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1. Introduction

Contaminated soils and residues can be remediated by various methods, such as: removal,
isolation, incineration, solidification/stabilization, vitrification, thermal treatment, solvent
extraction, chemical oxidation, etc. These methods have the disadvantage of being very
expensive and in some cases, they involve the movement of contaminated materials to
treatment sites thus, adding risks of secondary contamination [1-3]. Therefore, currently
preference is being given to in situ methods that are less environmentally disruptive and more
economical. In this context, biotechnology offers phytoremediation techniques as a suitable
alternative.

Phytoremediation can be understood as the use of plants (trees, shrubs, grasses and aquatic
plants) and their associated microorganisms in order to remove, degrade or isolate toxic
substances from the environment [3-8]. The word “phytoremediation” derives from the Greek
«phyton», meaning “plant”, and Latin «remedium», which means “to remedy” or “to correct”.

Substances that may be subjected to phytoremediation include metals (Pb, Zn, Cd, Cu, Ni, Hg),
metalloids (As, Sb), inorganic compounds (NO3- NH4+, PO4

3-), radioactive chemical elements
(U, Cs, Sr), petroleum hydrocarbons (BTEX), pesticides and herbicides (atrazine, bentazone,
chlorinated and nitroaromatic compounds), explosives (TNT, DNT), chlorinated solvents
(TCE, PCE) and industrial organic wastes (PCPs, PAHs), and others [5].
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2. Phytoremediation strategies

Phytoremediation techniques include different modalities, depending on the chemical nature
and properties of the contaminant (if it is inert, volatile or subject to degradation in the plant
or in the soil) and the plant characteristics (Figure 1). Thus, phytoremediation essentially
comprise six different strategies, though more than one may be used by the plant simultane‐
ously.

Figure 1. Schematic representation of phytoremediation strategies.
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1. Phytodegradation (Phytotransformation): organic contaminants are degraded (metabo‐
lized) or mineralized inside plant cells by specific enzymes that include nitroreductases
(degradation of nitroaromatic compounds), dehalogenases (degradation of chlorinated
solvents and pesticides) and laccases (degradation of anilines). Populus species and
Myriophyllium spicatum are examples of plants that have these enzymatic systems [9,10].

2. Phytostabilization (Phytoimmobilization): contaminants, organic or inorganic, are
incorporated into the lignin of the cell wall of roots cells or into humus. Metals are
precipitated as insoluble forms by direct action of root exudates and subsequently trapped
in the soil matrix. The main objective is to avoid mobilization of contaminants and limit
their diffusion in the soil [3,11-13]. Species of genera Haumaniastrum, Eragrostis, Ascole‐
pis, Gladiolus and Alyssum are examples of plants cultivated for this purpose.

3. Phytovolatilization: this technique relies on the ability of some plants to absorb and
volatilize certain metals/metalloids. Some element ions of the groups IIB, VA and VIA of
the periodic table (specifically Hg, Se and As) are absorbed by the roots, converted into
non-toxic forms, and then released into the atmosphere. As examples the species
Astragalus bisulcatus and Stanleya pinnata for Se or transgenic plants (with bacterial genes)
of Arabidopsis thaliana, Nicotiana tabacum, Liriodendron tulipifera or Brassica napus for Hg can
be mentioned [13-18]. This technique can also be used for organic compounds.

4. Phytoextraction (Phytoaccumulation, Phytoabsorption or Phytosequestration): this
involves the absorption of contaminants by roots followed by translocation and accumu‐
lation in the aerial parts. It is mainly applied to metals (Cd, Ni, Cu, Zn, Pb) but can also
be used for other elements (Se, As) and organic compounds. This technique preferentially
uses hyperaccumulator plants, that have the ability to store high concentrations of specific
metals in their aerial parts (0.01% to 1% dry weight, depending on the metal). Elsholtzia
splendens, Alyssum bertolonii, Thlaspi caerulescens and Pteris vittata are known examples of
hyperaccumulator plants for Cu, Ni, Zn/Cd and As, respectively [3,19-26].

5. Phytofiltration: this uses plants to absorb, concentrate and/or precipitate contaminants,
particularly heavy metals or radioactive elements, from an aqueous medium through their
root system or other submerged organs. The plants are kept in a hydroponic system,
whereby the effluents pass and are “filtered” by the roots (Rhizofiltration), or other organs
that absorb and concentrate contaminants [13,27,28]. Plants with high root biomass, or
high absorption surface, with more accumulation capacity (aquatic hyperaccumulators)
and tolerance to contaminants achieve the best results. Promising examples include
Helianthus annus, Brassica juncea, Phragmites australis, Fontinalis antipyretica and several
species of Salix, Populus, Lemna and Callitriche [3,16,29-31].

6. Rhizodegradation (Phytostimulation): growing roots promote the proliferation of
degrading rhizosphere microorganisms which utilize exudates and metabolites of plants
as a source of carbon and energy. In addition, plants may exude biodegrading enzymes
themselves. The application of phytostimulation is limited to organic contaminants [3,27].
The microbial community in the rhizosphere is heterogeneous due to variable spatial
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distribution of nutrients, however species of the genus Pseudomonas are the predominant
organisms associated with roots [13,32,33].

