger of extinction and

certain entire ecosystems.
- Harmful impacts to the protected areas

- Air pollution due to the dust and the noise generated by the recurring explosions
produced in the excavation. The noise of the mills and the constant vehicular traffic can

create impacts on the flora and the wildlife
- Emissions of greenhouse gases

- Soil pollution

Moreover, the soils conditions of mining deposits are unfavourable for plant growth:
acid pH, high salinity, high concentrations of heavy metals and metalloids, low content of
organic matter and nutrients [5]. However, some species are able to colonize this type of soil
for example, Hyparrhenia hirta or Zygophyllum fabago [6]. But the ingestion of these plants by

herbivorous animals can make entry the heavy metals into the food chain [7]

Furthermore, in certain weather conditions, the structure of mining deposit can be
vulnerable to the collapse. The stability of the tailing ponds is affected by the collapse of dams,
sliding and erosion of the slope foot and gully erosion. The sliding of the slope can occur during
periods of torrential rains which provoke the erosion of the slope foot and the overflow water
above it. Moreover, the tailing pounds are not waterproof and hasn’t interior system of
drainage, so, before a periods of torrential rains, the only way out of the water is the
evaporation, the infiltration or exceed the slope. Besides, the high gradient of the slopes

facilitates the material loss by the erosion [8].

1.1.3. Rehabilitation techniques of soils using phytoremediation

There are different techniques of soil rehabilitation like physical and chemical
treatments (for example: soil washing technique, electronic remediation or physical
separation), heating treatments with the vitrification technique and biological treatments (the
bioaugmentation and phytoremediation). In this part, we will study the different technique of

phytoremediation [9].

The phytoremediation is a process which use plants to eliminate, transfer, stabilise and
destroy the organic pollutants and inorganic pollutants; it's a long-term technique. There are
different techniques of phytoremediation: phytoextraction, phytostimulation, phytodegradation,

phytovolatilization and phytostabilization, like we can see on the Figure 1 [9].
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Phytovolatilization

Phytodegradation

Phytostabilization

Figure 1: Phytoremediation techniques.

Phytoextraction

The phytoextraction is the uptake of contaminants by plant roots and the movement of
the contaminants from the roots to aboveground parts of the plant. The contaminants are
generally removed from the site by harvesting the plants. The phytoextraction accumulates the
contaminants in a much smaller amount of material to be disposed of than does excavation of

soil or sediment [9; 10].

The technique is mostly applied to heavy metals and radionuclides in soil, sediment,
and sludges. It may use plants that naturally take up and accumulate extremely elevated levels
of contaminants in their stems and leaves. It can also entail the use of plants that take up and
accumulate aboveground significant amounts of contaminants only when special soil
amendments are used. The plants used are highly specialized, occur naturally, and can
tolerate very elevated concentrations of metals that would be toxic to other plants. Typically,
these plants are small, have a small and shallow root system, and grow relatively slowly. The

phytoextraction is primarily used in the treatment of soil, sediments, and sludges. The

10



Identification of soil physical and chemical and properties involved in aided phytostabilization efficiency of a tailing pond

phytoextraction is generally limited to the immediate zone of influence of the roots; so, root
depth determines the depth of effective phytoextraction. The root zones of most metal
accumulators are limited to the top foot of the soil [9; 10].

Studies about the phytoremediation have shown that the plants the most
hyperaccumulator are found in the Brassicaceae, Euphorbiaceae, Asteraceae, Lamiaceae, or
Scrophulariaceae plant families [11]. For example, the study of Nanda Kumar et al. (1995) or
the study of Raskin, I. et al. (1997) have shown that Brassica juncea can accumulate Pb, Cr
(VI), Cd, Cu, Ni, Zn, 90Sr, B, and Se and in some case, the plants can have 10% of Pb in its
roots [12; 13]. Moreover, Baker et al. (1995) have shown that it exists around 80 species of
nickel-accumulating plants in the Buxacae family and in the Euphoribiceae family [11]. Some

plants of the Euphoribiceae family can accumulate up to 5 % their dry weight in nickel [14].

The advantage of this technique is that the phytoextraction is able to trap metal and
radionuclide contaminants that are in mobile chemical forms. These forms are the most
threatening to human and environmental health. The disadvantages are that the most of the
plants that are considered good candidates for use with this technology do not grow well under
submerged conditions. So the phytoextraction has not been applied to wetlands. The
accumulation of contaminants in the aboveground part of the plants may pose a risk to animals

eating these plants and fences may be needed to deter grazing animals [10].

Phytostimulation

The phytostimulation is also called rhizodegradation. The phytostimulation is the
breakdown of an organic contaminant in the soil through microbial activity that is enhanced by
the presence of the root zone. The phytostimulation is also known as plant-assisted
degradation, plant-assisted bioremediation, plant-aided in situ biodegradation, and enhanced
rhizosphere biodegradation. The root-zone biodegradation is the mechanism for implementing
rhizodegradation. The root exudates are compounds produced by plants and released from
plant roots. They include sugars, amino acids, organic acids, fatty acids, sterols, growth
factors, nucleotides, flavanones, enzymes, and other compounds [9; 10; 15].

The microbial populations and activity in the rhizosphere can be increased due to the
presence of these exudates and can result in increased organic contaminant biodegradation
in the soil. Additionally, the rhizosphere substantially increases the surface area where active
microbial degradation can be stimulated. The degradation of the exudates can lead to co-

metabolism of contaminants in the rhizosphere [16].

11
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The plant roots can affect soil conditions by increasing soil aeration and moderating
soil moisture content, thereby creating conditions more favourable for biodegradation by
indigenous microorganisms. Therefore, they increased biodegradation could occur even in the

absence of root exudates [10].

The root depth is very limited because the rhizosphere extends only about 1 mm from
the root and initially the volume of soil occupied by roots is a small fraction of the total soll
volume, the soil volume initially affected by the rhizosphere is limited [10]. Different studies

have shown example of plants which can be used in the phytostimulation:

- Study of Federle et al. (1989) has shown that species of Morus rubra L., Malus fusca
R. Schneid and Maclura pomifera R. Schneid produced exudates containing relatively
high levels of phenolic compounds, at concentrations capable of stimulating growth of
PCB-degrading bacteria [17].

- Study of Donnelly et al. (1994) has shown that Mentha spicata can extract contained a

compound that induced cometabolism of a PCB [18].

- Study of Narayanan et al. (1995) has shown that the PAH degradation occurred through
the use of the following mix of prairie grasses: Andropogon gerardi, Schizachyrium
scoparius, Sorghastrum nutans, Panicum virgatum, Elymus canadensis, Agropyron

smithii, Bouteloua curtipendula, and Bouteloua gracilis [19].

The advantages of this technique are that the contaminant destruction occurs in situ
and a low installation and maintenance cost as compared to other remedial options. The
disadvantages are the root depth can be limited due to the physical structure or moisture
conditions of the soil, the plants need additional fertilization because of microbial competition

for nutrients [10].

Phytodegradation

The phytodegradation is also known as phytotransformation is the breakdown of
contaminants taken up by plants through metabolic processes within the plant, or the
breakdown of contaminants external to the plant through the effect of compounds (such as

enzymes) produced by the plants [9; 10].

The main mechanism is plant uptake and metabolism. Additionally, degradation may
occur outside the plant, due to the release of compounds that cause transformation. Any

degradation caused by microorganisms associated with or affected by the plant root is

12
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considered rhizodegradation. For phytodegradation to occur within the plant, the compounds
must be taken up by the plant [10].

One study identified more than 70 organic chemicals representing many classes of

compounds that were taken up and accumulated by 88 species of plants and trees [20].

Uptake is dependent on hydrophobicity, solubility, and polarity. Moderately hydrophobic
organic compounds (with log kow between 0.5 and 3.0) are most readily taken up by and
translocated within plants. Very soluble compounds (with low sorption) will not be sorbed onto
roots or translocated within the plant. Hydrophobic compounds can be bound to root surfaces

or partitioned into roots, but cannot be further translocated within the plant [21; 22].

The organic compounds are the main category of contaminants subject to
phytodegradation. In general, organic compounds with a log kow between 0.5 and 3.0 can be
subject to phytodegradation within the plant. Inorganic nutrients are also remediated through
plant uptake and metabolism. In the organic compounds subject to phytodegradation, we can

find: chlorinated solvents, herbicides, insecticides, munitions and phenols [10].

Some studies have shown that Salix nigra, Liriodendron tulipifera or Taxodium
distichum are able to support some degradation of the herbicide bentazon [23].
And the degradation of the atrazine (pesticide) is possible with hybrid poplars (Populus
deltoides x nigra DN34, Imperial Carolina) [24].

The advantage of this technique is that the contaminant degradation due to enzymes
produced by a plant can occur in an environment, free of microorganisms. The plants are able
to grow in sterile soil and also in soil that has concentration levels that are toxic to
microorganisms. Therefore, phytodegradation potentially could occur in soils where
biodegradation. The disadvantage is that toxic intermediates or degradation products may form
[10].

Phytovolatilization

The phytovolatilization is the uptake and transpiration of a contaminant by a plant, with
release of the contaminant or a modified form of the contaminant to the atmosphere from the
plant through contaminant uptake, plant metabolism, and plant transpiration. One of the
advantages of this techniques is that the contaminants or metabolites released to the
atmosphere might be subject to more effective or rapid natural degradation processes such as

photodegradation [9; 10].

13
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This technique can be used to decontaminate a soil polluted by chlorinated solvents
include TCE, TCA and the carbon tetrachloride [10; 24] and some inorganic contaminants like
Se or Hg [25].

Some studies have shown that the use of Medicago sativa participates in the
phytovolatilization of the TCE [24]. Brassica juncea and Brassica hapus can phytovolatilizated
the selenium [26]. And Arabidopsis thaliana genetically modified including a gene for mercuric
reductase converted mercuric salts to metallic mercury and released it to the atmosphere can

be used in phytovolatilization of the mercury [27].

The advantages of this technique are that the contaminants could be transformed to
less-toxic forms, such as elemental mercury and dimethyl selenite gas and the contaminants
or metabolites released to the atmosphere might be subject to more effective or rapid natural
degradation processes such as photodegradation. The disadvantage is that the contaminant
or a hazardous metabolite (as vinyl chloride formed from TCE) might be released into the

atmosphere [10].

Phytostabilization

The phytostabilization is defined as immobilization of a contaminant in soil through
absorption and accumulation by roots, adsorption onto roots, or precipitation within the root
zone of plants, and the use of plants and plant roots to prevent contaminant migration via wind

and water erosion, leaching, and soil dispersion [9; 10].

The phytostabilization occurs through root-zone microbiology and chemistry, and/or
alteration of the soil environment or contaminant chemistry. Soil pH may be changed by plant
root exudates or through the production of CO,. The phytostabilization can change metal
solubility and mobility or impact the dissociation of organic compounds. The plant affected soil
environment can convert metals from a soluble to an insoluble oxidation state. The
phytostabilization can occur through adsorption, precipitation, complexation, or metal valence
reduction [10; 28]. The plants can also be used to reduce the erosion of metal contaminated
soil [10].

