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Abstract

High concentrations of heavy metals in the soil are an important environmental
problem and contamination comes mainly from industrialization, often carried out
without proper regulations. The mining sector is one of the major contributors to the
release of dangerous substances into the environment. In Chile, this sector accounts
for a major proportion of gross domestic product but has significant environmental
problems linked to the risk to human health. The accumulation of waste materials,
generally fine and rich in HM, takes place in large open-air deposits, called "tailing
dams" and located in the vicinity of mines and processing sites. The recovery and
treatment of such deposits is necessary given their increasing expansion and the res-
ulting environmental impact.

Phytoremediation is rapidly gaining attention as a biotechnology to clean up sub-
strates that are also contaminated with heavy metals, but the possibility of applying
this technique must be assessed on a case-by-case basis. In this study, the feasibility
and potential of phytoextraction intervention in tailing dams in Rancagua Copper
Mine was investigated. The possible perspectives of the search have been evidenced,
identifying the criticalities and fixing the bases for a future experimental planting.

First, the mining sector of copper in Chile was presented, analysing the extrac-
tion and transformation process, including the waste arising from it. The focus was
on the analysis of tailing dams, deposits of fine material coming from floatation
and thickening operations, subsequently reporting the environmental and structural
risks related to their implementation and operation. Afterwards, the phytoremedi-
ation technique was presented, showing the various strategies used and the possible
types of treatment. In the case of the extraction of HMs, the impact of some factors
was assessed and the plants suitable for such remediation treatments were classified,
highlighting the characteristics necessary for the growth and accumulation of con-
taminants. In addition, the assessment criteria were presented and a comparison was
made with traditional remediation techniques.

For the development of research, the site under study was also characterized, both
from the meteorological point of view (studying variables such as temperature, pre-
cipitation, humidity, evaporation, solar radiation and wind) and from the chemical
point of view. By linking the chemical analyses to the guidelines for the hazardness
of the specific elements, a risk-analysis was carried out, identifying the highest degree
of contamination for Arsenic, Lead, Cadmium, Chromium and Zinc. Based on the
above-mentioned evidence, the species that have shown phytoextraction potential for
certain contaminants have been reported. In this study it has been shown that no
hyperaccumulative species have been investigated in the Chilean territory. However,
few endogenous and exogenous species could be used to clean up the contaminated
site. Pteris Vittata L., Brassica Juncea L. and Noccea Caerulescens showed adaptab-
ility and growth in hostile environments and resistance to multicontamination. Such
plants could be the right candidates for future experimental planting.
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Chapter 1

Introduction

1.1 Background

Copper is one of the essential metals required for the development of the indus-
trial economy. This metal has been known by mankind for over 10,000 years and has
also characterised one of the periods of human history: the Copper Age. The metal
gets its name from the Latin Cyprium aes, meaning Cyprus metal, since the island of
Cyprus was where copper was mined during the Ancient Roman world. This evolved
into the word Cuprum, from which the chemical symbol Cu is derived.

Copper has a typical copper-red colour, as showed in Figure 1.1, and his import-
ance is due to its malleability and excellent electrical and heat conductivity. Other
characteristics such as corrosion resistance, durability and antimicrobial properties
make this material widely used in various industrial sectors (Garside, 2020). Also,
its potential to be recycled as often as desired allows the range of uses to be extended
and, in a small part, mining activity to be limited.

Figure 1.1. Copper product, pure cathode (99.99%).

Upon reflection, one would conclude that the innovative progress of the world
would not be possible without copper. The growing need for energy, the high demand
for electronic equipment and the need for interconnections and telecommunications
are just some of the factors for which the demand for copper is constantly increasing
(Aurubis, 2020).
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CHAPTER 1. INTRODUCTION

The increase in demand for copper from industrial economies such as China and
India is one of the main drivers of investment in the copper mining market. Cur-
rently, China is the largest consumer of industrial metals and accounts for a major
share of global copper consumption. Other developing economies and technological
progress will certainly feed future demand. The mining activity carried out in a few
countries in the world should satisfy various industrial markets. The main end-user
segments of this market are manufacturers of electronic equipment, generally the
largest consumers, followed by the construction, infrastructure and transport indus-
tries. Production therefore had to follow the demand trend, involving an increase of
about 5 million tons only in the last 14 years, as shown by the graph in Figure 1.2.

Figure 1.2. Total copper mine production worldwide from 2006 to 2019 (in 1,000
metric tons), from U.S. Geological Survey (2020a).

Globally, the copper mining industry is one of the leading markets in the metal
mining market. Most of the available copper is distributed over large areas, gener-
ally mixed with mineralised materials and rocks. Currently, as a study of the U.S.
Geological Survey (2020b) showed, South America is the main market for the copper
mining industry, having the largest reserves of copper in the world. Chile, having
reserves of 210 million metric tons, is the main producer of copper in the world and
some of the largest copper mines in the world are located in this country.

Although the mining sector has generated and still generates important economic
benefits for several countries, including those in South America, it has consequently
also produced various social and environmental impacts. Environmental responsib-
ilities are linked to the risks generated by mining and quarrying, often carried out
in contexts without the right legislation. The main concerns stem from contamin-
ation of groundwater and surface water, loss of biodiversity, soil pollution and the
resulting erosion. The mining industry, however, does not only cause damage to the
environment but this situation is also affected on the health of the population around
the mining sites. The spillage of chemicals, as evidenced by various epidemiological
studies, often has harmful effects on the health of the inhabitants in the proximity
of the site, mainly workers and families of them. The various attempts to move
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CHAPTER 1. INTRODUCTION

the villages of the workers to distances greater than 10 kilometers did not give the
expected results.

Figure 1.3. World copper production and reserves, in 2016, from FISA and GBR
(2018).

The deposits of tailings, both operational and those abandoned for years, gener-
ate a series of risks of contamination of soil and water with metals and metalloids.
This process is due to atmospheric agents, such as wind and water, which encourage
the dispersion and dragging of the material to the surrounding areas, resulting in
problems for human health, natural ecosystems and agriculture. The presence of
such deposits in arid and desert places, without aquifer and uninhabited, may in-
volve less risk, but mining activities in the vicinity of populated cities need greater
attention and immediate action to mitigate such impacts. As previously pointed out,
the absence of legislation regulating the mining phases, both operational and post-
closure, has attracted high foreign investment capital but has had a negative impact
on the environment. Since the beginning of the century environmental awareness
has grown and become more important thanks to the foundation of bodies for the
protection and control of mining activities. The relevant regulations have introduced
important laws for tailings deposits, establishing terms and conditions for the phys-
ical and chemical stabilisation of contaminated soils before abandoning them.

Several technologies or remediation strategies have been developed to address
the problems associated with increasing metals dispersion on soil. However, the
remediation of metal enriched substrates is very difficult because these elements
cannot be degraded chemically. Traditional treatments, from an economic point of
view, are impracticable in developing countries and leave the substrate in a condition

3



CHAPTER 1. INTRODUCTION

where its physical, chemical and biological properties have been altered, which limits
the possibilities of its subsequent use. In this context, the development of alternative
solutions strengthening the management of tailings deposits is inevitable, in order
to improve the control of their performance and therefore their relationship with the
environment, promoting a sector that applies global sustainable practices.
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CHAPTER 1. INTRODUCTION

1.2 Chilean framework

1.2.1 Copper sector in Chile

Mining is one of the main industrial activities in Chile and is directly linked to
the economic development of the country. The sector, having a high prevalence in the
country, has a direct influence on the economy, employment and per capita income
of the inhabitants. Historically Chile is a mining nation, having developed since
the sixteenth century an industry capable of exploiting its deposits of silver, copper
and gold. During the 19th and 20th centuries, through the extraction of saltpetre,
a material with chemical properties suitable for use as a fertiliser for agricultural
land, the sector experienced exponential growth and generated important structural
changes in the Chilean economy. From this period international trade and foreign in-
vestment, attracted by the high amount of natural deposits, led to important factors
of economic growth by requiring the government to take on an important role in
managing the large tax revenues generated.

Subsequently, from the 19th century, the central role of saltpetre was superseded
by the extraction of Copper. Previously, the extraction of red ore concerned only
a small portion of mining activity, involving only the exploitation of small deposits.
This rather sudden change was due to the increase in the world demand for ore for
uses in nascent industries such as electricity, for the expansion of the construction
sector and for technological innovation. This period of change had also made the
exploitation of deposits with copper content between 1% and 2% economically sus-
tainable. The real economic boom of the extraction of copper occurred between the
years 1990 and 2000, when the sector succeeded in attracting foreign investments
and exploiting the wealth of the subsoil, quantified as about a third of the world
reserves of copper, according to data of FISA and GBR (2018). The period between
2003 and 2014 also led to a growth in the sector thanks to the boom in prices and the
great demand for metal from China. The high cost of copper led to an unprecedented
development of the sector, reaching its peak around 2011, allowing companies a high
increase in production. The country’s economy suffered strongly from this positive
cycle and the country’s GDP risen from $77.8 billion to over $258 billion.

Figure 1.4. Evolution of copper production in Chile between 2006 and 2017, from
FISA and GBR (2018).

Some setbacks, such as the difficult period between 2013 and 2016, were due not

5



CHAPTER 1. INTRODUCTION

only to the fall in prices but also to the progressive introduction of regulatory policies
concerning social and environmental impact. Nelson Pizarro, CEO of CODELCO,
the largest mining company, defined the latter period as the "perfect storm" as it al-
lowed a cost reduction in favour of the increase in productivity and the development
of cutting-edge technologies in terms of innovation, efficiency and safety, eliminating
the bottlenecks of the process and encouraging a recovery of the sector. The crises
given companies the challenge of maintaining production capacity by adapting, modi-
fying and improving production processes and related energy needs. Investments in
the mining sector and the country’s GDP are strongly linked to price fluctuations,
as Chile has no control over the price nor the grade of the mineral in the rock but
always acts and influences the productivity of the sector and the costs attached to it.
The production experienced various fluctuations from 2006 to 2017, as can be seen
from the graph in Figure 1.4, due to the factors previously explained, and in 2017 it
was around 5.27 million meters.