There are other strategies, which are considered categories of phytoremediation by some
authors, but actually, they are mixed techniques or variations of the above mentioned strat‐
egies. These include:

a. Hydraulic barriers: some large trees, particularly those with deep roots (e.g., Populus sp.),
remove large quantities of groundwater during transpiration. Contaminants in this water
are metabolized by plant enzymes, and vaporized together with water or simply seques‐
tered in plant tissues [3,34].

b. Vegetation covers: Herbs (usually grasses), eventually shrubs or trees, establish on
landfills or tailings, are used to minimize the infiltration of rain water, and contain the
spread of pollutants. The roots increase soil aeration thus, promoting biodegradation,
evaporation and transpiration [7,35-37]. The difficulty of this technique is that tailings
generally are not suitable for the development of plant roots. However, various investi‐
gations have been undertaken with the aim of developing processes of cultivation in
tailings. For example a technique in which an organic soil composed of sawdust, plant
remains, and some NPK-fertilizers is deposited on the surface was utilized by Hungarian
agronomists (Biological Reclamation Process, BRP), [38]. The workers were able to obtain,
at the end of a single biological cycle, 76 different plant species including cereals, shrubs,
fruit trees and even large trees like oaks and pines.

c. Constructed wetlands: these are ecosystems consisting of organic soils, microorganisms,
algae and vascular aquatic plants in areas where the water level is at/near the surface, at
least part of the year. All the components work together in the treatment of effluents,
through the combined actions of filtration, ion exchange, adsorption and precipitation
[27,39,40]. It is the oldest method of wastewater treatment and is not regarded as proper
phytoremediation, since it is based on the contributions of the entire system [3,41]. Good
cleaning efficiency, low cost of construction along with easy operation and maintenance
are the main advantages. It is widely applied in the treatment of domestic, agricultural
and industrial waste water, but has proved to be suitable also for treating acid mine
drainages [42-45].

d. Phytodesalination: it is a recently reported [13,46] emerging technique that utilizes
halophytes to remove excess salts from saline soils. The potential of Suaeda maritima and
Sesuvium portulacastrum in removal and accumulation of NaCl, from highly saline soils,
has been demonstrated [47]. Although it has its peculiarities, this technique is a modality
of phytoextraction.

3. Advantages and limitations of phytoremediation

Phytoremediation offers several advantages, but also some disadvantages, which should be
considered when seeking to apply this technology (Table 1). If low cost is an advantage, the
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time necessary to observe the results can be long. The pollutant concentration and the presence
of other toxins should be within the tolerance limits of the plant to be used. Selecting plants
with the efficiency for remediating varied contaminants simultaneously is not easy. These
limitations and the possibility of these plants entering in the food chains, should be taken into
account when applying this technology.

Advantages Limitations

In situ and passive technique
Limited to shallow soils or where contamination is

localized to the surface (< 5 m)

Uses solar energy and is low cost
Still under development and therefore not accepted by

many regulatory agencies

Has reduced environmental impact and contributes to

the landscape improvement

There is little knowledge of farming, genetics,

reproduction and diseases of phytoremediating plants

High acceptance by the public
Metal concentrations in the soil can be toxic and lethal to

plants

Provides habitat for animal life Generally, plants are selective in metal remediation

Reduction in dispersal of dust and contaminants by wind
Treatment slower than the traditional physico-chemical

techniques

Reduction of surface runoff
Contamination may spread through the food chain if

accumulator plants are ingested by animals

Reduction of leaching and mobilization of contaminants

in soil

Efficient phytoremediating plants may not adapt to

climatic and environmental conditions at contaminated

sites

Harvesting of the plants or organs that have

accumulated metals is easy to accomplish with existing

technology

If the plants release compounds to increase the mobility

of the metals, these can be leached into groundwater

The harvested biomass can be economically valuable
The area to be decontaminated must be large enough to

allow application of cultivation techniques

Plant process more easily controlled than those of

microorganisms

Toxicity and bioavailability of degradation products

remain largely unknown

Table 1. Advantages and limitations of phytoremediation [3,7,8,48,49].

4. Phytoextraction and phytostabilization

Phytoextraction and phytostabilization are the two techniques most useful for phytoremedia‐
tion of metal and metalloid contaminated soils. Phytoextraction has been widely studied,
mainly due to the potential for high efficiency and possible economic value (in metal recovery,
energy production) [3,23,24,48,50,51]. Preferably, plants used in phytoextraction should
present, among others, the following characteristics [13,23,52,53]:
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1. tolerance to high concentrations of metals;

2. accumulate high concentrations in their aerial tissues;

3. rapid growth;

4. high biomass production;

5. profuse root system;

6. easy to cultivate and harvest.

Phytoextraction can only be considered effective if the accumulated contaminant is subse‐
quently removed through harvesting (Figure 2). If most of the captured heavy metals are
translocated to shoots, traditional farming methods can be used for harvesting. It is important
to harvest the plants before leaf-fall or death and decomposition to ensure that contaminants
do not disperse or return to the soil [20].

Figure 2. Schematic representation of phytoextraction of metals from soil.

After harvesting, biomass may be processed for extraction and recovery of metals (phytomin‐
ing). The commercial value of metals such as Ni, Zn, Cu or Co may encourage the phytore‐
mediation process. Alternatively, thermal, physical, chemical or microbiological processes can
be used to reduce the volume/ weight of biomass. In the case of incineration of plants the energy
produced represents an economic opportunity, and the ash can be further processed for
extraction of metals. However, this process must be very careful, given the possible chemical
elements accumulated, to prevent any dispersion mechanisms of contaminants.