The most of the time, the phytostabilization is used in the decontamination of soils
polluted by metals. The different metals are: arsenic, cadmium, chromium, copper, mercury,
lead and zinc. For the phytostabilization of soils contaminated by heavy metals, it must use
metal-tolerant plants [10].

The study of Salt et al. (1995) has shown that Brassica juncea can be reduce the leach

of metals from soil by over 98% [29]. In climate semiarid, it must choose plants resistant to the

14
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drought and the salinity [30]. Additionally, the use of native species avoids the introduction of
invasive species that can reduce regional plant biodiversity recommend find spontaneously
species that have colonized mineral deposits with similar characteristics and which are entirely
adapted to high levels of pollution [31; 32].

The advantages of this technique are that it recudes the mobility, and therefore the
risk, of inorganic contaminants without removing them from their location, compared to other
phytoremediation techniques, the using of material handling is limited and the cost are usually
low. The disadvantages are that the contaminants remain in place. The vegetation and soil
may require long-term maintenance to prevent rerelease of the contaminants and future
leaching and the vegetation may require extensive fertilization or soil modification using

amendments [10].

The use of amendments

Amendments can be used on site to increase performance phytotechnological, it is

called aided or assisted phytotechnologies. There are two types [33]:

- Chemical amendments

- Organic amendments (bacteria, mycorrhizal fungi)

Their role is intended for example to increase the mobility of trace elements to
facilitate their absorption by plants for the phytoextraction, decrease the mobility of trace
elements to improve the immobilization by plants for the phytostabilization or to create good

conditions that allow the plant growth and increase their biomass [33].

Some studies have demonstrated the beneficial use of different amendments like:

- Study of Sang-Hwan et al. (2014) which have shown that the using of red mud
and P. aquilinum have decreased the bioavailability of Pb and reduced it to 34% of the
total Pb of the soil [34]

- Study of Pérez-Sanz et al. (2004) have shown that the using of cyclonic ash increase

the pH and the using of steel shots have generated a big production of biomass [35]

- Studies of Kabata-Pendias (2011) and Fernandez-Caliani et al. (2010) have
established that the using of marble can neutralize the acidity and decrease the mobility

of heavy metals [36; 37]

15
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- Studies of Pardo et al. (2011) and Zornoza et al. (2012) have checked that the using of

pig manure can promote the plant growth because it contains a high quantify of
nutrients like nitrogen or phosphorus [38; 39].
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1.2. Objectives

The main objective of this work is to identify what are main the physical and chemical
properties which affect the aided phytostabilization efficiency in Santa Antonieta tailing pond.

This main objective can be divided in three specific objectives:

1. Estimate the vegetation cover, and biodiversity in the different study plots.

2. Determine what are the soil properties that affect the development of vegetal species

which are used in the phytostabilization.
3. Know the total, bioavailable, water soluble heavy metal (Pb, Cu, Zn and Cd)

concentrations and the heavy metal fractionation for determining their influence on the
phytostabilization technique used in this research.

17
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2. Material and method

2.1. Study area
2.1.1. Geographic location

The study takes place in Santa Antonieta tailing pond located in Cartagena-La Union
Mining district (37° 35’ 38" N, 0° 53’ 11" W), in the southeast of Murcia Region (Spain) (Figure
2 and Photo 2). The tailing pond has a surface of 1.4 ha. The soil is a Spolic Technosol
(according to Key of Soil Saxonomy, 2015) with sandy loam texture. This type of technosol
has anthropogenic origin and it's possible to recognise the presence of material extracted of
the solil [7; 40].

Figure 2: Mining mountain of Cartagena-La Union. Source: Google Earth.

Photo 2: Study area: Santa Antonieta tailing pond.

18
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2.1.2. Geology

The mining area is part of the last oriental foothills of the Betic Cordilleras emerged in
the Cenozoic during the Alpine orogeny, because of the collision of the Mesomediterranean
plate with the Iberian plate. Geologically, the mining mountain is composed by two tectonic

superimposed components [41].

One of the tectonic components is very ancient and belongs to the nevado-filabride
complex, formed during the Paleozic and composed by metamorphic materials (micaschist). It
appears in form of rocks with a slaty aspect very obscure in the zone more oriental in the
mountain, in the surroundings of Calblanque, Cala Reona and Cabo de Palos [42; 43].

The other component is more modern, it is formed during the Trassic and correspond
to the alpujarride complex which is superimposed in form of cape. This section is composed
by metamorphic rocks and sedimentary rocks. It appears in the centre of the mountain, in the
Monte de las Cenizas and it stretches from the west (Portman, La Unién, the mountain of the

Fausilla) to the Cartagena’s Port [41].

2.1.3. Topography

The “Campo de Cartagena” is surrounded on all its contour by mountainous elevation
except for the coastal area [44]. By the north it is bounded by the mountain of Carrascoy (Figure
3), whose height gradually decreases to the east, with only some small elevation near the
Mediterranean Sea. The central part of the “Campo de Cartagena” belongs to the
municipalities of Torre Pacheco, Fuente Alamo and Cartagena. In this area, some hill or hillock
highlight as the Cabezo Gordo (312 m), at the west of San Javier and Carmoli (117 m), further
at the south and along to the Mar Menor [42].

In its southern part, it is bordered by an orographic set of east-west direction that
separates the Mediterranean Sea, from Cabo de Palos to the limit of the end of Cartagena’s
city. This mountainous group starts on the east by the mountain of Cabo de Palos and increase
its altitude in the mining mountain, formed by the municipalities of El Llano Beal, Cartagena
and La Union which occupy an area of 50 km? where we can find many mining operations
abandoned [45].
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Figure 3: Topography of the “Campo de Cartagena”. Source: ArcGIS Online.

2.1.4. Climatology

Area climate is semiarid Mediterranean with a long and warm summer, a short and cold
winter, moderate spring and moderate autumn. The temperatures are often softened by the
proximity to the sea which enables the presence of cooler summers than the interior of the
Region of Murcia [43].

The average annual temperature in the study area is of 17 °C (Figure 4). The
oscillation average temperatures vary between 10.6 °C in January and 24.9 °C in August, with
intermediate values in December, February, March, April and May. But is doesn’t exist period
of temperature equal or inferior at 5 °C so the risk of frost is low. The absolute extreme values

are 40 °C because of continental tropical winds [43].

Figure 4: Temperatures in the Region of Murcia [46].
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Moreover, we can observe in Figure 5 that the annual rainfall is between 300 and
350 mm. The rate of annual potential evapotranspiration exceeds 900 mm, which causes a

large annual hydric deficit [7; 47].

El
3
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Figure 5: Precipitations in the Region of Murcia [46].

2.1.5. Rehabilitation of the study area

Firstly, the surface of the tailing pond was levelled and a drainage system was created to
avoid the formation of flooded areas that can compromise the real reclamation of the tailing
ponds. In addition, the amelioration of the access roads was needed to permit the passage of

trucks and agricultural machinery [7].

The tailing ponds are formed by cementing agents such as oxides and hydroxides of iron,
which provoke the formation of crusting, very hardened, “hardpans”, forming a coherent mass
or strongly cemented, causing difficulties in water infiltration. Thus, the water infiltration and
leaching of metals into groundwater is minimal. The main problem of these areas is the runoff.
However, the levelling of the tailing surface, the ploughing of soil and the mixture of
amendments with soil prevented that liquid flows freely into areas outside the tailings. With the
prevention of sediments runoff from the ponds, it was also avoided the contamination of ground

water via leaching from the streams [7].

The amelioration of the access roads and levelling of Santa Antonieta tailing pond surface

were carried out in November 2010.

And the first application of pig slurry was carried out in Santa Antonieta tailing pond on 19
July 2011 (4.3 L m) and the subsequent application on 13 September 2011 (4.3 m~) and pig

manure application on 14 November 2011 (7 kg m). The marble waste application was carried
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out on 18 July 2011 (8 kg m2). The application of amendment mixtures composed of several
organic/inorganic wastes, instead of using a single type, can be more efficient in the
rehabilitation of mining areas that contain high concentrations of several trace elements in
tailings and highly contaminated leachates [48]. These amendment mixtures, which can make
a Technosol in an attempt to create different soil functions, can reduce trace element
availability and their concentrations in mine waste leachates [49] through the complementary

effects of each amendment component.

It is of essential to know the plant species that are able to be adapted to these mining soils
with high levels of metallic elements, and in recovered soils by means of valorization of marble
mud and pig slurry. This technique is called phytoremediation. Thus, the presence of the
vegetation serves as a barrier to the erosive effects of the wind and water impeding the loss
of the soil particles, reducing the risks associated to the heavy metal spreading, leaching and
run-off. The main goal of this action is the development of a vegetated landscape or ecosystem
in harmony with the surrounding environment, with positive values in an aesthetic, productivity,
or nature conservation context. There will be a careful selection of native plant species adapted
to semiarid conditions, high potential evapotranspiration, salinity, and the presence of metals,
avoiding the use of bioaccumulators, which could cause the movement of metals across the
food chain. Thus, we will focus on different native plant species able to immobilize soil
pollutants by absorption by roots, adsorption by roots, or precipitation in the rhizosphere. The
aim is provided a primary vegetation structure capable of guaranteeing the stability of land
surface. Nonetheless, the rehabilitation goal is to restore the original natural ecosystem, so
that after the introduction of pioneer vegetation, a secondary succession can initialize by

spontaneous colonization by the surrounded vegetation [7].

The following species were planted in Santa Antonieta tailing pond:
- Atriplex halimus L.
- Cistus albidus L.
- Helichrysum stoechas (L.) Moench.
- Hyparrhenia hirta (L.) Stapf.
- Lavandula dentata L.
- Lygeum spartum (L.) Kunth.
- Rosmarinus officinalis L.

- Phagnalon saxatile (L.) Cass.
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Since the hydrological year 2011-2012, it has been extremely dry, seeding of several

species was postponed to October 2012, to be successful with the plant germination and
growth [7].
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2.2. Experimental design

A third of the tailing pond kept unamended and unplanted, acting as a control. An area
near the pond, under natural vegetation and not contaminated was used as reference of local
native soil. Five plots (10 m x 10 m) were established in each zone to monitor soil evolution.
In each plot, five soil samples were collected at a depth of 35 cm.

Photos (3, 4, 5, 6, 7, 8) about each plot are shown below.

Photo 3: Location of the studied plots.
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Photo 6: Plot 3. Photo 7: Plot 4.

Photo 8: Plot CT.
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2.3. Analyses method

2.3.1. Physical and chemical analyses of soil

Pre-treatment of samples

After removal of living material (such as mosses, roots, etc.), collected samples
(preferably not less than 500 g fresh soil) were transported to the laboratory as soon as
possible and were air dried or dried at a temperature of 30 °C. They were then stored until

analysis.

Living macroscopic roots and all material, mineral and organic, with a diameter larger
than 2 mm, should be removed from the samples by dry or wet sieving. The particles not
passing the 2-mm sieve (after crushing), may be weighed separately for the determination of
the coarse fragments content. The fraction smaller than 2 mm is used for the soil analysis.
Only sieving above a 2 mm sieve is allowed. No further grinding was allowed except for the
analysis of total carbon, total nitrogen, total sulphur and total elements.