To date, mining accounts for over 11% of GDP, compared to 8% in 1997, and has a
50% share in the country’s exports. The continuous growth of exploration allows new
deposits to be found while, as pointed out by a report published in 2018 (FISA and
GBR (2018)), the number of mining concessions (group owned) in 2016 was 86 076
for a total of around 15 milion hectares. With regard to copper, SERNAGEOMIN
reported in 2015 that the sector also had a majority share in the country’s exports,
reaching as much as 89% of the total mineral exports. The sector has an impact on
the following economic and social factors:

• GDP : copper extraction alone has accounted for on average 10% of Chile’s gross
domestic product (GDP) over the past two decades, while, by comparison, the
mining industry as a whole accounts for 10.9% of the GDP;

• Employment : The industry generated more than 380,000 jobs in 2016 consid-
ering both direct, indirect and adept workers for contractors. In addition, per
capita income is higher than the national average in regions with the highest
mining activity;

• Local communities: the poverty rate is one of the largest indicators of devel-
opment in the country: it fell from 40.5% in 1990 to 8.5% in 2015;

• Tax revenue for the country : since 1990 the sector generates on average 7.8%
of tax revenue, although it is not constant but fluctuates during the period

• Related industries: industries such as the energy sector are directly related to
mining, enough to think that in the northern regions electricity utilization has
a share of 38% while water consumption represents 3% of national amount.

However, although the increase in mining activity has been crucial to Chile’s
progress, it has had negative effects on the environment mainly due to the lack of
proper regulation. Not only this, but also the decline in mineral grades in the rock,
have led to an increase in processing waste and consequently a high degradation of
the soil. This is enough to think that Chile is the third country in the world with
the largest amount of tailings, with a total of 742 in 2019, of which 104 correspond
to active deposits, 463 to inactive, 173 abandoned and 2 under construction, as
report by Equipo Programa Tranque, Fundación Chile. The current deposits have
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CHAPTER 1. INTRODUCTION

an approved capacity of about 21 billion tons but currently the deposited tailings
would amount to about 9.6 billion. Future estimates are really tragic, according to
reports from the Ministry of Mines, in 2026 over 915 million tons of tailings will
be produced per year, resulting in an increase of 74% in the generation of tailings
compared to 2014 (525 million tonnes per year). The recent laws on the subject,
set out in the next chapter, together with the national plan for tailings deposits,
have enabled the creation of greater environmental awareness and the drafting of
guidelines and tools to address these problems and create a more environmentally
sound and secure industry.

1.2.2 Legislation framework

Although mining on the Chilean national territory has a long history, the regula-
tions governing the sector have focused mainly on the organizational and regulatory
aspects for mining concessions, mining and mining code regulations. These aspects,
which have dealt with by the Ministry of Mines since 1960, have left no room for en-
vironmental and regulatory considerations. Only since 1994 with the "General Law
on Environmental Bases" (Law no. 19 300) have environmental terms and impact
assessment processes started to be established, subsequently updated by the Law No.
20 417 of 2010. Previously, only since 1992 could projects be voluntarily submitted
to an environmental assessment process implemented by the Ministry of Mines while
the previous regulatory vacuum allowed the degradation of the environment and the
abandonment of places of copper production and dump.

Table 1.1. Regulatory framework for mining activity, modified from Ministerio de
Minería (2019); Toledo (2016).

Laws Framework regulation Year

M
in
in
g

ac
ti
vi
ty Act No. 18 097 Constitutional law mining concessions 1982

Act No. 18 248 Mining code 1983
Decree No. 1 Mining code regulations 1987

S
u
st
ai
n
ab

il
it
y

m
in
in
g
is
su
e

Act No. 19 300 Environmental Foundation Act 1994
Decree No. 40 SEIA Regulation 2002
Decree No. 132 Mining Safety Regulation 2004
Decree No. 248 Tailing dam regulation 2007
Act No. 20 417 Update of Act No. 19 300 2010
Act No. 20 551 Law on the closure of mining works 2011
Decree No. 41 Regulations closing works and installations 2012
Act No. 20 819 Update of Act No. 20 551 2015

In order to further control sources of pollution from tailings depots, SERNAGEO-
MIN Tailings Depot Office has, since 2015, compiled and updated all information on
tailings depots in the country, creating the National Security Register. Within these
reports are reported the characteristic parameters of each repository, such as ton-
nage, location, owner, method of construction, type of plant, geographical location
(UTM), status (active, inactive, abandoned, under construction) and authorised and
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current volumes. As a decentralised body with legal personality and its own assets,
the purpose of SERNAGEOMIN is to assist the State, through the Ministry of Mines
in terms of control and training in mining safety, technical assistance and publica-
tions based on geology and mining activities, so as to contribute to the sustainable
development of the country (Ministerio de Minería, 2019).

The laws and regulations governing mining activity in environmental terms are
shown below. In addition, the activities carried out by the Ministry of Mines
and the public body responsible for the review and approval of technical aspects
(SERNAGEOMIN) are reported, including technical guides and relevant documents.

National laws regarding mining sustainability issue

• 1994: Act No. 19 300 "Environmental Foundation Act"
Created on 1 March 1994, it aims to introduce an environmental impact as-
sessment system (SEIA), a management tool for the presentation of both in-
vestment projects and projects related to productive activities. The purpose
of this system is to determine the effects that these activities will have on the
environment, so as to prevent or avoid ecological damage.

• 2002: SEIA Regulation - Supreme Decree No. 40
Repair or recovery of polluted soils, which together cover an area of 10 000
square metres or more.

• 2004: Mining Safety Regulation - Supreme Decree No. 132
The aim is to protect the life and physical integrity of people working in the
mining industry by requiring, for the first time, mining companies to apply a
closure plan at the end of the production phase, including the closure of sterile
deposits.

• 2007: Tailing dam regulation - Supreme Decree No. 248
It introduces new rules and regulations for the approval procedure for mine
tailings projects regarding design, construction, management and closure.

• 2010: Act No. 20 417 (Update of Act No. 19 300)
This law underlines the fact that the Chilean Ministry of Environment (MMA)
has a duty to "propose policies and formulate rules, plans and programs on
contaminated waste and soil, as well as risk assessment of chemicals, genetically
modified organisms and other substances that may affect the environment".

• 2011: Act No. 20 551 "Law on the closure of mining works"
This is the first law that regulates the closure phase of mining facilities, con-
sidering this phase as part of the useful life cycle of any mining project. The
objectives of the planning remains those of safeguarding the environment and of
mitigationing the negative effects via the obligation to carry out a risk analysis
on the behaviour of long-term structures, assuring the chemical and physical
stability of the dam. Companies must safeguard the life, health and safety of
people and the environment by meeting certain standards.

• 2012: Regulations of the law on the closing of works and installations - Supreme
Decree No. 41
This Decree implements the Act No. 20 551 and fix the regulations.
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• 2015: Act No. 20 819 (amendment of Act No. 20 551)
This law introduces other legal changes in order to improve the way of calculat-
ing the useful life of mining projects, determining the constitution of a financial
guarantee for projects and adding changes to the evaluation procedure.

Public sector initiatives - Ministry of Mines and SERNAGEOMIN

• 2002: Framework agreement on clean production for large mines
Management of industrial waste and good practices in the solid mining sector;
Management of liquid industrial waste and good mining practices; Methodo-
logical guide on acid drainage in the mining industry; Methodological guide
for closing mining operations; Efficient energy use in the extractive industry
and good practices, Efficient water use in the extractive industry and good
practices.

• 2003: Guide to Good Environmental Practice for the Small Mining Industry
Closure of mining sites, construction and management of dams, management
of fuels and lubricants, other.

• 2006: Clean Production Agreement for Small Mines
Risk assessment manual for abandoned or paralysed mining operations (FMA/P)

• 2007: Land registry abandoned and paralyzed mining operations: Preliminary
risk analysis

• 2010: Update of abandoned and paralyzed mining sites of the Land Registry:
preliminary risk analysis

• 2015: Technical guides Risk assessment by closure
Chemical stability by closure; Manual of good practice for chemical stability,
Inventory of chemical stability technologies.

The laws listed and briefly introduced are part of a path undertaken in 1994
to change the pre-existing mining practices (exploitation, extraction and mainly
deposit) in order to achieve a greater sustainability of the most important Chilean
industrial sector, Mining. However, this does not solve the existing environmental
problems relating to the abandonment of mining facilities prior to these rules coming
into effect, but limits its scope only to the resolution of environmental issues of
new mining projects. It is difficult to clean up derelict and uncontrolled deposits,
since these rules do not have a retroactive effect but act by mitigating the future
harmful effects of mining, preventing the risks due to possible contamination of the
environment. For this reason it will be necessary to introduce a law on mining
environmental responsibilities generated in past years (Toledo, 2016).
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1.3 Copper processing

In this chapter, the copper production process is analyzed. Starting from the
extraction of the material to the formation of the cathodes, this process leads to the
production of a pure material which is 99.99% copper. The extraction process and
transformation process will be explained next.

1.3.1 Extraction process

The mining operation are necessary to extract the mineral from ore deposits.
Copper can be extracted from its ore by:

• Open pit: this solution is used in 90% of ore extraction and allows to mine
massive deposits. In this method the ores near the surface can be quarried
after removal of the surface layers (overlying waste).

• Underground methods: it is used when the open pit solution is not suitable and
is economically viable at a great depth. It consists in sinking a vertical shaft
into the Earth to an appropriate depth and driving horizontal tunnels into the
ore.

In order to compare the two different methods, it is important take into account that
open pit mining has the advantage of having lower development/maintenance costs
and some safety advantages compared with underground methods but the environ-
mental cost can be really high. The choice of extraction method depends on different
parameters, mainly physical, technological and economical.