According to McGrath and Zhao [22], phytoextraction efficiency is determined by two key
factors: the ability to hyperaccumulate metals and the biomass production. Therefore, if these
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factors influence the phytoextraction, they can be optimized to improve the phytoremedia‐
tion process. One possibility is the addition of chemical agents into the soil in order to increase
the bioavailability of metals and their root uptake [54,55]. This form of assisted phytoreme‐
diation  (or  induced  phytoremediation)  has  shown  great  potential  and  has  been  widely
studied (Figure 3).

Figure 3. Schematic representation of the processes of natural (A) and assisted (B) phytoextraction.

Although hyperaccumulators are phytoextractors par excellence, usually they are low biomass
producers. Thus, it is generally accepted that plants with a significant biomass production
capacity can compensate their relatively lower metal accumulation capacity, to an extent where
the amount of metal removed can be higher [51].

Phytoextraction potential can be estimated by calculation of bioconcentration factor (or
biological absorption coefficient) and translocation factor [51,56]. The bioconcentration factor
(BCF), which is defined as the ratio of the total concentration of element in the harvested plant
tissue (Cplant) to its concentration in the soil in which the plant was growing (Csoil), is calculated
as follows:

BCF =
C plant

Csoil
(1)

Translocation factor (TF), defined as the ratio of the total concentration of elements in the aerial
parts of the plant (Cshoot) to the concentration in the root (Croot), is calculated as follows:

Phytoremediation of Soils Contaminated with Metals and...
http://dx.doi.org/10.5772/57469

491



TF =
Cshoot

Croot
(2)

The commercial efficiency of phytoextraction can be estimated by the rate of metal accumu‐
lation and biomass production. Multiplying the rate of accumulation (metal (g)/plant tissue
(kg)) by the growth rate (plant tissue (kg)/hectare/year), gives the metal removal value (g/kg
of metal per hectare and per year) [3,19,54,57]. This rate of removal or extraction should reach
several hundred, or at least 1 kg/ha/year, for the species to be commercially useful, and even
then, the remediation process may take from 15 to 20 years [3].

Some soils are so heavily contaminated that removal of metals using plants would take an
unrealistic amount of time. The normal practice is to choose drought-resistant fast-growing
crops or fodder which can grow in metal-contaminated and nutrient-deficient soils.

In contrast to phytoextraction, phytostabilization aims at reducing the mobility of contami‐
nants in the soil. In this technique, contaminated soil is covered by vegetation tolerant to high
concentrations of toxic elements, limiting the soil erosion and leaching of contaminants in to
groundwater. Mobility of contaminants can be reduced by surface adsorption/accumulation
in roots as well as their precipitation in rhizosphere by induced changes in pH or by oxidation
of the root environment [3,12,58]. For example, the immobilization of arsenic in iron plates in
the rhizosphere of salt marsh plants [58,59]. Phytostabilization can also be promoted by plant
species with the capacity to exude high amounts of chelating substances. These substances
lead to immobilization of contaminants by preventing their absorption, while simultaneously
reducing their mobility in soil. Thus, plants with phytostabilization potential can be of great
value for the revegetation of mine tailings and contaminated areas [58,60].

5. Phytoremediation potential of native flora of contaminated soils

It is possible to find a wide variety of plant species that can colonize areas highly pollut‐
ed with heavy metals and metalloids, such as mine tailings or soils degraded and contami‐
nated  by  mining/industrial  activities.  These  are  referred  to  as  metallophyte  and
pseudometallophyte species.

Metallophytes are endemic plant species of natural mineralized soils and, therefore, have
developed physiological mechanisms of resistance and tolerance to survive on substrates
with high metal levels [61,62]. Since metallophytes, in general, and hyperaccumulators, in
particular, are relatively rare and usually produce reduced biomass, the study of pseudome‐
tallophytes,  indigenous  species  of  contaminated  soils,  is  of  great  value.  Pseudometallo‐
phyte  species  (or  facultative  metallophytes)  aren’t  specialized  in  metalliferous  soils  and
have a more extensive distribution, but, due to selective pressure, are capable to survive
in  metalliferous  soils  [63-65].  Thus,  the  high  pressure  of  metalliferous  soils  (natural  or
contaminated by human action)  allows the selection of  populations of  common species,
with higher tolerance than other populations of the same species. Therefore, their capaci‐
ty  of  adaptation  to  these  environments  and,  eventually,  of  accumulation  of  metals  and
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metalloids,  can  be  very  interesting  with  a  view to  their  use,  for  example,  in  ecological
restoration, phytoremediation and bioindication actions.

In recent decades many studies have been conducted in contaminated mining and industrial
areas and in natural metalliferous soils [35,51,58,66-78] in order to inventory and screen the
indigenous species and evaluate their potential for phytoremediation of contaminated soils.

5.1. Phytoremediation potencial of native flora of contaminated soils in Portugal

Several studies to survey the indigenous plant species of diverse contaminated areas and
evaluate their potential for phytoremediation have been performed in Portugal [79-93]. The
authors have undertaken studies to evaluate the phytotechnological potential (phytoreme‐
diation,  phytomining,  bioindication,  biogeochemical  prospecting)  of  native  flora  of  soils
enriched with metals and metalloids, in distinct abandoned mining areas of tin/tungsten
(Sn/W),  copper  (Cu),  lead  (Pb),  uranium  (U),  and  chromium  (Cr)  and  the  results  are
presented in this chapter.