The sample materials for storage were kept without preservative under normal room

conditions with minimal temperature and humidity fluctuations, shielded from incident light.

pH

Soil pH is a measure of active soil acidity and is the most commonly used indicator of
mine soil quality. The pH of a given mine soil can change rapidly as the rock fragments weather
and oxidize. Pyritic minerals (FeS2), when present, oxidized to sulphuric acid and drastically
lower the pH, while carbonate (Ca/MgCO3) bearing minerals and rocks tend to increase the
pH as they weather and dissolve. Unweathered (or unoxidized) mine soils those contain a
significant amount of pyritic-S in excess of their neutralizers (carbonates) will rapidly drop the
pH to a range of 2.2 - 3.5 after exposure to water and oxygen. Vegetation achieves optimal
growth in soil at a neutral pH. When the soil pH drops below to 5.5, reduced legume and forage
growth occur due to metal toxicities [50].

Electric conductivity

Electrical conductivity (EC) of a soil solution or extract indicates the concentration of
total soluble salts in solution, thus reflecting the degree of soil salinity. The unit of measurement
is called millimhos per centimeter (mmhos/cm), or millisiemen per centimeter (mS/cm). The

EC is reported to a standard temperature of 25°C by adjustment factors.
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Salinity is a soil property referring to the amount of soluble salt in the soil. It is generally
a problem of arid and semiarid regions. Electrical conductivity (EC) is the most common
measure of soil salinity and is indicative of the ability of an aqueous solution to carry an electric
current. Plants are detrimentally affected, both physically and chemically, by excess salts in
some soils and by high levels of exchangeable sodium in others. Soils with an accumulation
of exchangeable sodium are often characterized by low permeability making them

unfavourable for plant growth.

By agricultural standards, soils with an EC greater than 4 dS/m are considered saline.
Salt-sensitive plants may be affected by conductivities lower than 4 dS/m and salt tolerant
species may not be impacted by concentrations of up to twice this maximum agricultural
tolerance limit. Thus, the reclamation scientist must exercise care in interpretation of salinity
standards. Salinity should be defined in terms of the predisturbance land use potential, the
proposed postdisturbance land use, and the plant species to be seeded on the site [50].

Inorganic carbon

Inorganic carbon occurs in soils as the carbonate minerals calcite (CaCOz3s), dolomite
(CaMg(CO3)2), and magnesian calcites (CaixMgx CO3). Other less common forms are
aragonite (CaCO3) and siderite (FeCOs3). Carbonate in soils can be of primary (inherit from
parent material) or secondary (pedogenic) origin. Secondary carbonates are usually
aggregates of silt- and clay-sized calcite crystals that are easily identified in grain mounts.
Large crystals of calcite or dolomite are of primary origin [51]. The qualitative and quantitative
determination, especially of Ca and Mg carbonates, is useful in studies of soil genesis and
classification, and micronutrient and phosphorus sorption. Furthermore, soil carbonates affect

root and water movement, soil pH [52], and the nature of the exchange complex [53].

Calcium carbonate, a major component of calcareous soils, ranges from a few percent
in slightly calcareous soils to more than 80 percent in some extremely calcareous soils. The
amount and form of calcium carbonate (total versus active) and its distribution down the soil
profile, affect soil physical and chemical characteristics. It was found that when total CaCOs
was above 20 %, active CaCO3; was more than 10 %. Carter (1981) gave 11 to 30 % total
carbonate and 7 to 9 % active CaCOs as the critical levels that adversely affected crop growth
[54]. The authors showed that soil retention of P, Mn, Zn and Cu was directly related to
carbonate content and to the distribution of total and active calcium carbonate between the
clay and silt fractions. When total CaCO3; was less than 20 %, the retention of those elements
was affected mainly by the total amount of carbonates, but, when it was above 20 %, nature

of the carbonates was more important in governing retention. The active CaCO3; was more
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than 10 % when the total CaCO3; was above 25 % in the studied soils. Therefore, one could
give the limit of about 10 % active CaCOs3, which will contribute significantly to the retention of

certain essential elements in calcareous soils.

Physical effects: The active-CaCO3 portion and the distribution of CaCOs; in the
different particle size fraction affect the properties (soil-water relationships) of calcareous soil.
Calcareous soils with 15% calcium carbonate content have higher water diffusivity and faster
water movement than non-calcareous soils of similar texture. Evidently, CaCO3 assists in the
formation of stable soil aggregates. However, increased CaCO3 content (25 % or more) tends
to precipitate within the capillary tubes causing an increase in the proportion of micropores,

thus reducing the percolation of water [55; 56].

Effect on plants: Continuous horizons of carbonate accumulation in soil profile may
prevent root penetration and thus may retard the degree of plant development and reduce the
yield [50].

Organic carbon

All organic substances, by definition, contain carbon. Soil organic matter is a complex
and varied mixture of organic substances. Commonly, soil organic matter is defined as the
humus in the soil. Humus is the unidentifiable residue of plants and animals that becomes fairly
resistant to further decay. Reclamationists, however, include other materials that are mainly
comprised of carbon as organic matter. Soil organic matter, from this point of view, can be
divided into two fractions: (1) the recognizable organic material (straw, woodchips, roots,
mulches, insects, etc.) with their partially decomposed remains, and (2) humus. Recognizable
organic material eventually decays to the partially decomposed state and eventually to humus.
The process of decompaosition is carried out by heterotrophic soil organisms that obtain the
carbon they need to build their cell constituents from the breakdown of organic materials.
Nearly all heterotrophs also obtain their energy to live from the oxidation of the carbon in

organic compounds [57; 58].

Organic matter is very important for the functioning of the soil system for various
reasons. It increases soil porosity, thereby, increasing infiltration and water holding capacity of
the soil, providing more water availability for plants and less runoff that may potentially become
contaminated. This may be specifically helpful at mine sites where runoff may become acidic
and contain high concentrations of heavy metals. The increased porosity also aids in easing
tillage of the soil [57].
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The establishment of cover soil on disturbed surfaces is a common reclamation
strategy. Cover soils facilitate the establishment and growth of vegetation. Many times, finding
enough cover soil to cover disturbed surfaces can be difficult and costly. When there is not
enough soil on-site to satisfy the demand, surface soils may be hauled in from other designated
sites. If surface soils are excavated to recover minerals beneath, the surface soils may be
stored until reclamation of the area takes place. In these cases, surface soils may be stored
for long periods, during which time, the soils may show reduced biological activity, in part due
to a loss of mycorrhizae, bacteria, and invertebrates. Stored surface soils also reveal a loss of
organic matter and nutrients. Therefore, organic amendments and fertilization of surface soils
that have been in storage for several years are necessary to ensure rapid buildup of microbial

populations and initiate nutrient cycling [57].

Determination of organic matter content is a routine procedure carried out in soil
analysis because of the importance that organic matter plays in aiding plant growth and
resisting the effects of erosion. However, there is no satisfactory method for determination of
the organic matter content of soil. It can be determined indirectly by measuring the organic C
content of the soil and multiplying the result by the ratio of organic matter to organic C normally
found in soil. Different researches have suggested different ratios that range from 1.7 to 2.5,
with a ratio of 2 appearing to be most universally accepted. The estimation of organic matter
content from organic C concentrations is not highly accurate, because the ratio of organic
matter to organic C is variable from soil to soil and with depth in the profile. Direct determination
of organic matter usually involves destruction of the organic fraction by oxidation or ignition of

the soil at high temperature [57].

Total nitrogen

Total soil N includes all forms of inorganic soil N. Inorganic N includes soluble forms
(e.g., NO2 and NO3), exchangeable NH4*, and clay-fixed nonexchangeable NH4*. Organic N
content includes numerous identifiable and non-identifiable forms [59] and can be determined
by the difference between total soil N and inorganic soil N content. Total N analyses may be
divided into two main types: (i) wet digestion (e.qg., Kjeldahl method) or (ii) dry combustion (e.qg.,
Dumas method). Wet digestion techniques involve conversion of organic and inorganic N to
NH.* in acid and its subsequent measurement. Salts (e.g., K.SO4) and catalysts (e.g. Cu) are
usually added to increase digestion temperatures and accelerate oxidation of organic matter
[60]. The dry combustion method normally involves an initial oxidation step followed by
passage of the gases through a reduction furnace to reduce NOy to N». The quality of N> is

usually determined using a thermal conductivity detector.
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The total nitrogen from soil samples are analyzed using elemental analysis. Elemental
analysis is a technique that provides total content of carbon, hydrogen, nitrogen, and sulphur
present in a wide range of organic or inorganic samples, both solid and liquid samples. The
technique is based on the full and instant oxidation of the sample through combustion with
pure oxygen to an approximate temperature of 1000 °C. Different products of combustion CO.,
H>O and N», are transported through the carrier gas (He) through a tube of reduction and then
selectively separated into specific columns to be then thermally freed. Finally, the gases pass
separately by a detector of thermal conductivity that provides a signal proportional to the

concentration of each of the individual components of the mixture.

Sulphur

Sulphur is released to the atmosphere in the form of sulphur dioxide (SO:) and
hydrogen sulphide (H2S) from the composition of coal and other fuels and by anaerobic
decomposition of biological residues respectively. Most of this sulphur enter the soil dissolved
in rain water, but small amounts may be absorbed directly from the atmosphere by the soil
[61], and further small amounts may eventually enter the soil after direct absorption of sulphur
dioxide from the atmosphere by growing plants [62]. Appreciable but highly variable amount of

sulphur may also enter the soil as sulphates in irrigation waters [63].

Real density

The real density is measure with a pycnometer. This method consists in weighing the
pycnometer alone, with soil, with water and soil and to finish filled water only. With some

calculations, we can determine the real density [64; 65].

Apparent density

Apparent density is defined as the mass of a unit volume of dry soil. This volume includes both
solids and pores. There are several methods for determining soil apparent density by obtaining
a known volume of sail, drying it to remove the water, and weighing the dry mass. For surface
soils, perhaps the simplest method is using a metallic cylinder tube to obtain a soil sample
pushing deep in order to quantify the volume without disturbing the natural soil structure. The

volume of soil is determined by weighting the dry soil and calculating the cylinder volume [66].

Increases in apparent density usually indicate a poorer environment for root growth,
reduced aeration, and undesirable changes in hydrologic function, such as reduced water
infiltration. Vegetation reestablishment is important to mine land reclamation. Apparent density
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can be lowered by tillage for the purposes of revegetation. On the other hand, increased
apparent density indicates good compaction for foundation stability which can be important for
topographic reconstruction of disturbed areas, building of roads, and building of foundations

for structures [66].

Soil texture

The texture influences plant growth by its direct effect on soil aeration, water infiltration,
cation exchange capacity (CEC), and erodibility. Infiltration and permeability are rapid in sandy
soils, very slow in clay soils, and intermediate in loam soils. Soils that are granular, with a large
diversity in particle size, have many large and small pores - a desirable characteristic for plant
growth [67].

Soil texture is measured in the laboratory. The procedure commonly used involves
determining particle sizes by the rates they drop in a suspension. The soil particles are first
suspended in a solution. This is usually accomplished using chemical treatments along with a
high-speed blender. While a set of sieves can be used to separate out the sand fraction, a
sedimentation procedure is usually used to determine the amounts of silt and clay. Soil
particles are denser than water and they tend to sink. Depending on their size, they will settle
at different velocities with larger particles settling faster. By measuring the amount of soil still
in suspension after various amounts of settling time (using a pipette or hydrometer), the
percentages of each size fraction can be determined, ultimately identifying the soil textural
class. The size of the particles can be determined because settling time can be related back

to the diameter of a particle by Stoke's Law [67].