Metals are often found as compounds in ores. An ore is a rock or mineral that
has enough metal in it to make it worth extracting. The main ores of copper are
sulfides and oxides. From their chemical formulas you can calculate the percentage
of copper in each mineral. However, this is not the same as the percentage of copper
in the ore, as that also contains unwanted silicates and other minerals, called gangue,
which will have to be separated (Copper Alliance, 2020).

(a) Open Pit mine. (b) Underground mine.

Figure 1.5. Some examples of extraction mines.
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1.3.2 Transformation process

The manufacturing process of copper, besides being very complex, involves many
steps that allow the transformation of the ore from the raw material, obtained in
the mining operation, to a purified material. The raw material contains generally
between 0.5 and 2.0% copper whereas final material, represent by copper cathodes,
must reach a high purity, around 99.99% copper. In order to obtain high quality
copper, necessary for the production of electrical equipment, two different methods
can be used: pyrometallurgical extraction or hydrometallurgical extraction (Ayres et
al., 2002).

Pyrometallurgical is an extraction metallurgical method that consist in a specific
high-temperature treatment that allows copper to be extracted from its ores and
concentrates (U.S. Congress, 1988). This process is used with copper sulfides and
it has generally four different steps (roasting, smelting, converting and fire refining)
carried out obviously after the crushing and concentration stages.

Hydrometallurgical extraction is a method based on chemical reactions made in
an aqueous medium that allow copper recovery. This methods is used with low
grade copper oxide and some sulfide mine wastes and has been practiced for copper
recovery for more than 300 years (Szymanowski, 1996). Nowadays, the main smelting
method is pyrometallurgy, with around 85% of output in the world. In this chapter
both processes are mentioned.

Figure 1.6. Copper transformation processes: Pyrometallurgical and Hydrometal-
lurgical steps, from U.S. Congress (1988).
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Pyrometallurgical method

1. Stage 1: Crushing and grinding
The comminution of the ore chunks—essentially from boulders to grains of
sand represents the first stage after the extraction operation.

Crushing is done in three different steps (primary, secondary and tertiary crush-
ing) that gradually reduce the particles to 25 mm diameter and prepare the
material for finer reductions in the grinding phase. The Grinding operation is
carried out by jaw machines, gyratory, and cone crushers, which use compres-
sion force in order to fracture rocks. The first machine is generally used for the
first stage (Figure 1.7) while the other machines are used for the second and
tertiary crushing stages.

Grinding also takes place during the same stage. This process operation can
be operated wet or dry but generally the logical choice, if the following stage
is flotation, is to use the wet type. In this type of grinding work dust control
is not required and power consumption is lower. The Water is mixed with the
material that comes from crushing in order to create a slurry of around 40
percent solids (U.S. Congress, 1988). Grinding is operated by tumbling the ore
with steel rods or balls, or particles of the ore itself.

Figure 1.7. Primary comminution in El Teniente mine, from Gleeson (2020).

2. Stage 2: Froth flotation
This stage (Figure 1.8) is the prevalent concentration method in the copper in-
dustry that selectively separates valuable minerals, the hydrophobic part, from
waste gangue, the hydrophilic one (Leonida, 2020). To start, the slurry coming
from previous grinding operations is mixed with chemicals (surfactant or col-
lector chemical) that make the desired mineral water repellent (hydrophobic).

After air intake into the tank and agitation, the copper minerals attach to the
air bubbles and flow to the surface. The material that overflows the tank is
concentrated and has around 20-30% of Copper by mass. The unwanted waste
rock (gangue) falls to the bottom and is removed.
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Figure 1.8. Series of tanks used in copper Froth Flotation plant, from Leonida
(2020).

3. Stage 3: Roasting
In order to prepare the material for the following smelting it is necessary to
remove sulfur and some volatile contaminants (e.g. Arsenic).

The roasting operation is performed by a chemical reaction that is undertaken
at a lower temperature compared of the melting points of the sulphides and
oxides involved (in general for copper the temperature is below 900-1000°C).
The product from the roaster is called calcine that is a solid mixture of oxides,
sulfides and sulfates (Copper Alliance, 2020).

4. Stage 4: Smelting and Anode casting
The calcines that come from the previous operation are processed a high tem-
perature, at around 1200° C, and react. The products of this reaction are a
copper-rich liquid, called matte, and a mixture of impurities called slag that
floats on the surface ready to be removed. During this reaction sulphur dioxide
(SO2) is also produced and needs to be captured to avoid any dispersion and
pollution. The material is poured into a mould and it cools and solidifies.

The blister copper has 99% copper which may seem enough but it contains
high levels of sulfur, oxygen, and other impurities. During this stage the blister
copper is re-heated and subjected to fire refining and anodes are created by
pouring the liquid into a mould.

13



CHAPTER 1. INTRODUCTION

Figure 1.9. Liquid material poured into rotating moulds, from Encycl. B. (2020).

5. Stage 5: Electrolytic refining
This process is performed at the end of copper transformation and takes place
using electrolysis. The goal is to remove impurities from the copper anodes
and also recover or reuse them in other process.

During this operation, the anodes (Figure 1.10) that come from fire refining
are immersed in an aqueous solution containing copper sulphate and sulphuric
acid. The anodes behave as positive terminals and, during electrolysis reaction,
the copper corrodes, moving to the cathodes. At the end of the process the
cathodes reach high purity with 99.99% copper and the impurities are recovered
from where they are deposited, at the bottom of the tank.

Figure 1.10. Copper electrorefining tankhouse, from Copper Alliance (2020).
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Hydrometallurgical method

1. Stage 1: Leaching
Leaching involves the use of aqueous solutions to extract the metal or its com-
pound from the solid material that contains it. There are two main leaching
methods: heap leaching and in-situ leaching. In both methods, the material
that come from the comminution process is first agglomerated with sulfuric
acid and seawater. A special mobile belt transfers the material to a big stock
pile where the leaching process takes place. The liquid that “leaches” through
the rocks, known as a pregnant leach solution (PLS), is collected because it
contains the dissolved copper. The PLS is then captured in production wells,
collected and later processed (U.S. Environmental Protection Agency, 1994).

The leaching solution should be regulated in terms of pH, redox potential and
temperature to optimize the aqueous phase dissolution of the desired metal
component.

Figure 1.11. Heap leaching system, from Agua royal spring (2020).

2. Stage 2: Solvent extract ion
This methodology of copper extraction enables the recovery of the mineral
concentrate from the leach solution (PLS), otherwise it would not be possible
to apply electrorefining methods because the mixture is too dilute. At the
beginning of this stage, the PLS is mixed with an active organic solvent. This
special additive is able to selectively extract the ore, in this case copper, while
the impurities remain in the aqueous solution.

The copper electrolyte, after solvent extract ion stage, has around 25-25%
copper and is ready to be sent to Electrowinning. The solvent extraction
method is dependent on the solubility of the reagents and the equilibrium
constants that control the reactions.

3. Stage 3: Electrowinning
This method is used to recover copper from the electrolytic solution produced
in the previous SX step. Electrowinning uses inert (insoluble) anodes made
of lead or stainless steel, called sheets. To achieve the development of this
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process it is necessary to pass the electrolyte inside the circulation tanks in
which the electrolytic solution of supply is constantly pumped. Copper is
plated on stainless steel cathodes or thin copper starting sheets. These copper
plates are then removed and have a purity of 99.99%.

Figure 1.12. Storage plant of copper cathodes with minimum 99.99% of copper
content, ready for worldwide shipping. Photo retrieved from www.
reinhausen.com.
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1.4 Mine wastes

The study and analysis of the copper transformation mining process is an im-
portant step in understanding the derivation of mine waste and then to find specific
solutions. In the past, little attention was given to the analysis of the waste resulting
from the process and to the environmental problems it creates.

Mine wastes are problematic because they contain hazardous substances, like
heavy metals, metalloids, radioactive elements, acids and process chemicals, that
can be (or are) released into the environment around the mine. They require spe-
cial treatment, secure disposal, and monitoring. The increasing attention regarding
environmental and dispersion of pollution has focus on their reduction and many
studies was developed in this field.

Figure 1.13. Wastes from the copper mining and transormation process with iden-
tification of where they are released, from Spitz and Trudinger (2009).

The wastes are not only produced during mining operation but, as we can see
from Figure 1.13, tailings come from flotation, thickening and filtering operations
and slags come from smelting furnace.

Waste Rock Waste rock, also called sterile material, consists of unmineralised
rocks and rocks containing mineralization that are below the "cut-off" grade and
will not be further processed because it is not economically viable with the existing
technologies. The amount of waste generated by mining operations depends to a
large extent on the shape of the ore field, the mining plan and the total mineral
production. Rock landfills contain a wide variety of different rocks and minerals that
is site-specific, depending on the nature of the ore deposit and the host rock. The
main potential environmental problem is related to the presence of sulfide minerals,
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especially pyritic ores, that can potentially create acid rock drainage (AMD) (Wirtez,
1999). However, water, like rainfall and snowfall, and the presence of oxygen can
increase or decrease the risk and the analysis of potential impact must include these
two factors. Rock dumps are generally not sealed at their base and the risk of acid
water entering the surface drainage system or underground aquifers is very high. The
high porosity of rock dumps is also a characteristic that can greatly increase the risk
of acid drainage production.

Tailing waste Generally, tailings are materials that remain after the flotation op-
eration and they account for around 50% of total wastes. This is composed of both
solids and liquids, and contains very fine host rock and other non valuable mater-
ial, like nonmetallic minerals. Solids, typically in the field of fine sand and silt, are
discharged (with a solid content of 20% to 40%) with process water exhausted in
tailings dams. The chemical composition of tailings is highly site-specific, depend-
ing on the ore and gangue minerals and type of process used (U.S. Environmental
Protection Agency, 1994). The solids in the tailings consist mostly of common rock
minerals but they also contain a significant fraction of pyrites and 10% to 15% of
heavy metals, including copper (Ayres et al., 2002). Liquid could be removed from
the tailings slurry in thickeners but the functioning of this operation depend by site,
availability of water or special needed of water reuse.