5.1.1. Native flora of old mining areas

In the old mining areas studied, several line transects were made in mineralized and non-
mineralized zones as well as tailings. Soils and plants were collected at 20 m intervals along
the line transects (0, 20, 40 m, etc.) in circle of ≅2 m radius. At each location four random partial
soil samples weighing 0.5 kg each were collected from 0 to 20 cm depth and mixed to obtain
one composite sample to save time and costs. These were oven-dried at a constant temperature,
manually homogenized and quartered. Two equivalent fractions were obtained from each
quartered sample. One was used for the determination of pH, and the other for chemical
analysis. The samples for chemical analysis were sieved using a 2 mm mesh sieve to remove
plant matter and subsequently screened to pass through a 250 µm screen. Samples were also
obtained from all species of plants whenever found growing within the 2 m radius of each
sampling point. The plant sample focused on the aerial parts, taking into consideration similar
maturity of the plants and the proportionality of the different types of tissues, or the separation
of different types of tissues (leaves and stems) in some species. In the laboratory, the vegetal
material was washed thoroughly, first in running water followed by distilled water, and then
dried in a glasshouse. When dry, the material was milled into a homogenous powder. Soil pH
was determined in water extract (1:2.5 v/v). The soil and plant samples were acid-digested for
elemental analysis. Analytical methods included colorimetry for W, atomic absorption
spectrophotometry (AAS, Perkin-Elmer, 2380) for Ag, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn and
hydride generation system (HGS) for As and Sb. Fluorometry (Fluorat-02-2M analyzer,
Lumex) was the methodology that was adopted for the determination of the U content in the
plant and soil samples. Data quality control was performed by inserting triplicate samples into
each batch. Certified references materials were also used.
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5.1.1.1. Tin/tungsten mines

The studied areas included several abandoned Sn/W mines (Sarzedas mine, Fragas do Cavalo
mine, Tarouca mine, Vale das Gatas mine, Adoria mine, Ervedosa mine, Regoufe mine, and
Rio de Frades mine). Results obtained from Sarzedas (Central Portugal) and Vale das Gatas
mines (Northern Portugal) are presented.

A summary of trace element data in soil from the Sarzedas mine is shown in Table 2. Among
the elements present in the soils, Ag, As, Pb, Sb and W show the most relevant anomalies. Soil
pH was negatively correlated to mineralization. Low pH values observed near the mineralized
area can be explained by the presence of sulfides in the mineralization [84]. High levels of
sulfides, in particular pyrite and arsenopyrite that are easily weathered, favors the dissolution
of toxic elements, allowing higher dispersion and bioavailability.

Range Mean Median Standard deviation

pH 3.3 – 5.2 4.7 4.8 0.5

Ag 0.69 – 1.91 0.98 0.92 0.32

As 11.1 – 651 76.3 19.9 181

Co 5.40 – 14.9 8.80 8.41 2.60

Cr 50.7 – 129 96.5 100 26.3

Cu 15.5 – 78.2 40.7 35.1 21.1

Fe 21,881 – 58,644 39,981 37,356 12,883

Mn 22.0 – 92.0 50.0 47.0 22.0

Ni 11.2 – 52.5 21.8 19.7 10.2

Pb 35.7 – 417 85.4 53.9 106

Sb 30.5 – 5,986 663 87.8 1,689

W 0.80 – 684 663 2.90 52.3

Zn 29.0 – 127 58.8 53.3 24.3

Table 2. Trace elements content (mg/kg) and pH of soil samples (N=24, Sarzedas mine).

In the flora of Sarzedas mine area, As was accumulated in aerial tissues of Pinus pinaster and
Digitalis purpurea. Therefore, these species are suited for recognizing the anomaly. High
accumulation of As was present in leaves (Figure 4), and it increased in the older tissues. This
translocation is a common mechanism in plants to avoid toxicity in young leaves as their
metabolic activity is higher [84]. Digitalis purpurea also accumulated substantial amount of Sb
(Figure 5), indicating its tolerance to this element, although the assimilation occured at low
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concentrations in the soil. Species that are capable of accumulating W are D. purpurea, Cistus
ladanifer, P. pinaster, Calluna vulgaris and Helichrysum stoechas (Figure 6).

Figure 4. Accumulation of As (mg/kg DW) in plant species of the Sarzedas mining area.

Figure 5. Accumulation of Sb (mg/kg DW) in plant species of the Sarzedas mining area.
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Figure 6. Accumulation of W (mg/kg DW) in plant species of the Sarzedas mining area.

It was concluded that the species and organs best suited for biogeochemical prospecting and/
or with potential for mine restoration in the Sarzedas mine area are by order of importance: 1)
As: old needles of P. pinaster, aerial tissues of C. vulgaris, Chamaespartium tridentatum, leaves of
C. ladanifer, Erica umbellata and Quercus ilex subsp. ballota; 2) Sb: D. purpurea, E. umbellata, stems
of C. ladanifer, C. vulgaris, C. tridentatum and stems of P. pinaster; 3) W: D. purpurea, C. triden‐
tatum, old stems and needles of P. pinaster, stem and leaves of C. ladanifer, E. umbellata and
stems and leaves of Q. ilex [84].

Range Mean Median Standard deviation

pH 3.5 – 6.3 5.0 5.0 0.8

As 26.7 – 5,770 446 56.7 1,178

Cu 11.7 – 352 88.0 29.0 101

Fe 18,482 – 60,100 33,039 29,443 12,463

Mn 103 – 898 336 167 248

Ni 11.6 – 61.2 30.6 23.6 15.1

Pb 55.4 – 6,299 499 102 1,285

Zn 63.1 – 469 180 125 112

W 2.00 – 636 73.8 10.6 162

Table 3. Trace elements content (mg/kg) and pH of soil samples (N=69, V. Gatas mine).
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Very high maximum values for Pb (6,299 mg/kg), As (5,770 mg/kg) and W (636 mg/kg) were
observed at the Vale das Gatas mine (Table 3). The Cu-Mn-W-As-Pb-Zn association, which
reflects the presence of mineralised veins in the area, is inversely correlated with pH [93]. In
general, the content variations in plant materials were strongly related to the content variations
in soils. It has also been verified that in contaminated locations or tailings, the concentration
of metals in plant tissues is high due to the high metal concentrations in the soil.