Soils can have any combination of gravel, sand, and clay and a textural chart is used

to describe the different soil textures as shown below:
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Figure 6: Soil texture triangle, showing the 12 major textural classes defined by the United States Department of
Agriculture (USDA)

Soil texture is measured in the laboratory by separation of the mineral part of the soll
into various size fractions and determination of the proportion of these fractions. The analysis
includes all soil material, i.e. including gravel and coarser material, but the procedure below is
applied to the fine earth (< 2 mm) only. Of paramount importance in this analysis is the

pretreatment of the sample aimed at completing dispersion of the primary particles [67; 68].

Therefore, generally, cementing materials (usually of secondary origin) such as organic
matter, salts, iron oxides and carbonates such as calcium carbonate are removed. After
shaking with a dispersing agent, sand (63 um-2 mm) is separated from clay and silt with a 63
um sieve (wet sieving). The clay (< 2 um) and silt (2-63 ym) fractions are determined by the

pipette method (sedimentation) [67; 68].
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Aggregate stability in water

An aggregate is a group of primary particles that adhere to each other more strongly
than to surrounding soil particles [69]. Aggregate stability can be defined as the resistance to
disruption or breakage o the bonds within the aggregates by external forces of impact,
shearing, and abrasion and internal forces arising from the escape of entrapped compressed

air and differential swelling [70].

Methodologies have been developed so that aggregate stability can serve as an
indicator of the resistance of soils to water erosion, surface seal or crust formation, compaction
leading to decreased infiltration and subsoil aeration, and as a general soil quality indicator [71
- 73]. The methodologies devised for measuring aggregate stability have been numerous and
diverse (e.g. Le Bissonnais et al. (1996), Marquez et al. (2004)) [72; 74].

Soil aggregates control soil hydrology [75], affect soil oxygen diffusion and nutrient
availability [76; 77], influence soil erodibility [78] and constitute a pathway of organic carbon
stabilisation and long term sequestration [79]. For this analysis no crush should have be taken

during the pre-treatment of the sample.

Available phosphorous

Phosphorus (P) is a naturally occurring element in the environment that can be found
in all living organisms as well as in water and soils. It is an essential component for many
physiological processes related to proper energy utilization in both plants and animals.
Phosphorus can be added to the environment by man’s activities as point source discharges

or as non-point source runoff [58; 80].

Phosphorus (P) is an essential element classified as a macronutrient because of the
relatively large amounts of P required by plants. Phosphorus is one of the three nutrients
generally added to soils in fertilizers. One of the main roles of P in living organisms is in the
transfer of energy. Organic compounds that contain P are used to transfer energy from one
reaction to drive another reaction within cells. Adequate P availability for plants stimulates early
plant growth and hastens maturity. Although P is essential for plant growth, mismanagement

of soil P can pose a threat to water quality [58; 80].

The concentration of P is usually sufficiently low in fresh water so that algae growth is
limited. When lakes and rivers are polluted with P, excessive growth of algae often results.
High levels of algae reduce water clarity and can lead to decreases in available dissolved
oxygen as the algae decays, conditions that can be very detrimental to game fish populations
[58; 80].
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2.3.2. Heavy metal analyses

Water soluble heavy metals

Soil is a dynamic and complex system, and any change in intrinsic physico-chemical
properties of heavy metal would surely change the fate of heavy metals in a soil system.
Among all parameters that might affect transport of heavy metals in soil systems, redox
potential is also an important parameter, although pH is usually considered to be of prime
importance. Many authors have indicated and discussed its importance and ranges of possible

redox conditions [81; 82].

The method proposed was designed and modified by Alloway (1990), Risser and Bailey
(1992) and Heron et al. (1994). The goal of this method is to determine the amount of metal
present in soluble form in the soil and, therefore the fraction that can be leached to groundwater
or drag with runoff water. To achieve this goal, the metals are extracted with deionised water

by shaking during a specific time [83 - 85].

Bioavailable metals

The fate of various metals, including chromium, nickel, copper, manganese, mercury,
cadmium, and lead, and metalloids, including arsenic, antimony, and selenium, in the natural
environment is of great concern, particularly near former mine sites, dumps, tailing piles, and
impoundments, but also in urban areas and industrial centres. Soil, sediment, water, and
organic materials in these areas may contain higher than average abundances of these
elements, in some cases due to past mining and (or) industrial activity, which may cause the

formation of the more bioavailable forms of these elements [86].

In order to estimate effects and potential risks associated with elevated elemental
concentrations that result from natural weathering of mineral deposits or from mining activities,
the fraction of total elemental abundances in water, sediment, and soil that are potentially
bioavailable must be identified. Bioavailability is the proportion of total metals that are available
for incorporation into biota (bioaccumulation). Total metal concentrations do not necessarily

correspond with metal bioavailability [86].

In aquatic environments where chemically reducing conditions may prevail, metals from
mining activities may be associated with sulfide minerals. These sulfide minerals are present
either in the ore deposit or formed by bacterial reduction of the sulfate in oxidized tailings. Most
metal sulfide minerals are quite immobile, as long as they remain in a chemically reducing
environment, and they may have little impact on biota despite anomalous metal concentrations
[86].
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Metals of major interest in bioavailability studies, as listed by the U.S. Environmental
Protection Agency (EPA), are Al, As, Be, Cd, Cr, Cu, Hg, Ni, Pb, Se, and Sb. Other metals that
are presently of lesser interest to the EPA are Ag, Ba, Co, Mn, Mo, Na, Tl, V, and Zn. These
metals were selected because of their potential for human exposure and increased health risk
[87].

Metals can be dispersed in soil, water, and air. Geoscientists are mainly concerned with
metals dispersed in soil and sediment, dissolved in ground and surface water, suspended as
particles in surface water, and in pore fluid in sediment. In addition, metals can be dispersed
into the atmosphere, by natural geochemical cycling and by other anthropogenic processes
(such as smelting and burning leaded gasoline and coal) and by microbial activities; these
metal fluxes must be considered in overall metal bioavailability studies. Bioaccumulation of
metals by biota in surface water and by plants and animals in terrestrial environments can
adversely affect humans. In surface and ground water, sediment and air, bioavailability is a
complex function of many factors including total concentration and speciation
(physicalchemical forms) of metals, mineralogy, pH, redox potential, temperature, total organic
content (both particulate and dissolved fractions), and suspended particulate content, as well
as volume of water, water velocity, and duration of water availability, particularly in arid and
semi-arid environments. In addition, wind transport and removal from the atmosphere by
rainfall (frequency is more important than amount) must be considered. Many of these factors
vary seasonally and temporally, and most factors are interrelated. Consequently, changing one
factor may affect several others. In addition, generally poorly understood biological factors
seem to strongly influence bioaccumulation of metals and severely inhibit prediction of metal
bioavailability [88].

In order to understand bioavailability, plant materials and selective chemical leaches of
soil must be analyzed and the results compared. Elemental suites for which analyses are
performed and the type of selective leaches utilized must be tailored to bedrock and soil types,
and to suspected anthropogenic inputs. Soil pH, organic matter, and sulfur and carbonate
contents should be determined to enable accurate assessment of elemental reservoirs,
mobility, and bioavailability. Additional work on mineralogical residences of metals is also
important because metals can be associated with several sites. The extent of bioavailability is
largely controlled by elemental speciation which determines solubility. A number of soil testing
methods and partial or sequential chemical extraction techniques and methods are used to
determine element behaviour [89; 90]. Some of the chemical extractions are: (1) weak acid or
dilute acid in buffer solution (pH 2 to 5) to release metals associated with carbonate phases,
and (2) a chelating (or complexing) agent such as EDTA (ethylenediaminetetraacetic acid) [91]

or DPTA (diethyenetriaminepentaacetic acid) buffered to a pH of 7 [92]. Other possible
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extractants include (3) hydroxylamine hydrochloride for the "reducible" fraction associated with
iron and manganese oxides/hydroxides, (4) strong acid (HCI, pH 1) to identify maximum
mobility of most metals [93], (5) oxidation by hydrogen peroxide to release metals associated
with organic matter and (or) sulfide minerals, (6) a strong oxidizing acid (HNO3), and (7) a
mixture of strong acid and HF to dissolve residual silicate minerals. The choice of extractants
and the order in which they are used depends on the sediment/soil type, environmental

conditions, and metals of interest.

However, these sequential/partial extractions are all "operational”, since they are not
completely specific to metals or chemical phases. Therefore, any determination of
bioavailability should be carefully calibrated, by direct measurement, with the actual behaviour

of metals in soil and plants.

The goal of this method is to determine the amount of metal present in potentially
available form in the soil and, therefore could be adsorbed for vegetation in the upcoming
years. It is the pool of metals which can be easily released by oxidation, reduction and
hydrolysis reactions so that they could be available for biota. To achieve this goal, the metals
are extracted with DTPA (diethylenetriaminepentaacetic acid), which is a chelating agent, by
shaking during a specific time. After that the sample is filtered and the resulted solution

measured for heavy metals by mean of atomic absorption spectrometer [94 - 97].

Sequential extraction of metals

The sequential extraction of metals is measured with the sequential extraction of
Tessier et al. (1979) and modified by Li et al. (1995). The most mobile metals are removed in
the first fraction and continue in order of decreasing of mobility. All the sequential extraction of
metal facilitate fractionation. The different fractions are: exchangeable, carbonate bound, Fe
and Mn oxide bound, organic matter bound, and residual. These are also often referred to in
the literature as exchangeable, weakly absorbed, hydrous-oxide bound, organic bound and
lattice material components, respectively. Typically metals of anthropogenic inputs tend to
reside in the first four fractions and metals found in the residual fraction are of natural

occurrence in the parent rock.

The exchangeable fraction is removed by changing the ionic composition of water
allowing metals sorbed to the exposed surfaces of sediment to be removed easily. A salt
solution is commonly used to remove the exchangeable fraction. The carbonate-bound fraction
is susceptible to changes in pH; an acid solution is used second. Metals bound to Fe and Mn
oxides are particularly susceptible to anoxic (reducing) conditions so a solution capable of
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dissolving insoluble sulfide salts is used third. To remove metals bound in the organic phase,
the organic material must be oxidized. The residual fraction consists of metals incorporated in
to the crystal structures of primary and secondary minerals. This fraction is the hardest to

remove and requires the use of strong acids to break down silicate structures [98; 99].

Total metals

The determination of the concentrations of heavy metals in soils is important for
different reasons: i) it provides a basic understanding of the components of soil with respect to
changes in its evolution, ii) reports pollution incidents that have occurred in both the present
and past, and, finally, iii) is closely related to their consumption by plants and thus entering the
food chain. In this sense, the method of determining these concentrations has been the focus

of many discussions both in national and international forums.