Slag Slag does not fall under the scope of the study. Slags represents the most
important pyrometallurgical waste and it is composed of iron oxides and silicates
in a glassy structure. This type of structure enables slag to be considered as very
stable waste which does not require special disposal. However, sometimes this waste
can contain impurities, like arsenic, and requires a more careful disposal procedures
(Wirtez, 1999). Generally, this material can be found stored either near the mine, if
smelting was conducted nearby, or often stacked in heaps near the smelter.

Figure 1.14. Schematic diagram illustrating the various components of a mining
operation, from Yilmaz (2011).
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1.5 Tailings dam

The tailings, as previously explained, are a mixture of finely ground rock and
process fluids that remain after the extraction of the mineral. They are transported
through piping systems and are stored in landfills: large tanks built specifically for
the purpose of containment. The definition of "Deposit of Tailings" is provided the
Supreme Decree No. 248 (dated 2007) and is:

"any work securely structured to contain tailings from a plant for a
wet concentration of mineral species. In addition, it contemplates his
annexed works. Its main function is to serve as a deposit, generally, solid
materials from the tailings transported from the plant, thus allowing the
recovery, to a large extent, of the water that transports such solids"

To get an idea of the amount of material which results it is sufficient to observe
how the average degree of copper ore has reduced considerably over the years, as
demonstrated by the study done by COCHILCO (2017) and shown in Figure 1.15,
reaching a value of 0.65%. The study also stresses that this reduction in Chile is
more marked than the world average and is mainly due to the high over-exploitation
of ore deposits with higher mineral concentration and the search for new deposits
with lower degree of copper mineral. This implies that the tailings represent more
than 99% of the extracted material. In addition possible water transport and other
elements used in the processes must be considered. Such materials are obviously not
economically further treatable and are composed of solid material suspended in a
liquid solution.

Figure 1.15. Average Copper Mining Grades in Chile, 1999-2016, retrieved from
COCHILCO (2017).

The waste material in output can be deposited in different physical forms in
relation to the characteristics of the production plant and possibly the need to recover
the process water through special filtration treatments. Tailings may be presented
as:

• Thickened tailings: this type of sediment is previously subjected to a sedi-
mentation process with thickening, removing much of the water. These tail-
ings, however, still contain a fraction of water so they must be deposited in
appropriate dam that allows the recovery of the same and avoids dispersion,
otherwise pre-filtration treatments need to be carried out, partial or total;
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• Filtered sterile: in some cases filtration treatments can be carried out to reach a
moisture level of less than 20%. Obviously, given the investments in such plants
and the associated operating costs, the operation may not be economically
viable in such places where the water supply is scarce and expensive;

• Pastes: this situation is intermediate between the two previously exposed. This
material is similar to a high density pulp, with a water content of between 10
and 25% and a concentration of fine particles by weight (less than 20 microns)
greater than 15%.

Tailings must be deposited in safe places in such a way as to ensure stability over
time, avoiding water infiltration and consequent contamination of groundwater and
soil. The various forms of deposition depend on factors such as the type of tailings,
the distance from the processing plant, the storage capacity and the topography of
the soil. The "Regulation for the approval of projects for the design, construction,
management and closing of tailings deposits" of Supreme Decree No. 248 considers
these different types of deposits:

• according to construction mode:

Tailings Dams (upstream, downstream and center-line methods);

Tailings Reservoirs.

• according to the type of tailings to be deposited:

Deposit of thickened tailings;

Deposit of filtered tailings;

Deposit of sterile pasta.

Tailings Dams: This type of containment works is characterized by having the
supporting wall composed of the thickest fraction of the tailings, the sands. They
can be realized through three different construction techniques.

• The "upstream" method is characterized by being made of a small dam of
compacted loan material to which is added, upstream, the fraction of coarser
sand (tailings) while the finer part is placed further away from the wall. This
separation is achieved by hydrocyclones and the method has advantages due to
the low amount of material needed for the construction. Despite this, however,
the wall presents problems of seismic stability, which is why its implementation
is prohibited in Chile.

• The "downstream" method is always realized starting from a wall of compacted
material, but in this case the cyclones positioned in the upper edge of the dam
deposit the sand downstream in slightly inclined or horizontal layers. This
technique allows much more resistant dams to be realized, although they are
more costly due to a higher demand for sand.

• The method of the central-line or "mixed" method start from the same point as
the others but develops vertically due to the deposit of the sand upstream and
fine particles downstream. This method is intermediate between the first two
and has a vertical inclination of the upstream wall, while downstream varies
from case to case.
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In Figure 1.16 are showed three different methods.

Figure 1.16. Three different construction methods of Tailings Dams, from
Bhanbhro (2014).

Tailings reservoir: these types of deposits are made through the construction of
the retaining wall entirely with loam material that is compacted and waterproofed
along the internal slope. The tailings are deposited in the basin and a mechanism is
put in place to recover the water from it. Unlike normal dams, realized considering
a determined value of maximum containment, the reservoirs can often be realized
gradually, widening the wall and therefore distributing the investments in time as
the deposit increases. This type of structure is more solid and resistant to seismic
events.

Deposit of thickened tailings: These types of deposits do not require the con-
struction of a retaining wall and the deposit takes place in the form of a cone with
slope in relation to the concentration of solids, studied through the viscosity curve.
Despite this, however, a small wall is required to delimit the area downstream and
collect the water that flows. The maximum slope of this type of deposits is 6% so
the realization is possible in certain places where the topography allows it.

Deposit of filtered tailings: The passage of the material through mechanical
filtration operations allows the deposit of tailings with a low presence of water, with
humidity of less than 20%. Obviously, the tailings cannot be transported through
pipes but must be carried out through conveyor belts or with earth moving equip-
ment. These types of deposits, called "dry stacks", are stable and can be suitable
for areas with high seismic activity. Although the contamination of subterranean
water by infiltration is very small, an environmental problem can result either from
the wind with the generation of dust or in very rainy climates for the operation of
the site. In Figure 1.17 a "dry stack" filtered sterile deposit is shown.

21



CHAPTER 1. INTRODUCTION

Figure 1.17. Dry deposition of tailings with mechanical methods.

Deposit of tailings in paste: If tailings are dehydrated, they are presented in the
form of paste, that is, a high density material with a low water content. The paste is
transported through a system of pipes and volumetric pumps since the high density
avoids the creation of sedimentation and means it can be transported efficiently. The
deposition of the same occurs in layers that gradually dry out and form cracks that
will be filled by the next layer. This allows stable structures to be created and the
low water content reduces the risks associated with the infiltration of heavy metals
underground. In Figure 1.18 it can be seen how a deposit of tailings in paste is
formed.

Figure 1.18. Deposit of paste material.
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1.5.1 Identification and environmental problem

Starting with the definition of risk as "the combination of the probability of
occurrence of an event and the extent of its consequences", tailings deposits, in all
forms and of all ages, may present different liabilities and environmental risks. They
should be analysed and taken into account at each stage, design, operational and
closure, in order to limit their impact and the associated consequences. The main
risks are related to:

• Structural risks associated with physical stability with regard to breakdowns
in the dam wall due to seismic or hydrogeological events;

• Environmental risks associated with soil contamination as a result of infiltration
into the underlying layers or as a result of wind action, allowing the migration
of contaminated (such as HMs) into other environmental matrices. These risks
are also linked to the disfigurement of the landscape and the deprivation of
such land for agricultural or other purposes.

As stated in Law No. 20 551, regulating mining operations and works, it is
important to specify two concepts:

Physical stability: Structural security situation, which improves
resistance and reduces destabilizing forces that may affect the works or
deposits of a mining site, for which measures are used to avoid bank-
ruptcy phenomena, collapse or removal.

Chemical stability: The control of the presence of the chemical
characteristics of the materials contained in the works or deposits of a
mining site, in the water, air and soil, with the aim of preventing or
eliminating chemical reactions. These reactions can cause acidity and
avoid contact of water with acid-generating residues found in large mining
works and deposits, such as tailings deposits, landfills, waste deposits and
leaching rubble.

Of course it is important to analyse in detail all the possible risks, both of a
structural nature (physical stability) and of an environmental and chemical nature,
of the structures involved.

Seismic risk As Chile is a country characterized by seismic events, it is necessary
to consider the resulting structural importance and determine the potential risks.
The design of the walls supporting the dams must be such as to guarantee, through
the constructive modalities and the dimensions, a stability in time and a durability
of the work in relation to the magnitude of the seismic event, related to the place
where the deposit is located. Events such as soil liquefaction can lead to deposition
failure by releasing tailings and compromising the safety of adjacent areas.

Hydrological risk Direct or indirect contamination of water has always been one
of the major risks associated with tailings deposits. Rainfall, flooding and river over-
flow can lead to the dissolution and migration of heavy metals to the groundwater,
and thus to even the most underground strata. This transfer of heavy metals causes
acidification of water and an alteration of the subsoil leading also to instability of
structures.
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Risk of generation of dust The tailings, being fine waste material of the pro-
cessing, are affected by the action of the wind and generate dust. The particles
are carried by the wind and have adverse effects on the health of living beings by
interacting with the respiratory system. Not only human beings but also plants
can be affected by the harmful effect of dust, which has a negative impact on the
photosynthesis process and on agricultural land.

Soil pollution Soil and water are the environmental matrices most affected by the
harmful effects of contamination. The metals contained in the tailings can migrate,
contaminating productive soils and compromising their use. Toxic elements can come
into contact with plant species through the roots, causing even fatal risks to plants
or being accumulated in leaves and causing harmful effects to animals and living
beings who use them for food.

Water consumption The aspect of water consumption has always been the focus
of discussion regarding mining activity. Tailings are often deposited in the basins
along with process water and other chemical elements which subsequently evaporate
or are retained in the form of moisture. This results in a significant loss of water
especially if this situation occurs in areas where it is scarce. To limit this problem,
water recovery methods can be used using filters or through special piping systems.

It is also important to mention that such deposits have a high visual impact
on the environment by increasing waste from neighbouring communities and raising
awareness of the risks arising from the storage of such materials.