The leaves of Agrostis castellana and Holcus lanatus reflect the Cu, Pb and Ni pedogeochemical
anomalies. The aerial parts of Pteridium aquilinum and Juncus effusus seem to be indicative of
Zn anomalies in the soil [94]. Holcus lanatus and A. castellana were the main accumulators of
As (Figure 7), Cu (Figure 8), Fe (Figure 9) and Pb (Figure 10) and good accumulators of Zn
(Figure 11). Pteridium aquilinum was a good accumulator of As, Pb and Zn (Figures 7, 10, 11).
Juncus effusus appeared to be a Zn accumulator (Figure 11).

Figure 7. Accumulation of As (mg/kg DW) in plant species of the V. Gatas mining area.

Figure 8. Accumulation of Cu (mg/kg DW) in plant species of the V. Gatas mining area.
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Figure 9. Accumulation of Fe (mg/kg DW) in plant species of the V. Gatas mining area.

Figure 10. Accumulation of Pb (mg/kg DW) in plant species of the V. Gatas mining area.

Figure 11. Accumulation of Zn (mg/kg DW) in plant species of the V. Gatas mining area.
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The P. pinaster trees growing on the tailings and contaminated soils of Vale das Gatas mine
accumulated the studied elements in quantities greater than observed in plants of the areas
representative of the local geochemical background. These values were also higher than those
typically observed in this species.

In the P. pinaster samples from tailings and contaminated soil locations, the older needles (2-
and 3-years-old) show a tendency to accumulate higher concentrations of As, Fe, Zn, Pb and
W while Ni and Cu were preferentially accumulated in young needles and stems (1-year-old)
[93]. This allowed the authors to conclude that the metal/metalloid concentrations of elements
in plants depend as much on the plant organ as on its age and in biogeochemical studies, it is
important not to mix foliar and woody material in the same sample. The species showed a
great variability in the accumulation behaviour of As, Fe, Mn, Cu, Zn, Pb, Ni, and W with the
age of the organ. Thus, the 1-year-old needles and stems accumulated higher levels of Cu
(Figure 8) and Ni (Figure 12). While the older needles accumulated higher levels of As, Fe, Pb,
Zn and W (Figures 7, 9, 10, 11 and 13). The 2-years-old stems may also be appropriate samples
to detect higher levels of Fe, Zn and Pb.

Figure 12. Accumulation of Ni (mg/kg DW) in plant species of the V. Gatas mining area.

Figure 13. Accumulation of W (mg/kg DW) in plant species of the V. Gatas mining area.
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5.1.1.2. Copper mines

The São Domingos mine (abandoned in 1966) located in south-east Portugal is also included
in this study. This is one of the historical mining centres, known for its activity since pre-Roman
times, with extraction of gold, silver and copper [95] though copper production was the
highlight.

A summary of soil trace element data is presented in Table 4. High levels of As, Cu, Pb and
Zn were recorded in the soils. Copper concentration in soils reached up to 1,829 mg/kg as a
result of the former activities at the site (copper smelter). Maximum concentration of As in
soils was very high, reaching 1,291 mg/kg. The concentration of Pb in the soil was also very
high, 2,694 mg/kg as the average value registered. The average Zn concentration in soils was
of 218 mg/kg but it could reach 714 mg/kg, a level that can be extremely toxic for plants. Cobalt
and Cr concentrations in soils were normally low, ranging from 20.1 to 54.3 mg/kg for Co and
5.1 to 84.6 mg/kg for Cr. Nickel and Ag were also low, varying from 27.2–52.9 mg/kg and 2.5–
16.6 mg/kg, respectively.

Range Mean Median Standard deviation

pH 4.0 – 6.7 5.1 5.1 0.6

Ag 2.50 – 16.6 7.50 7.00 3.60

As 37.2 – 1291 393 353 324

Co 20.1 – 54.3 31.0 29.4 8.40

Cr 5.10 – 84.6 26.5 8.30 31.7

Cu 87.3 – 1,829 553 444 443

Ni 27.2 – 52.9 42.2 43.9 6.60

Pb 234 – 12,218 2,694 2,355 2,345

Zn 104 – 714 218 163 145

Table 4. Trace elements content (mg/kg) and pH of soil samples (N=21, S. Domingos mine).

In plants, Pb concentration was rather high for some species, varying from 2.9 to 84.9 mg/kg
dry weight (DW) (Figure 14). Semi-aquatic species sampled in the mining area, Juncus
conglomeratus and Scirpus holoschoenus, showed high accumulation of Pb in plant tissues. Lead
above 20 mg/kg DW was found in leaves of two species of Cistus, typical Mediterranean shrubs
known for their tolerance to drought and low nutrients availability. Arsenic concentration in
plant tissues ranged from 0.3 to 23.5 mg/kg DW. Maximum As was recorded in J. conglomera‐
tus, Thymus mastichina, J. effusus and S. holoschoenus [82]. Semi-aquatic species from the
Juncaceae family showed the highest content of both metals. Copper concentration in plant
tissues ranged from 3.60 to 28.9 mg/kg DW (Figure 15). These Cu values are within the range
considered normal for plants [96]. The species Cistus monspeliensis and Daphne gnidium showed
the highest Zn concentrations [82]. A few trees, Eucalyptus, Quercus and Pinus species, were
found in the contaminated area showing accumulation of different metals in the aboveground
tissues. Due to their high biomass, they can be very effective for metals phytoextraction and
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phytostabilization especially when established in the less contaminated soils on the peripheral
zone of the study area [82].