The total analysis of heavy metals such as Cd, Cr, Cu, Ni, Pb, Zn and As in soils, is
commonly done to evaluate the degree of contamination of aquatic and terrestrial
environments. Different digestion methods are used for this purpose including various
combinations of concentrated acids such as hydroflouric acid (HF), hydrochloric acid (HCI),
nitric acid (HNO3), perchloric acid (HCIO4), and sulfuric acid (H.SO4) [100; 101]. Different
digestion equipment was likewise employed like open beakers heated on hot plates, digestion
tubes put in the block digestors, and digestion bombs placed in conventional and microwave
ovens [100; 101]. Hossner (1996) reported that the advantages of the dissolution of heavy
metals in soils using concentrated inorganic acids are low cost and low salt matrix in final
solution for the determination of total heavy metal content [102]. Mendoza et al. (1996) used
HF-HNO3 and aqua regia to digest the residual fraction following the sequential extraction of
exchangeable, reducible, and oxidized fractions of Cd, Co, Cr, and Pb contained in canal and
dam sediments in Mexico [103]. Chlopecka et al. (1996) used the mixture of HF and HCIO4 to
digest the residual fraction following the sequential extraction of exchangeable, carbonate,
reducible, and oxidizable fractions of Cd, Pb, and Zn in contaminated soils of Poland [104].
Martin (1996) employed the mixture of HF-HCIO4-HNO3 for the total analysis of Cd, Co, Cr,
Cu, Pb, and Zn in alluvial soils of Germany [105]. Charlesworth and Lees (1999) found the
mixture of HCIO4-HNO3-H2S04 suitable to digest river sediments for the determination of total
contents of Cd, Cu, Ni, Pb, and Zn in England [106].

The aqua regia digestion method (USEPA Method 3050) was developed for the
determination of heavy metals in the soils of U.S.A. [107]. In Taiwan, the aqua regia method is
also one of the digestion methods recommended by the Environmental Protection

Administration (EPA) for the total analysis of Cd, Cr, Cu, Ni, Pb, and Zn in sediments and soils
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[108]. Simplicity and adaptability as a routine procedure have led to the widespread use of the
agua regia method for the determination of total amounts of Cd, Cr, Cu, Ni, Pb, and Zn in
contaminated soils and sediments. The mixture of HF-HNO3-HCIO4-H2SO4 was
recommended by Baker and Amacher (1982) for the total analysis of Cd, Cu, Ni, and Zn in
soils [109]. A similar digestion method using the reagents of HF-HNO3-HCIO4-H2SO4, but
modified in certain heating processes, was recommended for the total analysis of Cr in soils
by Reisenauer (1982) [101]. Burau (1982) used HCI to replace H,SO4 in the digestion mixture
of HF-HNO3-HCIO4-H2S04 for the total analysis of Pb in soil samples [100]. Therefore, it is
interesting and necessary to compare the different digestion methods for the total analysis of

heavy metals in sediments and soils.

The procedures for dissolution and digestion using the microwave oven are replacing
conventional methods because the sample is less contamination in the laboratory and can
slow the process of volatilization of metals such as As, Cd, Pb, Sb, Se and Tl [110]. These
procedures have been applied to the total dissolution of materials of different nature such as
geological materials, coal, sewage sludge and sediment using mixtures of acids may include
HF acid, so you can fully release the trace elements in the phase of aluminosilicates [111].
However, the use of HF leads to longer working tasks, tedious and dangerous, and its use is
not recommended for routine analysis. Thus, environmental analytical chemistry using pseudo-

total analysis has become a common procedure as an alternative to total digestion.

Finally, for a smaller number of minerals, the attack with HF alone or in combination
with other acids, is ineffective to achieve total dissolution [112]. For these items and silicate
materials in general, the methods of lithium metaborate fusion are useful. The most common
technique is one that uses lithium metaborate and subsequent dissolution. This method is
faster than the acid attack dissolves most minerals minority and provides a clear solution, ready
for action. However, the disadvantage of providing solutions with a high salt content and this
may influence the detection limits [113].

HCIO. digestion, usually in combination with HNO3 acid has been used in the analysis
of soil [114], despite the danger of explosion that can trigger the samples with high organic

matter content.

We selected the method proposed by Risser and Baker (1990) [84] that used the nitric-
perchloric acid wet digestion with heating block. The goal of this method is total sample
decomposition. To achieve this objective, the samples are digested with a combination of
strong acids at high temperature during a specific time; after that, the sample is filtered and
the resulted solution is measures for heavy metals by means of atomic absorption

spectrometer. Total heavy metals concentrations are used to estimate the degree of pollution
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of the soil, for this the reported concentration are compared with the levels proposed by the
environment laws [115 - 118].

2.3.3. Statistics analyses

The program IBM SPSS Statistics 19 enables to carry out statistics analyses of all the
data of this research. The normal distribution of the data is verified by el test of Kolmogorov-
Smirnov. The analysis of variance (ANOVA) with the test post-hoc of Tukey was used (P <
0.05), in order to determine if therewas significant differences among the results from 5 studied

plots.
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3. Results and discussion

3.1. Evaluation of the vegetation cover and biodiversity

The vegetation cover enables to reduce wind and water erosion due to:

- The interception of raindrops which decreases their kinetic energy and their effects on

the soill.

- Plants reduce water runoff due to their roughness.

- The radicular system of plants keeps the soil structure and stimulate the infiltration.

- The reduction of wind speed on soil surface.

Moreover, it enables to increase the fertility and to decrease the imagery impact of

mining industry [119 - 121].

During the sampling, the vegetation cover was evaluated. In the Table 1, we can see the

percentage the vegetation cover.

Table 1: Percentage of the vegetation cover for each plot (P1: plot 1; P2: plot 2; P3: plot 3; P4: plot 4: CT:

Plots Percentage of the vegetation cover (%)
P1 85
P2 45
P3 0
P4 20
CT 0

control).

Moreover, a list of all plant species growing in each plot was done:

Plant Species Number of plants in P1 | Number of plants in P2 | Number of plants in P4
Atriplex halimus L. 34 5 0
Cynodon dactylon (L.) 0 6 3
Pers.
Diplotaxis erucoides
(L) DC. 0 4 0
Lobularia maritima
(L.) Desv. 8 0 0
Oxalis pes-caprae L. 2 1 0

40




Identification of soil physical and chemical and properties involved in aided phytostabilization efficiency of a tailing pond

Phagnalon saxatile
(L.) Cass. 6 2 0
Piptatherum
miliaceum (L.) Coss. 24 10 34
Senna occidentalis
(L) Link. 1 0 0
Stipa tenacissima L. 8 4 0
Total 83 32 37

Table 2: Number of plant species in the studied plots.

With this information, we can see that new plants are colonizing these plots by
comparing with the list of species planted at the beginning of the MIPOLARE project. These
new plants are Diplotaxis erucoides (L.) DC., Lobularia maritima (L.) Desv., Senna occidentalis
(L.) Link. or Stipa tenacissima L. Moreover, we can see that a lot of plants have disappeared
in the 5 selected plots such as Cistus albidus L., Helichrysum stoechas (L.) Moench,
Hyparrhenia hirta (L.) Stapf, Lavandula dentata L., Limonium caesium (Girard.) Kuntze,
Lygeum spartum (L.) Kunth or Sonchus tenerrimus L. Likely due to the physical and chemical

a conditions of the soil and plant competivity.
Some characteristics of the plants that colonize the study area are:

Atriplex halimus L. is a species usually present in Mediterranean region. This species
has a good drought and salt resistance. Moreover, this species can growth in soil with weak
nutrients and a poor soil structure. It produces high amounts of oxalic acid which able the
species tolerate to heavy metal stress. Furthermore, this species is often used in soil
remediation [122 - 124].

Cynodon dactylon (L.) Pers. is a native species which grows in tropical and subtropical
regions. This species can evolve tolerance to several extreme environmental condition as
salinity or high concentrations of heavy metals in soil. Moreover, it is extremely drought tolerant
and well adapts to anaerobic conditions (flooding). This specieshas been used in soil
remediation contaminated by Cr, Pb, Zn and Cu [125 - 127].

Diplotaxis erucoides (L.) DC. is a species present in North Mediterranean region. It
means that the soil condition is good for this plants if it is present. This species hasn’t absorbent
properties or stabilizing properties for heavy metals but it can be used to decrease the wind

and water erosion of soil [128; 129].

Lobularia maritima (L.) Desv. is a species naturally present in Mediterranean region.

This species growth in soil enriched in nutrients with alkaline pH and a clay or silt texture.
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Moreover, this species is not tolerant to the salinity and It's not a strong accumulator plant.
However, a study has showed that this species can absorb high quantity of lead and zinc [130;
131].

Oxalis pes-caprae L. is a species naturally present in the Mediterranean region. It's a
species typical of coastal zone. It is considered an invasive plant. This species can accumulate
heavy metals such as copper or nickel in high concentrations. Moreover, this plant is often

used in soil remediation contaminated by heavy metals [132; 133].

Phagnalon saxatile (L.) Cass. is a native species to the Mediterranean region. It's a
species tolerant to the arid climate. Moreover, this species is very tolerant to heavy metals
especially copper, lead or zinc. This species is often used in soil remediation contaminated by
heavy metals [134 - 136].

Piptatherum miliaceum (L.) Coss. is native to Eurasia but it can be found in many other
parts of the world. This species is a strong accumulator of lead and zinc; and therefore it is
tolerant to heavy metals. For this reason, this species is often used in soil remediation

contaminated by heavy metals [137; 138].

Senna occidentalis (L.) Link. is native to Egypt, North Africa and Arabia, the species
has been introduced in many temperate and tropical regions. It is considered an invasive plant.
This species grows in sandy claim loam soil. Some studies have showed that this species can
growth in soils contaminated by copper, zinc, lead and cadmium. This plant can tolerate and
absorb heavy metals [139; 140].

Stipa tenacissima L. is native to north-western Africa and the southern part of the
Iberian Peninsula. It is considered an invasive plant. It is well adapted to water stress
conditions. Moreover, some studies have showed that this specie can tolerate and absorb

some heavy metals like copper, lead or arsenic [141 - 143].
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3.2. Physical properties of the soil
3.2.1. Apparent density

The apparent density of soil is calculated as the weight of dry soil in a defined volume.
The apparent density can inform about the compaction of soil, the difficulty of plant rooting,
capacity of growth, and the circulation of water and air. The apparent density depends on soil
texture, organic matter contents and compaction of soil [144].
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Figure 7: Apparent density in the studied plots.

The apparent density ranged between 1100 kg/m3 and 1500 kg/ms3. According to the
Tukey's test the apparent density is more or less identical for the plots P1, P2, P3 and P4 and
similar for the plots P3, P4 and CT. This results can be explained by the fact that clay and
organic matter contents in the plots P1 and P2 (with higher vegetation cover) are high to
increase significantly the aggregates percentage and reduce the apparent density compared
to the plot CT, so improving the physical condition for the plant growth.
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3.2.2. Real density

The real density is the mean density of soil particles. It enables toestimate soil density
with the pores [64].
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Figure 8: Real density in the studied plots;

We can see in Figure 8 according to the Tukey’s test that the results of the five plots
are homogeneous. The values of the real density range between 2800 and 4100 kg/m3.
According to Porta et al. (1999) (annex 1), we can classify the different plots: P1 has the
characteristics of a mineral horizon and P2, P3, P4 and CT have the characteristics of mineral
horizons with some metal elements. These results can explain the fact that vegetation growth
more in the plot P1 than in the others plots (P2, P3, P4 and CT) because metal elements can
disrupt the plant development [64].