All these risks of contamination are, of course, ultimately a health hazard. Particles
released into water, soil and air can potentially come into contact with the human
organism and manifest a toxic action given the strong affinity between their cationic
forms (due to the sulfide present) and sulphide groups present in enzymes. The ef-
fects depend on the type of metal and the chemical form through which they enter
the body. For example, copper, although it as an essential micronutrient, may cause
damage to organisms due to excessive concentrations while lead mainly affects the
nervous system and adversely affects activities such as the production of blood cells
and affects organs such as the kidneys and the reproductive system. Other substances
such as mercury and arsenic cause damage to the human organism in relation to the
severity of the contamination (López et al., 2003).
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1.6 Goals of the study

The goal of this study is to evaluate the feasibility of using plants for phytoex-
traction of tailings resulting from the extraction of copper at a Chilean mine. The
increasing consumption of copper and other metals has resulted in an increase in
mining and land use. It is therefore necessary to study new forms of mitigation of
the negative effects produced by the mining industry, considering each extractive
and transformation phase in order to obtain the final product. Particular attention
must be paid to the large quantity of sterile waste produced by the activity, thus
going to study new forms of treatment and reclamation of the contaminated material.

The introduction of phytoremediation as a method of remediation of sites con-
taminated by heavy metals (such as tailing dams), being still in a phase of study
and preliminary implementation, requires an in-depth study from an environmental
point of view as it depends heavily on the location, weather conditions and chemical
conditions of the soil. The identification of the candidate plant species for planting
will take place through a process of study and analysis of the species, analyzing the
advantages and disadvantages of the plants that will be used in the project.

The present study revolves around the main objective of laying the foundations
for the realization of a future experimental and operational planting in the site under
study. To achieve this, it will be necessary to study the mechanisms and processes
involved in detoxification and purification of contaminated soil. Phytoremediation
in general will be treated first but the focus will be on the reclamation of soils con-
taminated by heavy metals, as in the case of the mining industry.

To determine the planting project it will be necessary to consider and treat in
detail all the factors that affect the success of the intervention. The objective of the
feasibility study, in addition to the description of the site and the spatial location
of the same, will be to obtain an accurate characterization of weather, carried out
through the analysis of atmospheric variables related to phytoremediation plants.
The variables analyzed will be those of temperature, precipitation, evapotranspira-
tion, relative humidity, solar radiation and wind. Accurately identifying the climatic
conditions of the area will provide a complete picture of the environment in which
the plant species will grow. In addition to atmospheric conditions, the chemical
aspect of the soil will also be treated, identifying the main contaminants and their
concentrations. It will enable the extent of soil contamination to be understood and
will provide insights into the plant species to be considered promising in this area.

The selection of plants, carried out through a detailed decision-making process,
will deal with both the Chilean national context, through the identification of endo-
genous species and the deepening of studies on the subject, and international aspect,
thus shifting attention to similar studies carried out in other parts of the world. The
objective will be to identify and report the plants in relation to the contaminant that
they can treat more but also identifying the possibility of acting on soils affected by
multi-contamination.
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Phytoremediation

2.1 Introduction

Phytoremediation technique has been the subject of attention as an innovat-
ive and economical alternative to the most established treatment methods actually
used in hazardous waste sites. This technology is considered as an environmentally
friendly approach and allows to treat and remove contaminants in a cheap and safe
way, as the field experiment showed.

Bioremediation has been studied for several years, as many studies justify, and it
is from some years that beginning to find employment in the mining industry, with
technologies called phytomining. The environmental problem arising from waste from
the mining processes are well known and dealt with in the previous chapters. The
generic term phytoremediation consists of the Greek prefix phyto, that means plant,
attached to the Latin root remedium indicating something to correct or remove an
evil. The engineering definition of this methodology, given by Hinchman et al. (1995),
is:

"The engineered use of green plant to remove, contain, or render
harmless such environmental contaminants as heavy metals, trace ele-
ments, organic compounds, and radioactive compounds in soil or wa-
ter. This definition includes all plant-influenced biological, chemical, and
physical processes that aid in the uptake, sequestration, degradation, and
metabolism ofcontaminants, either by plants or by the free-living organ-
isms that constitute the plant rhizosphere."

As can be understood from the previous definition, the discpline that studies this
technology is very wide and complex. The engineering aspect of using specific plants
and their properties to degrade, extract, contain or immobilize contaminants from
soil and water must take into account many factors that may influence the success
of the process. The various factors, starting from the various contaminants that can
be tolerated or absorbed up to the different mechanisms put in place by the plants,
require a consistent preliminary study and analysis at different degrees of detail.
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2.2 Phytoremediation strategies and treatment typology

Plants suitable for Phytoremediation treatments can use various detoxification
techniques according to the characteristics of the plant and depending on the chem-
ical nature and physical properties of the contaminant to be removed. The main
phytoremediation strategies, listed and described below, are six but more than one
can be used at the same time (Favas et al., 2014).

1. Phytoextraction (Phytoaccumulation, Phytoabsorption or Phytosequestration);

2. Phytodegradation (Phytotransformation);

3. Phytostabilization (Phytoimmobilization);

4. Phytovolatilization;

5. Phytofiltration;

6. Rhizodegradation (Phytostimulation).

Figure 2.1. Schematic representation of phytoremediation strategies, from Favas et
al. (2014).
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Phytoextraction Phytoextraction methodology, also identifies with the names
Phytoaccumulation, Phytoabsorption or Phytosequestration, involves the absorption
of contaminants by the roots, followed by translocation and accumulation in the
aerial parts, buds and leaves (Hazrat et al., 2013). This technique is used in situ
for the treatment of contaminated soils and is mainly applied for the treatment
of metals (Cd, Ni, Cu, Zn, Pb) in addition to elements such as Arsenic (As) and
other organic compounds (Favas et al., 2014). The plants used are mainly of the
hyperaccumulative type, that is, they are able to store high concentrations (0,01% to
1% of dry weight, depending on the metal), but the study of the suitable species must
also take into account the objective of phytoextraction. The removal of contaminants
occurs with the harvest of plants, so a high production of biomass is preferable even
if the accumulation is lower. The process will continue with incineration and will
end with landfill disposal.

Figure 2.2. Phytoextraction mechanism, from ITRC (2001).

Phytostabilization The Phytostabilization reduces the mobility of contaminants
and limits their spread in soil. The pollutants, usually organic or inorganic, are
immobilized and incorporated into the lignin of the cell wall of the root system while
the metals create insoluble forms that fall into the rhizosphere. Immobilization
also allows to reduce the bioavailability of contaminants and inhibit them to possible
migrations in the aquifer (Barceló and Poschenrieder, 2003). However, this technique
is a management strategy, it is not able to remove the contaminant from the reclaimed
soil until the plant is eradicated.

Phytodegradation Through Phytodegradation technique, contaminants, usually
organic, are degraded or metabolized by plants within plant cells, with the help of
specific enzymes. The involved enzymes in phytodegradation process are: (1) dehalo-
genase (transformation of chlorinated compounds); (2) peroxidase (transformation
of phenolic compounds); (3) nitroreductase (transformation of explosives and other
nitrate compounds); (4) nitrilase (transformation of cyanated aromatic compounds);
(5) phosphatase (transformation of organophosphate pesticides) (Cristaldi et al.,
2017). Unfortunately, the phytogradation is limited only to the removal of organic
pollutants because heavy metals are not biodegradable (Favas et al., 2014). As some
studies have shown, this methodology can be applied to the treatment, in addition to
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the various organic pollutants, also to synthetic herbicides and insecticides (Hazrat
et al., 2013).

Phytovolatilization The Phytovolatilization is the process in which pollutants
are first absorbed at the root level, then transported and released into the atmo-
sphere through the aerial parts of the plant, in less toxic forms. This technique
is applicable for decontamination of organic compounds such as tetrachloroethane,
trichloromethane and tetrachloromethane and certain metals (typically Hg, Se and
As) having a high volatility (Cristaldi et al., 2017). The pollutants removed, how-
ever, are only transferred from one compartment, that of the soil, to another, that
of the atmosphere and therefore there is the possibility of a reintegration into the
environment through precipitation (for example on lakes and oceans).

Phytofiltration The rhizofiltration allows, through absorption, concentration and
precipitation in the root system, the removal of organic and inorganic pollutants from
groundwater, surface and wastewater (Cristaldi et al., 2017). The plants used can
be of aquatic or preferably terrestrial type, seen their more developed and fibrous
root, and are maintained in a hydroponic filtration system applied in situ or ex situ.
The main difficulties of this methodology are related to pH regulation, the need for
a first greenhouse cultivation and the frequency of harvests and subsequent disposal
(Barceló and Poschenrieder, 2003). This technique has shown excellent results for
the removal of heavy metals (collected from roots and subsequently collected) and
for radioactive elements.

Rhizodegradation The rizodegradation involves the biodegradation of organic
contaminants at the level of the root system of the plant. This degradation occurs
in an area of the soil called rhizosphere, in which degrading microorganisms are
present, even in quantities greater than 100 times the surface) that use exudates
and metabolites of plants as a source of carbon and energy. This process has some
advantages, such as a low cost of installation and maintenance and an in situ treat-
ment, but it is a slow process and with greater efficiency only in the first 20-25 cm of
depth. Rhizodegradation improves soil characteristics and is particularly useful for
the remediation of soils contaminated with a wide range of chemicals, including Pahs,
pesticides, polychlorinated biphenyls (Pcbs), BTEX compounds (benzene, toluene,
ethylene benzene, xylene) (Cristaldi et al., 2017).

The phytostabilisation and phytostabilization are related to containment pro-
cesses whereas phytoextraction, phytodegradation and phytovolatilization are clas-
sified as removal processes.
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2.3 Heavy metals (HMs) and Bioavailability

Heavy Metals Heavy metals are conventionally defined as chemical elements with
an atomic number >20 and metal properties. The most common are Cadmium (Cd),
Chromium (Cr), Copper (Cu), Mercury (Hg), Lead (Pb) and Zinc (Zn). HM are nat-
ural components in the soil and some of them are the basis of the composition of
many living organisms, and also of our own body. The HM naturally occurring in
the soil are generally in low concentrations and result from pedogenetic and rock
degradation processes .