Figure 14. Accumulation of Pb (mg/kg DW) in plant species of the S. Domingos mining area.

Figure 15. Accumulation of Cu (mg/kg DW) in plant species of the S. Domingos mining area.
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5.1.1.3. Lead mines

The Barbadalhos mine is an abandoned Pb mine in Central Portugal. It was exploited for Pb
by underground mining from 1887 till the 1940s. The concentrated ore was smelted on site. As
per the usual practice at the time, tailings were deposited on the ground.

Metal concentrations in soil are shown in Table 5. Lead concentration in soils reached 9,331
mg/kg while the average value was 928 mg/kg; obviously due to mining of galena at the
site. In soils from mineralized zone, the mean Pb concentration (2,380 mg/kg) was nearly
9 times the threshold for  industrial  soils  suggested by Canadian Environmental  Quality
Guidelines [97].

Range Mean Median Standard deviation

pH 3,6 – 6.4 4.7 4.6 0.5

Ag 0.71 – 13.0 1.71 1.06 2.03

As 2.77 – 208 16.9 8.07 31.7

Co 3.74 – 50.5 20.1 16.7 12.4

Cr 61.3 – 196 89.0 85.7 22.1

Cu 21.4 – 193 41.7 34.5 27.9

Fe 24,145 – 98,510 40,283 38,497 13,751

Mn 44.4 – 2,224 596 381 588

Ni 7.68 – 87.0 30.5 28.1 12.2

Pb 24.4 – 9,331 928 68.8 2,119

Zn 30.4 – 517 134 90.3 109

Table 5. Trace elements content (mg/kg) and pH of soil samples (N=45, Barbadalhos mine).

Samples from 49 species of the native flora were investigated at this site. Individual elements
and species displayed different trends of accumulation. All plants collected along mineralized
zone accumulated eight metals (Ag, Co, Cr, Cu, Fe, Ni, Pb, and Zn) but many plants from non-
mineralized zone accumulated only five metals (Ag, Cu, Fe, Pb, and Zn). A few however did
accumulate the remaining three (Co, Cr, and Ni); bringing the count of metals accumulated at
par with those of mineralized zone [92].

Most plants were seen to be tolerant of soil Pb concentrations. In mineralized zone, Pb
concentrations in plants ranged from 1.11 to 548 mg/kg DW. This is far above the 100 – 400 mg
Pb/kg content considered toxic for most plants [98]. Significant accumulation of Pb was seen
in Cistus salvifolius (548 mg/kg), Lonicera periclymenum (318 mg/kg), Anarrhinum bellidifolium,
Phytolacca americana, Digitalis purpurea, Mentha suaveolens (255 – 217 mg/kg) [listed in decreas‐
ing order] (Figure 16). Pteridophytes like Polystichum setiferum, Pteridium aquilinum, and
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Asplenium onopteris also showed 117 – 251 mg/kg Pb in aerial parts. In plants from non-
mineralized zone, Pb content was not significant ranging from 0.94 to 11.6 mg/kg.

Though at first glance maximum Pb content observed in trees like Acacia dealbata (84 mg/kg:
leaves), Olea europaea (62 mg/kg: twigs), and Quercus suber (58 mg/kg: twigs) from mineralized
zone is not very impressive compared to that of smaller plants mentioned above, nevertheless
these trees can be very effective due to their higher biomass. When combined with the hardy
nature, biomass and abundance of this species, the moderate accumulation indicates immense
potential for phytoextraction of Pb in the area [92].

In mineralized zone, Zn concentrations in plants reached 1,020 mg/kg in D. purpurea. And
ranged from 262 to 887 mg/kg in L. periclymenum, P. americana, Solanum nigrum, P. setiferum,
M. suaveolens, Viola riviniana, and A. bellidifolium [listed in decreasing order] [92].

Figure 16. Accumulation of Pb (mg/kg DW) in plant species of the Barbadalhos mining area.
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5.1.1.4. Uranium mines

The old U mine of Sevilha (Central Portugal) is one of several small mines exploited by ENU
(Portuguese Uranium Company). After the removal of the main ore body, the site was filled
with the mine wastes and a reclamation process was initiated. This action was somewhat
unsuccessful because the selected allochthonous plant species (Lupinus sp.) did not survive.

Current U soil contamination on the Sevilha mine ranges from 8 to 560 mg/kg [99]. Species of
Compositae and Ericaceae (among the most abundant families of terrestrial plants) accumu‐
lated highest U concentrations (Figure 17). Among Compositae members, an average of 4.91
mg/kg DW and a maximum of 13.1 mg/kg DW was found in Helichrysum stoechas and an
average of 4.07 mg/kg DW and a maximum of 10.5 mg/kg DW was recorded in Hypochaeris
radicata (Figure 17). In Erica umbellata an average of 1.70 mg/kg DW and a maximum of 7.50
mg/kg DW were obtained (Figure 17). Even though the concentrations obtained in the latter
are not high, it is particularly interesting because it has a high bio-productivity. This accumu‐
lation potential might be intensified if uptake enhancement strategies, such as addition of citric
acid, are adopted. A restoration program can be applied to the soils of Sevilha mine by adopting
revegetation with endemic species allied to a process of continuous phytoremediation that
avoids dispersion of U into the streamlets.