3.2.3. Soil texture

The soil texture enables to determinate the percentage of clay (< 0.002 mm), silt (0.002
- 0.05 mm) and sand (0.05 - 2 mm) in order to determinate the textural class of the soil. The
soil texture enables to recognize soil properties and characteristics. For example, with the soil
texture we can know the capacity of water retention available for the plants, the facility for the
water circulation, the hazard of salt crust formation or the water and wind erosion [145 - 147].
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Plots % Clay % Silt % Sand Textural class
P1 9 17 74 Sandy loam
P2 8 13 79 Sandy loam
P3 11 10 80 Sandy loam
P4 8 11 81 Sandy loam
CT 9 13 78 Sandy loam

Table 3: Soil texture in the studied plots.

In Table 3 we can observe that the textural class of the 5 plots is the same; it's a sandy
loam texture. Particles of sandy loam are relatively spaced and enable a fast flow of the water
in the soil. Substances dissolved in the water can quickly infiltrate in the depths of the soil. For
example, metals dissolved in the water can infiltrate more quickly the soil. Sandy loam soils
have not much stable structure what facilitate the wind erosion [148; 149].

Moreover, sandy loam soils facilitate the water erosion with water runoff which can
reach a very high speed. Furthermore, the texture of studied soil has a low capacity of water
and nutrient retention. So the texture of the soil can be hostile to the growth of plants [148;
149].

3.2.4. Aggregate stability in water

The aggregate stability in water is defined as the capacity of them to keep its form
concerning all forces artificially induced, concretely the derivate of wetting or the impact of
raindrop [47].
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Figure 9: Aggregate stability in water in the studied plots.
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The aggregate stability in water is higher in plot CT (22 %), however in plot P1 the
stability of aggregate in the water is equal to 16 %. According to Tukey’s analyse two groups
of aggregate stability in water are distinguished: the group with P1, P2, P3 and P4 and another
group with P2, P3, P4 and CT.

These results show that the aggregates are stable in water and contribute to the
improvement of the soil structure, to the increase of porosity, to the increase of the water
retention capacity. Moreover, aggregates stable in the water stimulate the activity of soil fauna

and decrease the erosion [145].
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3.3. Chemical properties of the soil
3.3.1. pH

The values of pH enable to know the saturation of bases and the availability and the
mobility of some nutrients and metals [148].
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Figure 10: pH in the studied plots.

We can see in the Figure 10 that the pH value is neutral for the plot 1 (7.1); and the
values are acid for P2 and P4, (5.8 and 4.8, respectively). However, for the plots P3y CT, the
pH is very acid (3.3 and 2.4, respectively). These results can explain the difference of
vegetation growth in these plots because plants can't growth at pH below 5 [149].

Furthermore, when the soil pH is very acid (pH < 3.5) a deficiency on the availability of
some nutrients like calcium, magnesium, phosphorus and sulphur may be caused. The plants
need these nutrients to growth. Additionally, a pH very acid increase the concentration of iron,

copper and zinc for plants which is harmful for the plant development [148; 150].

Moreover, the Tukey’s test shows that different values exist among the plots. The pH
value in soil from P1 is similar to P2; P2 is similar to P4; P4 is similar to P3 and P3 is similar
to CT. This result can explain the difference of percentage of the vegetation cover observed in

the different plots.
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3.3.2. Electric conductivity

The electric conductivity determines the solution capacity to transport electric current,

determining the total concentration of ionized components in the soil solution [151].

In Figure 11 we can observe that the electric conductivity is higher in the plots 3 and
CT (7.4 and 7.7 mS/cm, respectively) corresponding to the plots without plants and the soluble
salt contents are lower in P1, P2 and P4 (3.0; 4.0 and 4.4 mS/cm, respectively). The plots 3
and CT contain two time more ionized components than the plots P1, P2 and P4.
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Figure 11: Electric conductivity in the studied plots.

In general, the plants can normally absorb water and nutrients until a maximum electric
conductivity of 4 mS/cm. If the electric conductivity exceeds 4 mS/cm, it's more difficult for the

plants to absorb all nutritional elements whose it need and it’s possible that the plants die [151].

Moreover, when the electric conductivity of a soil is superior at 5 mS/cm, the electric

conductivity can to cause damages at plant roots present in the soil [151].

The electric conductivity can explain the fact that we can see different vegetation in the
plots. In the plots P3 and CT, it is impossible or very difficult for plants to absorb nutritional
elements due to the electric conductivity. Conversely, in plots P1, P2 and P4 the vegetation

can be developed without severe restrictions.
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3.3.3. Inorganic carbon

The inorganic carbon corresponds to the total carbon fraction of the soil coming from
mineral such as carbonates. The inorganic carbon can help to estimate different soil properties
such as soil structure, biological activity, nutrient retention... [48]

We can see in Figure 12 that the inorganic carbon is higher for plots P1, P2 and P4
(2.9 %; 1.5 %; 1.3 %, respectively) than in plots 3 and CT (0.53 %; 0.47 %, respectively). From
the Tukey’'s test we can observe a difference in the inorganic carbon content between the plot
P1 which is vegetated and the plots P3 and CT which aren’t vegetated. The inorganic carbon
plays a role in soil pH values because of the increase of the soil pH and therefore is a very
important constituent for vegetation plant.

According to Porta et al. (1986) (Annex 2), we can classify the plots according to the
percentage of inorganic carbon. For the plots P1, P2 and P4, we can say that the soil is a little

limestone and for the plots 3 and CT the soil can't be consider as limestone [145].
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Figure 12: Inorganic carbon in the studied plots.

3.3.4. Organic carbon

The organic carbon is the principal component of the organic matter content in the soll
[152]. And the organic carbon content is used like the indicator of the organic matter content
in soil. The organic matter can react to heavy metals creating new complexes and increasing
their availability.

In contrast, the heavy metals can be also absorbed into organic matter and therefore,

they are less bioavailable for plants. So the organic matter is also an important constituent
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affecting solubility and availability of heavy metals in soil. In addition, organic carbon can
influence on soil structure, stability of aggregate, capacity of water retention, pH... [153; 154]
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Figure 13: Organic carbon in the studied plots.

The results of the Figure 13 show that the organic carbon content is higher in the plot
1 (0.99%) than in the others plots (P2, P3, P4 and CT). According to Tukey’s test, two groups
can be distinguished: one for the plot 1 and one for the others plots. These differences of
organic carbon content between P1 and the others plots are due to the high presence of
vegetation in this plot, then when the roots, stems and leaves are decomposed in the soil the
organic matter in the plot is increased. This explication is supported because the organic matter
content obtained in the plot 1 is the highest registered value.

Moreover, the difference of organic carbon content between the plots can be also
affected by the microorganism activity, because the organic matter from plants creates a
favourable environment for microorganisms development which increase the organic carbon
content of soil due to humification process [153; 154].

3.3.5. Sulphur

The majority of the sulphur in natural soil is in organic form. After its mineralization, it is
transformed in sulphate. The sulphate is the assimilable form for the plants. The sulphur is an

essential element for the synthesis of proteins for living organisms [155].
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Figure 14: Sulphur in the studied plots.

With regard to the sulphur content in the studied plots, the values are lower than 0.5%
in the plots P1 and P2. However, the sulphur percentages obtained in the other plots are: 0.8
in P4, 1.50 in P3 and 2.8 in CT. These results are associated to pH values, when sulphur
minerals are oxidized sulphuric acid is generated and pH value decreases causing a very
stress condition for plants growth (plots CT and P3). However, in plots P1, P2 and P4 the effect
of sulphur is neutralized by the presence of CaCOs3; (supplied by marble waste) and the soil

condition for plant growth are better.

3.3.6. Total nitrogen

The total nitrogen is an essential element for plants life because of it stimulates the plants
growth and the microbial development. It exists a relation according to the quantity of total
nitrogen and the fresh organic matter because organisms which decompose elements (plants

roots; plant leaves...) in fresh organic matter need to use nitrogen [156].
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Figure 15: Total nitrogen in the studied plots;

We can see in Figure 15 that the percentage of total nitrogen varies between 0.05 %
and 0.13 %. The variation is small but with the Tukey’s test is shown two different groups: one
group including plots 2 and CT have the same percentages of total nitrogen around (0.5 %),
and the other group including the plots P1, P3 and P4 which have very similar percentages
(0.11; 0.13 and 0.10 %, respectively). Therefore, if the plots without vegetation have similar
nitrogen percentages to the plots with vegetal, we can conclude that the percentage of total

nitrogen in the study area doesn’t influence on the growth and the development of the plants.

3.3.7. Available phosphorus

The phosphorus is an essential element for the plants. It is important in a lot of physiological
and biochemical processes. This element controls the energy exchange and favour the growth
of the plants. In the most of soils, the available phosphorus represents only 0.01 % of total
phosphorus. The phosphorus is usually combined with other elements, for example Al, Mn or
Fe [144]. The application of organic amendments (pig slurry or pig manure) can increase the
availability of the phosphorus in the soil. Moreover, the plants decomposition can increase the
availability of the phosphorus in the soil [7; 157; 158].
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Figure 16: Available phosphorus in the studied plots.

According to Figure 16, the higher available phosphorus contents is obtained in the soil
from plot 1 (31.1 mg/kg of soil). For the other plots the available phosphorus is three time less
than P1 (between 7 and 10 mg/kg of soil). Moreover, with the Tukey's test shows that there
are 2 groups: the first with plot 1 and the second with plots P2, P3, P4 and CT. These results
can be due to the pH of the plots P2, P3, P4 and CT is acid and when the pH is acid, the
phosphorus is very little available for the plants. So, the available phosphorus can be a limiting
factor for the growth and development of plants.
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3.4. Total metals, soluble metals and available metals with CaCl»
3.4.1. Total metals

The heavy metals are a group of chemical elements which have a high density and a
certain toxicity for plants and animals when the heavy metals are in high concentration in the

soil. However, in the group of heavy metals, there are two subgroups:
- The necessary heavy metals for the life, like the Zn or the Cu.
- The heavy metals which haven’t any biological function known, for example Pb or Cd.

Nevertheless, if these two groups are in high concentration in the soil, they can be toxic
for plants or animals. For this reason, it is necessary to determine the quantity of heavy metals
in the mining waste in order to know the danger that they can create on the environment or on
the human health [159].

Currently, legislation about mining soils do not exist in Spain but we have used in this
study the reference levels existing in other uses of soil (Table 4) to know if the heavy metal
concentrations in Santa Antonieta tailing pond are on not very high [160; 161]. In addition, we
have consulted the reference levels of heavy metal registered in natural soils near to tailing
pond: Zn 96 mg/kg of soil, Pb: 43 mg/kg of soil, Cu: 23 mg/kg of soil and Cd: 0,6 mg/kg of soil
[162], where metal enrichment of this zone is checked and thus demonstrating the interest in

the past to extract metals.