The problems arising from these substances, however, begin to show themselves
when concentrations in the environment and in our body reach levels higher than
those that can be tolerated, bringing serious consequences also lethal. The definition
Heavy Metals identifies those chemical elements which have the following common
characteristics:

• density greater than 5.0 g/cm3;

• behave as cations, that is, ions with a positive charge when they enter an
electromagnetic field;

• low solubility of their hydrates;

• tendency to create complex chemical bonds;

• great affinity with sulfides, in which they tend to concentrate (chalcophile ele-
ments);

• may have different oxidation states depending on pH.

Generally, natural processes such as degradation from rock together with translo-
cation or accumulation of such soil components generate concentrations of less than
0.1%. Higher percentages of heavy metals are often attributable to anthropogenic
activities sources of contamination such as agriculture (fertilizers, pesticides), min-
ing (during operation and after disposal), metallurgy, energy production, industrial
emissions and many others (Adriano, 2001). Heavy metals have residence time in
the soil for thousands of years, representing numerous dangers.

The HMs, on the plant point of view, can be divided into two categories: some
play the role of micro-nutrients needed for plant growth, such as Zn, Cu, Mn, Ni
and Co, while others have an unknown biological function, such as Cd, Pb and Hg.
As far as the first category is concerned, these metals play an essential role in plant
growth and, as an excess of them can have harmful effects, so too is a shortage of
them. Regarding metals such as lead and cadmium, they have no biological function
and their phytotoxic action is already evident in small concentration (Liphadzi et
al., 2005; Pietrelli et al., 2004).

The toxicity, resulting from the presence of these metals in the soil, is due to
their ability to interact in biological mechanisms at the cellular and molecular levels.
Considering the overall effects, HMs generate an alteration of plant functions such
as photosynthesis, respiration and the absorption of mineral nutrients. In addition,
entry into the food chain endangers the health of living beings. The danger of these
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substances is mainly due to the fact that they cannot be biodegraded and the ability
to bioaccumulate, causing various health diseases and disorders.

Bioavailability To determine the ecotoxicity of HMs for plant species it is not
enough to know the total concentration of heavy metals present in the soil but
rather it is important to evaluate the fraction that is bioavailable and therefore ab-
sorbable by organisms. The definition, given by Peijnenburg et al. (2007), identify
Bioavalability as "the fraction of the total amount of a chemical present in a specific
environmental compartment that, within a given time span, is either available or can
be made available for uptake by (micro)organisms from either the direct surrounding
of the organism or by ingestion of food”.

In soil, heavy metals (HMs) are present in solid phases and in solution. Referring
to the Figure 2.3, the mobility of metals decreases downwards, from high mobility
in pore water to low mobility in the crystalline structure, but always dependent on
chemical conditions of soil. Generally, in the solid phase, unless chemical changes,
the HMs are immobilized, inert and harmless, while in the aqueous phase they are
mobile and toxic (Ogundiran and Osibanjo, 2009). In addition, chemical and bio-
chemical factors such as pH, oxidizing potential, soil texture, quality and quantity
of organic matter, composition, temperature and groundwater regime influence the
mobility of heavy metals (Plette et al., 1999).

To complicate the study, it is often not only necessary to determine such soil
factors but the study should be concentrated in the area of the rhizosphere, that
area of space that extends for a few millimeters, surrounding the roots of the plant,
and is influenced by their activity. For these reasons it is important to perform a
soil characterization through chemical methodologies, with selective and/or sequen-
tial extractions, or biological, through determination of the target organism and
measurement of bioaccumulation.

Figure 2.3. Breakdown of heavy metals in soil, from John and Leventhal (1995).

TOTAL Associated with Fe, Mn oxides

Associated with carbonate

Weakly adsorbed

In pore water

Complexed by organics

Associated with sulphide

In the mineral lattice

Inorganic complexes
Organic complexes and chelates

Free aquo Ion

32



CHAPTER 2. PHYTOREMEDIATION

2.4 Plants used in phytoextraction

Phytoremediation includes different treatment techniques, as explained in Chapter
2.2, differentiated according to the type of contamination and the purpose to be
achieved. As for heavy metal contamination, the most common technique is repres-
ent by Phytoextraction. Generally speaking, contaminated environments are often
hostile to plant growth and the high rates of toxicity do not allow common species to
resist. As Subhashini and Swamy (2013) report, the plant used in Phytoextraction
should possess the following characteristics:

1. have a rapid growth rate and high biomass production;

2. hyperaccumulator of heavy metal and tolerate the toxic effects of heavy metal;

3. translocate metal from root to shoot;

4. resistant to pathogens and pests;

5. easy to cultivate and harvest;

6. have no attraction to herbivores to avoid its entry into food chain.

Some studies, as Rajesh et al. (2016), have highlighted that some species have
developed detoxification and tolerance strategies, which can be classified as exclusion
or resistance mechanisms. The first mechanisms, an exclusion one, prevent negative
effects by acting within sensitive cells, preventing the accumulation of toxic con-
centrations. Instead, the mechanisms of resistance provide for the development of
certain proteins able to counteract the negative effect of heavy metals.

The studies of suitable plants and their behaviour have as a starting point the
classification and characterization of the species which populated polluted sites hav-
ing high concentrations of toxic substances. Evidence from some studies, as (Baker
and Proctor, 1990; Macnair, 1993), showed that generally species inhabiting such
sites evolve a higher tolerance in relation to habitat, they do not already belong to
species tolerant to metals for some hereditary characteristic.

Taking into account the mechanisms adopted and the complex biological variables
in place, plants growing on metal-contaminated soils can be classified according to
their ability to absorb and transfer metals to the aerial parts, in three different
categories.

Excluders Metal "excluders" have as characteristic to limit, to keep low and con-
stant the concentration of metals in the aerial parts. It occurs by limiting the entry
of contaminants from the roots and often these plants have very reduced processes of
transport from the roots to the leaves. The detoxification of metals occurs mainly in
the roots but the problems appear when the high concentrations accumulate produ-
cing lethal effects for the vote of the plants. Most metallophytic plants are excluders
(Wójcik et al., 2017).

Indicators Metal "indicators" are plants in which there is a linear relationship
between the concentration of metals in the shoot and the concentration in the soil
(Concentration coefficient shoot/soil is usually close to 1 (Wójcik et al., 2017). In
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these plant species the radical absorption and translocation to the aerial parts re-
mains relatively constant for a wide range of HMs concentrations.

Accumulators Metal "accumulators" have excellent ability to concentrate ele-
ments in their tissues, regardless of concentrations in the soil and without showing
signs of toxicity. This mechanism is made possible thanks to the storage of toxic sub-
stances in less sensitive parts of the plant (Wójcik et al., 2017). The ratios between
concentration in soil and/or root and concentration in shoot are higher than 1. In the
category of the accumulators we must also distinguish the hyperaccumulators, that is
those plants that manage to accumulate in the aerial parts very high concentrations
of metal, in relation to the normal range. They are able to tolerate concentrations
higher than 2% of the dry weight of the plant and the threshold limit to differentiate
between accumulators and hyperaccumulators plants has changed over the years and
depends on the type of contaminant. The current values are shown in Table 2.3.

Figure 2.4. Conceptual response diagram demonstrating the potential relation-
ship between the concentration of metals/metalloids in aerial parts of
the plant and available content of metals/metalloids in the soil, from
Muszyńska and Labudda (2019).

The graph in Figure 2.4 relates the concentration of elements in the soil to that
in plant shoots, showing the behaviors of the various species. The normal plant has
a short life cycle with increased bioavailable metals in the soil and can only tolerate
low concentrations. Instead, the curve representing the "excluders" has a linear and
constant trend of the concentration in the shoots as the one in the soil increases,
showing, however, problems, till the death of the plants, due to high concentrations
of HMs in the soil. The "indicators" species have a higher resistance to contamin-
ation, showing a linear curve. "Hyperaccumulators" have a logarithmic trend and
have developed mechanisms that allow them to resist at higher concentrations of
bioavailable metals much more than other species. The dotted line indicates the
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"hyperaccumulator" threshold for different metals and metalloids.

Table 2.3. Concentration range of heavy metals found in plant tissues, minimum
limit for accumulator and maximum limit for hyperaccumulative species
(mg kg-1), from Baker and Brooks (1989).

Metal Norma
range

Minimum
accumulator level

Maximum
hyperaccumulator level

Cadmium (Cd) 0.1-3 20 100
Cobalt (Co) 0.03-2 20 1 000

Chromium (Cr) 0.2-5 50 1 000
Copper (Cu) 5-25 100 1 000

Manganese (Mn) 20-400 2 000 10 000
Nikel (Ni) 1-10 100 1 000
Lead (Pb) 0.1-5 100 1 000
Zinc (Zn) 20-400 2 000 10 000

2.4.1 Plant selection process

Having explained the previous concepts, however, the technical approach to be
used in the choice of the species is now under discussion.

Typically, the phytoremediation study involve the collaboration between engin-
eers, hydro-geologists, and other professionals due to its complexity. The problem of
remediation already presents, itself, some complications to which others are added,
like interaction of the plants with the soil and the high dependence on the site con-
ditions and location.

The main objective of the plant selection process, showed in Figure 2.5, is to
choose a plant species, preferably autochthonous, with appropriate characteristics
for growth and phytoremediation under certain site-specific conditions. To begin the
process of selection of plants, of course, we have to take into account some important
points from which to begin the research of the species that are suitable for our case.

1. Plants present in similar sites: samples of plants growing on the site, to-
gether with other site-specific knowledge, as well as extrapolations from phyto-
purification research, may present important insights. However, these deduc-
tions must be followed by laboratory or field studies of the species concerned.

2. Plants investigated in similar studies: an important step to follow is certainly
that of the analysis of the bibliography and scientific publications on phytore-
mediation. These documents can often be important, because in recent years
much progress has been made in this area. In-field testing takes a long time
and the available data can facilitate the search for the appropriate species;

3. Native plants: obviously, these types of plants have the characteristic of being
able to grow under the conditions of the specific regional zone. The list of these
plants can be available online.