Even though the soils in this mine are not highly contaminated, the lixiviation of refilling
materials has been responsible for the dispersion of U into ground and superficial water bodies.
These waters are being used for subsistence agriculture and, therefore, the risk of contamina‐
tion spreading to humans can be acute, due to food chain accumulation [99]. The plant survey
revealed that some of the native plant species are well adapted to U contamination in soils,
therefore, they are metallotolerants. Their phytoremediation potential has to be evaluated.
Dispersion of U into the streamlets can be minimized by a strategic combination of terrestrial
and aquatic plant phyto-systems. Revegetation with Helichrysum stoechas, Hypochaeris radica‐
ta and Erica umbellata will allow fixation of U in the plants and a consequent reduction in its
dispersion. This site can be an excellent prototype for the restoration of other mines in Portugal
where levels of contamination are a matter of concern.

5.1.1.5. Chromium mines (Serpentine soils)

The abandoned mining area of Pingarela in North-east Portugal has serpentine soils and
associated flora. These soils are disproportionately rich in trace elements like Ni, Cr, Co and
poor in Ca. Serpentine outcrops have been referred to as barrens because they are often sparsely
vegetated and extremely poor in essential nutrients, hence not of much agricultural value.
Serpentine ecosystems can generally be distinguished by their grey-green or reddish rocky
soils (soils are very thin), and shrubby or stunted vegetation with plants having small leathery
leaves.

Plant species found on serpentine soils can be divided into two groups: (a) serpentine-tolerant
or serpentine-facultative plants, which are able to survive on serpentine but grow better
elsewhere; (b) serpentinicolous, serpentine-endemic or serpentine-obligate plants, which grow
exclusively on serpentine soils and are not found on other substrates [83,100]. Both these
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groups include species with different efficiencies to uptake or exclude a variety of metals.
Serpentinophytes often experience drought, nutrient stress and excessive exposure to heavy
metal and high light intensity. This means there is less substrate in which nutrients and water
can be held and made available to plants.

An area of ~8,000 ha in north-east Portugal is serpentinized with characteristic geology and
flora. The serpentine plant community and respective soils were analyzed [83] to examine the
trace metal budget in different tissues of the plants exhibiting resistance to trace metals. 135
plant species belonging to 39 families and respective soils were analyzed for total Co, Cr, Cu,
Fe, Mn, Ni, Pb and Zn. Heavy metal concentrations recorded in sampled soils are shown in
Table 6. The high contents of Ni and Cr obtained were to be expected, considering the
geochemistry of the sampling site. However, the high variability of Cr, Ni, Fe and Mn in the
soils is noteworthy.

Figure 17. Accumulation of U (mg/kg DW) in plant species of the Sevilha mining area.
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Range Mean Median Standard deviation

pH 4.9 – 9.3 6.7 6.7 0.6

Co 56.0 – 151 82.3 81.1 18.5

Cr 200 – 6,822 1,622 1,410 1,064

Cu 30.8 – 221 101 99.3 34.7

Fe 95.0 – 110,418 82,950 84,711 14,502

Mn 1,007 – 1,835 1,389 1,363 175

Ni 102 – 2,295 918 883 464

Pb 18.5 – 46.6 29.2 29.1 5.78

Zn 63.0 – 242 110 112 24.8

Table 6. Trace element content (mg/kg) and pH of serpentine soil samples (N=74, Pingarela mine).

The Ni hyperaccumulating endemic of this region is Alyssum serpyllifolium subsp. lusitani‐
cum,  which  concentrated  38,105  mg  Ni/kg  DW  in  the  aboveground  tissues  (Figure  18).
Bromus hordeaceus with 1,467 mg Ni/kg DW and Linaria spartea with 492 mg Ni/kg DW in
the aerial parts, also showed high concentration of Ni. Four other taxa viz.—Plantago radicata,
Ulmus procera, Lavandula stoechas and Cistus salvifolius showed more than 100 mg Ni/kg DW
(Figure 18).

Chromium has low solubility in the serpentine soil solution due to the relatively high pH
values of these soils [83]. This is reflected in the low uptake of this element by plants, which
in general did not exceed 40 mg/kg. However, concentrations of 707 mg Cr/kg DW were
reported in the above ground parts of L. spartea (Figure 19). Alyssum serpyllifolium also
presented high content of Cr, reaching a maximum of 130 mg Cr/kg DW. Ulmus procera showed
a content of 173 mg Cr/kg DW in the twigs.

Figure 18. Accumulation of Ni (mg/kg DW) in serpentine plant species of the Pingarela mining area.
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Figure 19. Accumulation of Cr (mg/kg DW) in serpentine plant species of the Pingarela mining area.

Although leaves of serpentine plants show 10 times higher Co levels than those of plants
growing on non-serpentine soils, the absolute concentrations are only about 10 mg/kg DW in
most species. In this study highest accumulation of Co was found in the aboveground tissues
of A. serpyllifolium with 145 mg Co/kg DW and L. spartea with 63.2 mg Co/kg DW [83].