Country Reference level (mg/kg of soil)
European Union Zn: 150 - 300 Cu: 50 - 140
(European Communities Council Pb: 50 - 300 Cd:1-3

Directive. 86/278/EEC)

Spain pH<7 pH>7

(Real Decreto 1310/1990, de 29 de | Zn:150 Cu:50 | Zn:450 Cu: 210
octubre) Pb:50 Cd: 1 Pb: 300 Cd:3

Table 4: Reference level of polluted soil for Spain and European Union.

54



Identification of soil physical and chemical and properties involved in aided phytostabilization efficiency of a tailing pond

Total lead concentration

2000
= 1800 ¢
< bc
S 1600
£ 1400 ab ab
» a
2 1200
S
5 1000
2 800
8 600
c
S 400
g 20
| 0

P1 P2 P3 P4 cT

Plots

Figure 17: Pb concentrations in the studied plots.

Lead (Pb) concentrations reported in the studied soil varied between 1176 and 1753
mg/kg (Figure 17). If we compare the before values with the reference level of the Spanish
legislation, we can see that the concentrations are very high. Moreover, the plot CT (without
rehabilitation) contains lower lead concentration than in the others plots. The plots P2 and P4
contain the highest Pb concentration and the plots P1, P3 and CT have similar concentration
according to the Tukey’s test. So, the total Pb concentration doesn’t affect the efficiency of
aided phytostabilization due to the plot P1 with vegetation has similar Pb concentration than

the plots without vegetation (P3 and CT).
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Figure 18: Cu concentrations in the studied plots.
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The Cu concentrations are very high for the plots P3, P4 and CT (Figure 18). Moreover,
all Cu concentrations are higher than the reference values of the Spanish legislation except
for the plot P1. With the Tukey’s test we can difference two groups: the Cu concentrations
registered in the plots P1, P2, P3, P4 and the contents observed in the plots P3, P4 and CT.
The plot CT where the rehabilitation was not carried out, has the highest Cu concentration.
And the plot P3 without vegetation has similar values Cu concentrations to the plots P1 and
P2 where the species plants grew. Therefore, the total Cu concentration doesn't affect

efficiency of aided phytostabilization.
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Figure 19: Zn concentrations in the studied plots.

The Zn concentrations of all the plots are very high compared to the reference levels
of the Spanish legislation (Figure 19). Moreover, we can observe the Zn concentration of the
plots P1 and P3 are similar according to Tukey’s test, which shows that plants species can
grow with a high concentration of zinc because of P1 is the most vegetated plot. The Zn
concentrations in the plots P4 and CT are the lowest of all them. These results show that the

total Zn concentration doesn’t influence efficiency of aided phytostabilization.
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Figure 20: Cd concentrations in the studied plots.

The Cd concentrations ranged from 4 to 8 mg/kg of soil. These values are higher than
the reference level of the Spanish legislation. With Tukey’s test we can see that the values of
all the plots are similar. That is to say that the plots with vegetation and the plots without
vegetation have similar Cd concentrations. So, the total Cd concentration can’t affect efficiency

of aided phytostabilization.

3.4.2. Water soluble heavy metals

The use of amendments to decrease the heavy metals solubility has been

demonstrated in a lot studies about rehabilitation of contaminated areas [163 - 165].
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Figure 21: Pb concentrations in the studied plots.
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In the above figure we check that the soils from plot P1 has the highest concentration
of Pb soluble in the water (0.45 mg/kg of soil). The plots P4 and CT don’t contain Pb soluble,
while that in the soils from the plots P2 and P3 are observed low soluble Pb concentrations
(0.07 and 0.03 mg/kg, respectively). According Tukey’s test, the plots P2, P3, P4 and CT are
similar, and the soil from P1 (the plot most vegetated) contains nine time more of Pb than in
the others plots. Therefore, the water soluble Pb in water doesn’t affect efficiency of aided

phytostabilization.
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Figure 22: Cu concentrations in the studied plots.

We can see in the Figure 22 that the soils from plots P3 and CT have the highest water
soluble Cu concentrations in (1.70 and 2.39 mg/kg, respectively). The Tukey’s test differences
two groups: on the one hand the soils from plots P1, P2 and P4 and on the other hand the
soils from plots P3 and CT. In the plots P1, P2 and P4 the plants grew while in the plots P3
and CT, there weren’t plant species. So, we can think that the water soluble Cu affects

efficiency of aided phytostabilization and prevents the plant growth.
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Soluble zinc concentration
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Figure 23: Zn concentrations in the studied plots.

The soil from plots P3 and CT are the most concentrated in water soluble and,
particularly, the soils from the plot 3 with 900 mg/kg of soil. According to the soluble zinc
concentration in the studied plots is stablished the following conclusion:

P1<P2<P4<CT<P3

The plots P3 and CT have the highest water soluble Zn concentrations.

Moreover, the soluble Zn concentrations in the plot P3 is three times higher than the
plot CT. This result is surprising because the plot P3 has been rehabilitated and not the plot
CT, so the plot P3 must contain lower soluble Zn concentration than the plot CT. This can be
because of that there was a period with intense precipitations which originated waterlogging
of the plot and due to the acidic nature of these waters dried plants and plant residues enriched
in heavy metals were incorporated into soil increasing the concentration of soluble metal. Other
hypothesis may be that the heavy metals were transported from other contaminated adjacent

areas not rehabilitated where the soluble Zn concentration was high.
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Figure 24: Cd concentrations in the studied plots.

The soil from plot P3 is the most concentrated in Cd soluble (2.40 mg/ kg). According
to the soluble Cd concentration in the studied plots is stablished the following conclusion:
P1<P2<P4<CT<P3

The reported results are equal than the results about the soluble zinc concentration.

Moreover, we can observe a big difference of concentrations between the plots P1, P2,
P4, CT and the plot P3. We can establish the same hypothesis that with the soluble zinc
concentration. Therefore, we can say that the soluble cadmium in water affects efficiency of

aided stabilization.

3.4.3. Bioavailable metals

In the soil, metals are associated with different fractions: (1) in solution, like free metal
and soluble metallic complex, (2) absorbed in exchange places of inorganic elements of the
soil, (3) bound to organic matter, (4) precipitated like oxides, hydroxides and carbonates, and
(5) residual in the structure of silicate minerals. The bioavailable metals are the fraction of

heavy metals which are available for the plants absorption [66].

The bioavailability depends on the solubility of metals and its adsorption capacity in the
colloidal fraction of soil (only the metals associated with fractions 1 and 2 are really available
for the plants uptake). The interaction among the different process like cationic exchange,
adsorption/desorption, precipitation/dissolution and the formation of complex affect the
distribution of metals between the soil solution and the solid phase, being responsible of their
mobility and bioavailability [66].
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The factors which affect the metal bioavailability are pH, electric conductivity, texture,
content of clay, organic matter, oxides of Fe, Mn and Al and the presence of cations and anions

in the soil solution [66].

The use of inorganic and organic amendments (pig slurry, pig manure and marble mud)

decreases the bioavailable metals concentration in soil, so the toxicity for plants is decreased

[7].
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Figure 25: Pb concentrations in the studied plots.

We can see in Figure 25 that the bioavailable Pb concentration ranged between 0 and
49 mg/kg of soil. The plot P1 has more bioavailable Pb than the others plots (49 mg/kg of soil).
According to Tukey’s test, the plots P2, P3, P4 and CT are equal. The plot P1 is the most
vegetated and this plot contains the highest bioavailable Pb concentrations, so we can think

that the bioavailable lead doesn’t affect the efficiency of aided stabilization.
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Figure 26: Cu concentrations in the studied plots.

The soil from P3 and CT have the highest bioavailable Cu concentrations (3.3 and 3.2
mg/kg of soil, respectively). Moreover, the Tukey’s test distinguishes two groups: on the one
hand the soils from plots P1, P2 and P4 (plots with vegetation) and on the other hand the soils
from plots P3 and CT (plots without vegetation), though only a difference around 2 mg/kg exists

among both groups.
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Figure 27: Zn concentrations in the studied plots.

We can see in Figure 27 that the soils from plot P3 and CT have the highest
bioassimilable Zn concentrations, in particular P3 with concentrations until 824 mg/kg.
According to the bioassimilable Zn concentration in the studied plots is stablished the following

conclusion:
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P1<P2<P4<CT<P3
Moreover, the bioassimilable Zn concentrations in the plot P3 is three times higher than
the plot CT. In the same way than water soluble Zn, likely high soluble Zn concentration come
from plot CT and they are accumulated in plot P3. Therefore, the bioassimilable Zn affects

efficiency of aided phytostabilization and prevent the plant growth.
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Figure 28: Cd concentrations in the studied plots.

In the Figure 28 we can see the soils from the plot P3 is the most concentrated in
bioassimilable Cd with a concentration of 2.7 mg/kg of soil. According to the bioassimilable Cd
concentration in the studied plots is stablished the following conclusion:

P1<P2<P4<CT<P3
The obtained results are equal than the results of bioavailable zinc concentration.

The Tukey'’s test differences two groups: the plots P1, P2, P4, CT and the plots P3. We
can establish the same hypothesis than with the bioassimilable zinc concentration. So, we can

say that the bioassimilable cadmium affects efficiency of aided stabilization.
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3.5. Sequential extraction of metals

The sequential extraction of metals enables to quantify metals concentrations present
in five distinct fractions: exchangeable, carbonate bound, Fe and Mn oxide bound, organic
matter bound, and residual [166; 167].

The fraction of exchangeable metals represents the mobile and bioavailable part. It
gathers the metals adsorbed by particles and which are easily labile by exchange of ions with
the cations Ca?*, Mg?* or NH4*. This fraction is the most mobile and so the most toxic for the
environment [166; 167].

The heavy metal fraction bound to carbonates is composed by component carbonated,
precipitated and coprecipitated metals with natural carbonates which dissolve with a decrease
of pH. So this fraction is sensible at a weak decrease of pH [166; 167].

The third fraction is the heavy metal fraction bound to Fe and Mn oxides of Fe, Al, and
Mn. These oxides are in form of pellicular coating on the surface of particles. They are
thermodynamically unstable in anoxic condition provoked for example while a decrease of
redox potential [166; 167].

The heavy metal fraction bound to organic matter contains the metals associated with
the organic matter. The connection between metals and the organic matter is the complexation.
In oxidant environment, the organic matters are degraded and release heavy metals [166;
167].

The residual fraction is composed by primary minerals and secondary minerals which

can contain metals in their crystalline structure [166; 167].

64



Identification of soil physical and chemical and properties involved in aided phytostabilization efficiency of a tailing pond

3.5.1. Lead
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Figure 29: Pb fractionation in soils from the studied plots obtained by sequential extraction.

Lead is mostly present in the residual fraction (Figure 29), what represents 96 % in P1,
95 % in P2, 99 % in P3, 97 % in P4 and 97 % in CT. Moreover, Pb bound to organic matter in
all the plants ranged between 1 % to 3 %, Pb bound to Fe and Mn oxides is around 1 % in the
plots P1 and P2 and Pb bound to carbonates is higher in the plot 1 than the others plots (2 %).

Furthermore, the percentage of exchangeable Pb is lower than 0.1 % for all the plots.