In general, individual surveys produce a list of plants based on the criteria de-
scribed. These lists, when compared, can often present situations in which some
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plants are common, means that are present in more than one list. They represent
candidate plants, for which remediation is more likely to be effective, and therefore
require a more in-depth study using additional information (U.S. Environmental Pro-
tection Agency, 2000).

The additional information allows to analyze and study the phytoabsorption ca-
pacity of the selected plants. The realization of phytoabsorption system requires a
greater deepening in the study of the root system of the plants. This study requires
the analysis of the type of roots and the depth they can reach. A root system with
an high number of roots, such as the fibrous type, provides maximum contact with
the soil thanks to the high surface of the roots.

The depth of the root must be investigated in relation to the layer of soil to be
treated. It represents a greater degree of complexity, as laboratory studies can often
lead to substantial errors. The growth rate can be under or over estimated if the
study doesn’t consider local conditions such as water depth and soil characteristic
such as water content, structure, density, fertility or other conditions.

It is important that the depth of the root zone exceeds the depth of in situ contam-
ination or of the excavated soil. In the shallower zone the extraction or absorption of
contaminants is more marked as most of the mass develops in that zone and decreases
along the depth. The depth depends on the type of plant and varies from values of
1.5/3 meters for Shrubs and Grasses, up to 9 meters of Legumes or even a mass of 30
for Trees (U.S. Environmental Protection Agency, 2000). These maximum depths
are relative to normal environmental conditions while for contaminated areas, some
cite studies, like Dobson and Moffat (1995), showed a reduction in root depth up
to 90% less, thus making the possibility of bio-treatment for depths up to 2/3 meters.

Another parameter that can directly influence the remediation efficiency is the
growth rate. This parameter should be defined differently for the different mech-
anisms of phytoremedition. Fast growth in terms of root depth, density, volume,
surface area is preferred for rhizofiltration, rhizofiltration and phytoostalization. In-
stead, in relation to phytoextraction, a rapid growth rate of the surface plant mass
is preferred. In general, a large radical mass and large biomass are preferred because
it allows a greater mass of contaminants that can be accumulated and a greater as-
similation of them. In addition, a rapid growth rate will reduce the time needed to
reach a large biomass.

This situation, of course, concerns the ideal case. With regard to the metal
hyperaccumulators used, they are able to extract a high quantity of some metals,
but, however, the production of biomass is low and the growth rate is slow. For
this reason it is important to make a comparison with plants capable of producing a
greater amount of biomass even if they have a lower accumulation of contaminants
because what counts in the end is the total mass extracted.
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(1) Identify
Phytoremediation techno-
logy and Remedial goals.

(2) Collect
Site information

a) Location
b) Temperatures: averages, range
c) Precipitation
d) Amount of sun/shade
e) Soil texture, salinity, pH, fertility, water
content, structure
f) Contaminant type, concentration, form
g) Site-specific conditions or considera-
tions

(3) Identify
Important criteria
for plant selection

a) Demonstrated efficacy of plant
b) Phytotoxicity of contaminant
c) Root type and shape
d) Root depth
e) Contaminant depth and distribution
f) Monoculture vs. mixed species
g) Native vs. non-native
h) Growing season

(4) Match
Descripted criteria
and Information

(5) Select and implement
plant and implement
phytoremediation

a) Monitor and evaluate plant growth and
phytoremediation success
b) Reevaluate plant selection on basis of
observations
c) Reseed/replant as necessary with same
or different plant

Figure 2.5. Flowchart of Plant Selection Process, from U.S. Environmental Protec-
tion Agency (2000).
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2.5 Evaluation criteria of phytoextraction

The phytoextraction potential can be estimated by calculating the bioconcentra-
tion factor (BCF) (or biological absorption coefficient) and the translocation factor
(TF).

Bioconcentration factor (BCF) The bioconcentration factor (BCF) from soil
to leaves, defined as the ratio of the total element concentration in the harvested
plant tissue (Cplant) to its concentration in the growing soil (Csoil) as follows:

BCF =
Cplant

Csoil
(2.1)

where C are expressed in (mg/kg).

This factor is an indicator of how efficient a plant is in up-taking heavy metals
from soil and concentrating them into its tissues ?. Obviously, only with BCF it is
not possible to establish if the studied plants may be considerate as hyperaccumu-
lator species for certain metals, this is why we use also Translocation Factor (TF).
Generally, BCF has been categorized into three groups, plants with BCF = 1 are
called Indicator and have no influence, plants with BCF less than 1 can be an ex-
cluders and plants with BCF bigger than 1 can be considered Accumulators, with
regards to high value that are considered Hyper-Accumulators (Radulescu et al.,
2013).

Translocation factor (TF) The translocation factor (TF) also indicates the
plant’s efficiency in extracting heavy metals and it is defined as the ratio of the
total concentration of elements in the aerial parts of the plant (Cshoot) to the con-
centration in the root (Croot) (Favas et al., 2014). The formula is:

TF =
Cshoot

Croot
(2.2)
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2.6 Comparison with other remediation methodologies

The phytoremediation methodology for the recovery of contaminated land is ad-
ded to the many remediation technologies already in place. The fundamental prin-
ciples on which all remediation operations are based are transformation, removal and
immobilization. The first principle can be applied to organic contaminants and allows
gradual transformation into simpler intermediate compounds by achieving complete
mineralization. The removal is mainly used for heavy metals due to their persistence
in soil and their non-degradation over time; for this reason it is necessary to separate
the removal from the contaminated matrix. Immobilisation does not involve extract
or degassing of the contaminant but is only applied in cases where other method-
ologies cannot be effective; this principle avoids only a further extension of pollution.

The classification of the remediation processes used to clean up the sites contam-
inated by HMs can be made on the basis of the place of intervention, differentiating
works in-situ or ex-situ, on-site or off-site or according to the type of treatment,
choosing between Biological, Physical and Chemical (showed in Figure 2.6). These
techniques can also be used in combination to increase the removal efficiency and
the choice is made on the basis of economic factors, site-specific characteristics and
remediation objectives.

Figure 2.6. Different remediation technologies grouped by method, with detail,
from Khalid et al. (2017).

Physical remediation Physical treatments are cited among the types of remedi-
ation and could seem to be beneficial alternatives, from the environmental point
of view, to the classic technologies of contamination removal. Such methodologies,
however, only allow the separation of contaminants from the solid/liquid matrix and
if implemented alone entail high disposal costs in landfill for contaminated material.
Often the combination with chemical treatments, with the use of special reagents,
allows the stabilization or destruction of contaminants. Physical remediation treat-
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ment can also be applied to highly contaminated sites.

• Soil replacement: consisting of partial or total replacement of contaminated
soil, through excavation operations and off-site disposal. The addition of clean
material allows the dilution of contaminants. This technique was the most
used before the 90s because it is well suited to highly contaminated soils with
a small area but is expensive given the high labor effort;

• Soil isolation: this technology prevents the movement of HMs or at least tends
to limit it within a bounded area preventing further contamination (Zhu et al.,
2012). The intervention mainly aims at the protection of groundwater through
the installation of barriers surrounding the site with vertical extension up to the
waterproof layers. The downside is that such interventions are only temporary
and are carried out only when other methodologies cannot be economically or
physically installed.

• Vitrification: this treatment, through the contribution of high temperatures,
allows the separation of contaminants by desorption/ volatilization, the de-
struction of them by pyrolysis or immobilization by fusion of the solid matrix.
This methodology can be applied in different situations and is carried out
through the entry into the ground of electric current through electrodes. This
remediation technique can be applied both in-situ and ex-situ, but cost analysis
prefers the first option. Some critical aspects are related to possible gaseous
emissions, the creation of intermediate contaminants and the impact of tem-
perature in the soil matrix. The main limitations are related to soil conditions,
to determining factors such as humidity and the presence of alkali and to the
possibility of use only in small scale for heavy metals (Khalid et al., 2017).

• Electrokinetic remediation: this new physical methodology allows the separa-
tion of contaminant by electrophoresis, electrical infiltration or electromigration
(Yao et al., 2012). The Electrokinetic technique is often associated with other
processes such as chemical, biological, with permeable barriers and others. A
dissolution operation with specific electrolytes is previously required to treat
heavy metals, but efficiency depends on various environmental factors to be
determined on a case-by-case. Being an economic intervention in relation to
efficiency, the total costs increase considering the preliminary operations

Chemical remediation Chemical treatments reduce the toxic effect of contam-
ination through a series of chemical reactions. The main types of reactions used are
oxidation, reduction and neutralization (Evanko and Dzombak, 1997). In cases of
heavy metal pollution, chemical treatments are intended to reduce the availability
and mobility of metals through specific reagents. The problems of such treatments
may result from the possible creation of more toxic intermediate substances than
the original ones or from the fact that the reagents can themselves be a source of
contamination (Evans and Furlong, 2003).

• Immobilization: during this treatment, the addition of chemical agents allows
the immobilization of contaminants through reduced mobility, bioavailability
and bioaccessibility of heavy metals. The compounds used are mainly organic
and inorganic and allow the modification of soil properties, such as pH, pro-
ducing the precipitation of metals and above all create complex bonds able to
immobilize heavy metals (Khalid et al., 2017).
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• Encapsulation: To limit contamination, the Encapsulation method can also
be applied by mixing contaminated soil with products such as asphalt, lime
or concrete in order to immobilize harmful compounds. Concrete is the most
widely used material in this process but this technology is still used to a limited
extent (Pandey et al., 2012).

• Soil washing: the washing technique uses reagents and extracting solutions
to allow the leaching of HMs from the contaminated soil. The matrix with
heavy metal is removed through excavation operations and then mixed with
the extraction solution, defined case by case according to the type of metal and
soil. During washing, the contaminants pass into the liquid phase from which
they will then be separated. After washing operations, the soil, to be reused or
stored on the site, must respect certain established parameters. This technique
has proved to be very efficient in terms of extraction and environmental impact,
while in economic terms, preliminary operations can impact on intervention
costs (Khalid et al., 2017).