6. Conclusion

The physico-chemical properties of the metalliferous or metal-contaminated soils tend to
inhibit soil-forming processes and plant growth. In addition to elevated metal/metalloid
concentrations, other adverse factors included absence of topsoil, erosion, drought, compac‐
tion, wide temperature fluctuations, absence of soil-forming fine materials and shortage of
essential nutrients [84,101]. Degraded soils of mines usually have low concentrations of
important nutrients, like N, P and K [102]. Toxic metals can also adversely affect the number,
diversity and activity of soil organisms, inhibiting soil organic matter decomposition and N
mineralization processes. The chemical form of the potential toxic metal, the presence of other
chemicals which may aggravate or attenuate metal toxicity, the prevailing pH and the poor
nutrient status of contaminated soil affects the way in which plants respond to it. Substrate
pH affects plant growth mainly through its effect on the solubility of chemicals, including toxic
metals and nutrients.

Metal toxicity issues do not generally arise in the case of native flora, considering that native
plants become adapted over time to the locally elevated metal levels [76,103]. Native plants
may be better phytoremediators for contaminated lands than the known metal hyperaccumu‐
lators because these are generally slow growing with shallow root systems and low biomass.
Plants tolerant to toxic metals and low nutrient status with a high rate of growth and biomass
are the ideal species to remediate degraded soils and habitats like those around mines. The
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native flora displayed its ability to withstand high concentrations of heavy metals in the soil.
Some species also displayed variable accumulation patterns for metals at different soil
concentrations. This variation was also observed in different parts of the same plant suggesting
that full consideration of plant–soil interactions should be taken into account when choosing
plant species for developing and utilizing methods such as phytoremediation.

Indigenous plant species growing on tailings and contaminated soils show tolerance to
imposed stress conditions (metal-contamination and nutrient deficiency) and can fulfill the
objectives of stabilization, pollution attenuation and visual improvement. Besides, these
species are drought-resistant and some even exhibit high biomass and bioproductivity. In fact,
the constraints related to plant establishment and amendment of the physical–chemical
properties of the metalliferous soils depends upon the choice of appropriate plant species.
Hence, the plant community tolerant to toxic trace elements plays a major role in remediation
of degraded mine soils.

The existing natural plant cover at abandoned mining sites can be increased manifold by wide-
scale planting and maintenance of native species with higher metal accumulation potential for
some years. Even dispersal of seeds obtained from plants on site is to be encouraged. Adding
organic amendment is essential to facilitate the establishment and colonization of these
“pioneer plants”. They can eventually modify the man-made habitat and render it more
suitable for subsequent plant communities. Allowing native species to remediate soils is an
attractive proposition since native wild species do not require frequent irrigation, fertilization,
and pesticide treatments, while simultaneously a plant community comparable to that existing
in the vicinity can be established.

Therefore, mine restoration could benefit from a broader perspective including different
groups of plant species as they can perform distinct functional roles in the remediation process.
The use of leguminous plants, for example, may enrich the nutrient content and the combined
used of perennials and annuals can provide substantial inputs in terms of organic matter and
nutrient recycling, thus contributing in distinct ways to the development of the soil [82,104].
This approach requires more information about plant communities growing on metal-
contaminated soils in order to accurately determine their potential for remediation of polluted
soils at abandoned mines. Ideal phytoremedial candidates can be screened out from the native
flora and after assessing their individual requirements, suitable conditions/amendments can
be created to develop them as good competitors with enhanced growth and proliferation than
their counterparts growing on the same metal contaminated nutrient depleted soils.

Significant accumulation of heavy metals and metalloids in both soils and native wild flora
suggests that metal contamination is a matter of great concern in the studied mining areas.
The native  flora  displayed its  ability  to  withstand high concentrations  of  heavy metals/
metalloids in the soil. However, accumulation patterns of metals/metalloids in the plants
tested differed.  As metal  concentrations  in  above ground parts  were maintained at  low
levels, metal tolerance in most cases may mainly depend on their metal excluding ability.
However,  metal/metalloid  concentrations  higher  than  toxic  level  in  some  species  like
Agrostis castellana  (for As, and Fe), Cistus ladanifer  subsp. ladanifer  (for Cr, and W), Cistus
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salvifolius (for Ni, and Pb), Digitalis purpurea subsp. purpurea (for Sb, W, and Zn), Helichry‐
sum stoechas  and Hypochaeris radicata  (for U), Holcus lanatus  (for As, Cu, and Fe), Lonicera
periclymenum, Mentha suaveolens and Phytolacca americana (for Pb, and Zn), Pinus pinaster (for
As, W, and Zn), Polystichum setiferum  and Solanum nigrum  subsp nigrum  (for Zn), Pteridi‐
um aquilinum (for As), as well as the serpentine plant species Alyssum serpyllifolium subsp.
lusitanicum,  Lavandula stoechas  subsp. sampaiana, Linaria spartea  subsp. virgatula and Ulmus
procera (for Cr, and Ni) and Bromus hordeaceus and Plantago radicata subsp. radicata (for Ni)
indicate  that  internal  detoxification  metal  tolerance  mechanisms might  also  exist;  there‐
fore, their utility for phytoremediation is possible. Furthermore, the plants could grow and
propagate in substrata with low nutrient conditions which would be a great advantage in
the revegetation of  mine tailings.  It  was also observed that  despite  lower accumulation,
trees of the studied regions can be very effective due to their higher biomass.

Some of the studied species also showed variable accumulation patterns for metals at different
soil concentrations. This difference was also noted between parts of the same plant suggesting
that full consideration of plant–soil interactions should be taken into account when choosing
plant species for developing and utilizing methods such as phytoremediation.
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