Lead in the residual fraction doesn’t present high risks for the toxicity of plants and
environment because the Pb in the residual fraction is not available and the plants can’t absorb
it. Therefore, probably none Pb fraction is affecting the efficiency of aided phytostabilization.
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3.5.2. Copper
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Figure 30: Cu fractionation in soils from the studied plots obtained by sequential extraction.

Cu is mostly present in the residual fraction (Figure 30), which represents 93 % in P1,
90 % P2, 89 % in P3, 85 % in P4 and 83 % in CT. Then, Cu bound to organic matter ranged
between 2 % and 6 % in the studied plots and Cu bound with Fe and Mn oxide varied between
4 % and 7 %. Furthermore, Cu bound to carbonates ranged between 1 % to 2% for all the
plots. And, the Cu exchangeable is present mainly in the plots P3 and CT (1 % and 3 %,
respectively); in the others plots, the exchangeable Cu is lower than 0.3 %. According to the
sequential extraction of Cu in the studied plots is stablished the following conclusion (except
for the plot CT):

Residual > Fe and Mn oxide bound > Organic matter bound > Carbonate bound >

Exchangeable

These results can confirm the hypothesis that the bioavailable Cu can affect efficiency
of aided phytostabilization. We have observed one difference between plots vegetated and
plots without vegetation concerning the exchangeable Cu. The exchangeable Cu fraction are
the most mobile and toxic fraction for the plants, so it can influence efficiency of aided

phytostabilization.
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3.5.3. Zinc
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Figure 31: Zn fractionation in soils from the studied plots obtained by sequential extraction.

Zinc is mostly present in the residual fractions (Figure 31), which represents 63 % in
P1,78 % inP2,63 % in P3,82 % in P4 and 71 % in CT. There are some Zn percentage bound
to organic matter (between 1.8 % and 4.6 %) and Cu bound to carbonates (between 1.9 %
and 3.7 %) in the studied plots. Regarding to Zn bound with Fe and Mn oxides the highest
concentrations are observed in the plots P1, P2 and P3 (29 %, 14 % and 17 %, respectively).
And, the exchangeable zinc is higher in the plots P3 and CT (13 % and 18 %, respectively).

So, the zinc in the exchangeable fraction is mobile and present a risk for the
environment and a risk for the toxicity of plants. These results are consistent with values of
bioavailable Zn in the plots. Therefore, these Zn contents can affect efficiency of aided

stabilization.
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3.5.4. Cadmium
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Figure 32: Cd fractionation in soils from the studied plots obtained by sequential extraction.

Cadmium residual fraction is not as predominant as with the other metals in the studied
plots: 6 % in P1, 56 % in P2, 41 % in P3, 69 % in P4 and 63 % in CT (Figure 32). The
percentage of Cd bound to organic matter ranged from 2 % to 4 % according to the plots. Cd
bound with Fe and Mn oxides represents 39 % in P1, 20 % in P2, 16 % in P3, 8 % in P4 and
9% in CT.

Cd bound to carbonates is higher in the plots P1, P2 and P4 (19 %, 18 % and 13 %,
respectively), this fraction doesn’t present a risk for the plots P1, P2 and P4 because when the
pH is higher than 5, Cd is bounded with carbonates but this metal cannot be absorbed by the

plants.

Moreover, the exchangeable Cd is high for the plots P3 and CT (33 % and 20 %,
respectively). For the others plots, the exchangeable Cd represents 2 % for P1, 3 % for P2 and
7 % for P4. Therefore, the exchangeable Cd is ten times more high in the plots P3 than P1
and fifteen time more high in the plots P3 than P2. In addition to, exchangeable Cd is higher
in P3 than CT.

We can conclude that the cadmium in the exchangeable fraction is mobile and presents
a risk for the environment and a risk for the toxicity of plants. These results are consistent with

values of bioavailable Cu; and the exchangeable Cd influences efficiency of aided stabilization.
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To summarize the above results Table 5 is shown, where we can see the physical and
chemical properties which that most influence the effectiveness of aided phytostabilization.

Properties Influences Doesn’t influence
pH X
Electric conductivity X
Apparent density X
Real density X
Soil texture X
Aggregate stability in water X
Mineralogical composition
Inorganic carbon X
Organic carbon X
Sulphur X
Total nitrogen X
Available phosphorus X
Lead X
Total metals C.opper X
Zinc X
Cadmium X
Lead X
Water soluble metals Copper X
Zinc X
Cadmium X
Lead X
Bioavailable metals Copper X
Zinc X
Cadmium X
Lead X
Sequential extraction | CoPper X
of metals Zinc X
Cadmium X

Table 5: Summary of physical and chemical properties that affect aided phytostabilization.
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4. Conclusions

During the visits to Santa Antonieta tailing pond we observed that the vegetation growth
was different in each plot. We selected 5 plots (4 plots treated by technique of aided
phytostabilization and 1 plot without treatment). A list of actual vegetation growing in the plots
was carried out: Atriplex halimus L., Cynodon dactylon (L.) Pers., Diplotaxis erucoides (L.) DC.,
Lobularia maritima (L.) Desv., Oxalis pes-caprae L., Phagnalon saxatile (L.) Cass.,
Piptatherum miliaceum (L.) Coss., Senna occidentalis (L.) Link. and Stipa tenacissima L; and

we observed differences between the plant type and vegetation cover.

After the experiments in laboratory and the analysis of results, we can conclude that
the pH affects the vegetation development due to its acidity. In addition to the electric
conductivity affects the vegetation development because of that soluble salt content is very
high so the plants cannot absorb the water and the nutrients. And the inorganic carbon is too
low in order the vegetation grow, due to it doesn’t favour the biological activity and the nutrient
retention of the soil. The available phosphorus is also too low, this nutrient is very important

for the plant growth but when the pH is acid, the available phosphorus become unavailable.

With the experiments of heavy metals in laboratory (total, bioavailable, water soluble
heavy metals and sequential extraction of metals), we have determined that Cu, Zn and Cd

affect efficiency of the aided phytostabilization.

Finally, the quantities of organic and inorganic amendments should be increased in
Santa Antonieta tailing pond in order to improve the results on aided phytostabilization,

especially, available phosphorus, pH, electrical conductivity and inorganic carbon.

In addition new plants could be used to stabilize Cu, Zn and Cd such us Diplotaxis
erucoides (L.) DC., Senna occidentalis (L.) Link., which have been used in similar studies and
the results were very good; or Festuca Ovina L. and Vetiveria zizanioides (L.) Nash., which
are species that can growth in arid and dry climate and which can to stabilize pollutants such
as Cu, Zn and Cd.
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6. Anhnexes

Annex 1: Solil classification according to the density

Clay minerals

2000-2650 kg.m3

Quartz, Feldspar

2500-2600 kg.m3

Minerals with metallic components

4900-5300 kg.m-®

Mineral horizon

2600-2750 kg.m3

Organic haorizon

1100-1400 kg.m3

Horizon with heavy minerals

2750 kg.m™3

Mean value for minerals soils

2650 kg.m®
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Annex 2: Soll classification according to the percentage of CaCO3

% of CaCO3 Classification
<1% No lime-filled
2-5% Little lime-filled

5-80 % Lime-filled
>80 % Excessive lime-filled

89



Identification of soil physical and chemical and properties involved in aided phytostabilization efficiency of a tailing pond

Annex 3: Results of laboratory analysis.

Apparent density

Real density

Plots Apparent density (kg/m3)
P1 1164
P2 1153
P3 1330
P4 1301
CT 1445
Plots Real density (kg/m3)
P1 2773
P2 3608
P3 3725
P4 3544
CT 4081

Aqgregate stability in water

Aggregate stability in

2

Plots water (%)
P1 16
P2 18
P3 17
P4 18
CT 22

Plots pH
P1 7.1
P2 5.8
P3 3.3
P4 4.7
CT 2.4
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Electric conductivity

Inorganic carbon

Organic carbon

Sulphur

Plots

Electric conductivity

(mS/cm)

P1 2.99

P2 3.95

P3 7.37

P4 4.43

CT 7.72
Plots Inorganic carbon (%)

P1 2.87

P2 1.46

P3 0.53

P4 1.30

CT 0.47
Plots Organic carbon (%)

P1 0.99

P2 0.39

P3 0.33

P4 0.31

CT 0.21
Plots Sulphur (%)

P1 0.34

P2 0.46

P3 151

P4 0.79

CT 2.80
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Total nitrogen

Plots Total nitrogen (%)
P1 0.11
P2 0.05
P3 0.13
P4 0.10
CT 0.05

Available phosphorus

Plos | A0 kg ot el
P1 31.1
P2 10.0
P3 8.9
P4 7.8
P5 8.2
Total metals
Total metals (mg/kg of soil)

Plots Pb Cu Zn Cd
P1 1298 57 4120 8
P2 1567 59 2738 5
P3 1286 74 4124 7
P4 1753 128 2268 4
CT 1176 148 2364 5

Water soluble heavy metals
Water soluble heavy metals (mg/kg of soil)

Plots Pb Cu Zn Cd
P1 0.45 0.07 0.9 0.07
P2 0.07 0.06 10 0.15
P3 0.03 1.70 900 2.40
P4 0 0.14 73 0.31
CT 0 2.39 312 0.67
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Bioavailable metals

Bioavailable metals (mg/kg of soil)

Plots Pb Cu Zn Cd
P1 49 1.32 84 0.53
P2 13 0.93 40 0.34
P3 8 3.28 824 2.66
P4 1 1.03 53 0.35
CT 0 3.24 291 0.88

Sequential extraction of metals

Lead (mg/kg of soil)

Plots 1st extraction 2" extraction 3 extraction 4t extraction 5t extraction
P1 0.17 32.6 15.1 24 1590
P2 0.00 10.4 13.0 59 1719
P3 0.00 14.1 4.5 12 1993
P4 1.24 7.7 7.7 55 2085
CT 0.51 57 4.7 54 2018
Copper (mg/kg of soil)
Plots 1st extraction 2" extraction 3" extraction 4t extraction 5t extraction
P1 0.11 1.77 7.32 3.99 188
P2 0.07 1.29 4.88 3.90 88
P3 1.48 1.77 7.67 5.44 134
P4 0.17 1.79 5.01 4.14 61
CT 2.09 1.66 4.34 3.43 58
Zinc (mg/kg of soil)
Plots 1st extraction 2" extraction 3 extraction 4t extraction 5t extraction
P1 0.23 131 1001 157 2215
P2 8.4 54 317 103 1727
P3 399 116 524 128 1947
P4 60 38 172 53 1507
CT 332 35 128 34 1294
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Cadmium (mg/kg of soil)

Plots 1st extraction 2" extraction 3" extraction 4t extraction 5t extraction
P1 0.13 1.61 3.24 0.33 3.04
P2 0.17 0.92 1.01 0.17 2.83
P3 2.61 0.49 1.29 0.28 3.24
P4 0.28 0.54 0.34 0.13 2.85
CT 0.84 0.24 0.35 0.09 2.59
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Annex 4: Pictures of plants species mentioned in the report. Source: Google
Images.

Atriplex halimus L.

Cynodon dactylon (L.) Pers.
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Lobularia maritima (L.) Desv.

Oxalis pes-caprae L.
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Piptatherum miliaceum (L.) Coss.

Senna occidentalis (L.) Link.

Stipa tenacissima L.
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Festuca Ovina L.
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