Biological remediation Biological remediation methods consist of the use of
micro-organisms or plants in order to degrade and transform toxic compounds. This
innovative solution, considered economic and permanent, allows the recovery of the
soil through mineralization and transforming heavy metals into less toxic or less
bioavailable compounds. Biological treatments have a high potential in terms of re-
covery and intervention costs, operating directly on site and are non-invasive. The
main disadvantages are the design difficulties associated with environmental condi-
tions and the relative slowness of the process. The main techniques used, as explained
above, are:

• Phytoremediation;

– Phytovolatilization

– Phytostabilization

– Phytoextraction

– Phytoextraction by genetically modified plants

– Chelate assisted phytoremediation

• Microbial assisted phytoremediation.

In conclusion, after other remediation methodologies have been shown, the need
to restore the damaged landscape and the high portions of contaminated land shifted
the focus on more environmentally friendly types of treatment such as biological. The
considerable costs and the high alterations of the substrate by the classic chemical-
engineering techniques have pushed an acceleration in the research and development
of new biological techniques.
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Feasibility study

3.1 Site description

The site is located in O’Higgins region (region VI), about fifteen kilometres (15
km) north-west of the city of Rancagua and around ninety kilometres (90 km) south
of the capital of Chile, Santiago. The tailing dam, site of the study, lies at Latitude
34°04’42" S and Longitude 070°48’48" W and it is composed of two deposits. The
owner of the deposit is "Compania Exploradora Y Explotadora Minera Chileno Ru-
mana SA" and the material comes from copper processing in a nearby mine of the
Chancon complex.

As reported by SERNAGEOMIN (2020), Chancon 1 and Chancon 2 deposits
contain sterile material of 345 100 and 44 457 tons respectively but are currently in-
active. The total cover area is about 46 411.96 m2 and the shape is easily detectable
at the foot of the mountains.

Figure 3.1. Satellite photo of Chancon tailing site, from Earth Explorer (2020).
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The image extracted from the satellite, showed in Figure 3.1 allows us to un-
derstand the high extent of the storage area of the material. In addition, as can be
identified, the storage is dry as the material has already completed its evaporation
cycle.

Figure 3.2. Photo from the top of Chancon tailing dam deposit.

Figure 3.3. Photo from the top of Chancon tailing dam deposit.

The Chancon tailing deposits are showen in Figure 3.2 and Figure 3.3. The first
photo, taken from the top of the deposit, shows the high extension of the tailing dam.
The second photo was taken from the bottom and clearly shows the contrast and
the visual impact created in relation to the surrounding environment and nature: a
disturbance on the mountain landscape.
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3.2 Meteorological condition of the site

The meteorological characterization of the site under study is a fundamental pre-
liminary phase. This study is also very important in cases, such as this one, of the
design of phytoremediation and phyextotraction plants. Plants have a high sensitiv-
ity to weather conditions and need certain conditions to develop and grow over time.

The study aimed to analyse the different variables detected in two weather sta-
tions treating the data of temperature, precipitation, irradiation and wind. This
chapter will also deal with the evapotranspiration of soil using the Thornthwaite
method. In order to evaluate the seasonal changes, it is important to know that
there are four seasons in Chile: summer (December to February), autumn (March
to May), winter (June to August), and spring (September to November).

Through Vismet portal (www.vismet.cr2.cl/) it was possible to identify several
meteorological stations in the vicinity of the site, as indicated in the Figure 3.4, and
a selection was made based on the closer proximity to the site and the possibility
of access to historical data. The two meteostations chosen are Graneros Norte and
Punta Cortes, property of "Red Agroclimática Nacional - Agromet".

Figure 3.4. Map of available weather stations in the proximity of the site, from
VisMet (2020).

The raw data was found through the Agromet portal (www.agromet.cl/) and
relates to the period 2010-2019 for the station Graneros Norte and the period 2013-
2019 for the station Punta Cortes. This information shall include:
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• Minimum, maximum and average temperature, expressed in °C;

• Hourly precipitation, expressed in mm;

• Relative humidity, expressed in %;

• Maximum solar radiation, expressed in W/m2;

• Maximum wind speed, expressed in m/s, and direction of wind.

The two weather stations are about 14.35 km apart and are located to the north
east and south east of the site respectively, equidistant about 10 km. The difference
in altitude is 18 metres. The Satellite photo, shown in Figure 3.5, indicates the linear
distance. In the Table below the principal information, such as identification code,
coordinates and altitude of weather stations, are indicated.

Table 3.1. General information regarding weather stations, from VisMet (2020).

Meteo Station Graneros Norte
(Graneros)

Punta Cortes
(Rancagua)

ID station AG62 AG65
Confidence data 100% 100%

Latitude -34.061 -34.169
Longitude -70.705 -70.791
Altitude 494 m 476 m

Figure 3.5. Satellite map with indication of air distance between two stations, from
Google Maps (2020).
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3.2.1 Temperature

Historical temperature data obtained from the Agromet site have been corrected
by eliminating abnormal values due to malfunctions or errors in the recording and
are reported in the tables below.

Table 3.2. Monthly Average Temperature - Graneros Norte weather station.

Year Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

A
ve
ra
ge

T
em

p
er
at
u
re

(°
C
)

2010 20.6 19.0 17.6 11.8 10.1 7.2 5.2 8.7 11.4 13.6 17.3 17.7

2011 20.6 19.5 16.4 12.3 9.2 6.5 6.0 8.2 12.3 14.2 17.0 20.3

2012 20.7 20.5 18.5 13.4 11.0 8.9 6.0 8.4 12.0 13.3 17.4 18.1

2013 21.0 20.2 16.8 12.5 9.4 7.2 7.2 8.4 10.9 14.5 17.1 20.9

2014 20.5 19.3 17.1 11.5 10.5 6.0 7.2 10.5 11.8 15.9 17.3 19.2

2015 21.6 20.0 19.1 14.0 10.3 7.4 8.7 10.8 12.3 13.3 17.0 19.9

2016 21.0 20.7 17.9 13.0 12.1 7.3 9.0 13.0 23.0 15.5 18.7 19.6

2017 22.6 20.7 18.0 13.5 10.2 6.7 7.9 8.9 11.7 13.7 17.7 20.5

2018 20.9 20.8 17.3 14.2 10.8 7.3 7.4 9.4 12.2 14.7 18.6 19.8

2019 21.4 21.7 17.9 14.8

Figure 3.6. Graph with indication of average temperature in Graneros Norte sta-
tion.
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Table 3.3. Monthly Average Temperature - Punta Cortes weather station.

Year Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
A
ve
ra
ge

T
em

p
er
at
u
re

(°
C
)

2013 20.5 20.4 17.4 13.5 10.0 8.0 - 10.1 11.2 15.0 17.6 20.0

2014 20.6 19.6 17.9 12.7 11.3 7.0 8.3 10.1 11.8 16.1 17.4 18.8

2015 21.6 20.4 20.4 15.4 11.3 8.1 9.0 10.8 12.2 13.2 16.9 19.5

2016 20.6 21.0 18.4 13.4 12.3 7.6 9.0 10.4 13.5 15.2 18.6 19.4

2017 22.9 21.7 18.8 14.7 10.5 7.7 8.1 8.6 6.7 14.3 17.8 20.2

2018 20.8 20.8 17.8 14.3 10.7 8.0 7.8 9.6 12.3 14.3 19.0 18.7

2019 21.2 21.3 18.6

Figure 3.7. Graph with indication of average temperature in Punta Cortes station.

The temperature trend throughout the year is similar in the two weather stations,
showing that June and July are the coldest months while January has an average
temperature which is always above 20 degrees. Also, in this study, it is really im-
portant to determine the appearance related to the minimum temperature in the
colder months. Unfortunately, in works that use and implement plants, temperature
values below zero degrees Celsius (0°C) cause considerable problems in the manage-
ment of the plant and in the correct operation. Analyzing the temperature data over
time of both weather stations, the average daily temperature never drops below zero
degrees. Focusing the analysis on an hourly scale results in a maximum value of 20
hours within a total 720, with temperatures below zero, during the coldest months.
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3.2.2 Precipitation

As with other data, the precipitation values were extracted from the Agromet
portal. It was necessary to correct the data from the reported outliers, as they could
have influenced subsequent calculations. In the following Tables, 3.4 and 3.5, the
total monthly values of millimeters of rain for the Graneros Norte station and for
the Punta Cortes station are reported.

Table 3.4. Monthly Total Precipitation - Graneros Norte weather station.

Year Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

P
re
ci
p
it
at
io
n
(m

m
)

2010 0.5 1.6 0.2 1.2 33.4 118.5 76.1 11.8 13.5 3.2 28.4 0.4

2011 0.2 1.7 1.7 18.3 1.4 106.7 101.2 83.9 6.4 16.6 0 0

2012 0 0.4 0 20.9 55 131 9.2 51 8.8 29.4 0.8 32.2

2013 3 0 0 2.2 140.2 47 22.2 42.8 17.8 0.8 0 0.2

2014 0 0 0.8 0.8 72 143.3 30.8 33.9 63.7 3.6 15.7 5.4

2015 0 0.6 28.6 1.5 7.5 0.6 38.2 178.8 45.8 79.7 19 0

2016 7.9 0 1.4 194.2 23.4 29 54.8 - - - 22.3 60.8

2017 0 - 0 - 140.7 111.1 28.9 83.3 17.2 22.8 7.7 10.5

2018 0 0 13.5 0.6 17.9 58.8 114.8 32.6 53.8 33.1 11.8 0.6

2019 0.8 0.5 1.4 0.3

Table 3.5. Monthly Total Precipitation - Punta Cortes weather station.

Year Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

P
re
ci
p
it
at
io
n
(m

m
) 2013 0 0 0 0.2 93.8 22.4 - - 13 1.2 0 0

2014 0 0.2 0.4 0 26.8 51 12.6 34.6 24.6 1.4 6.2 5.4

2015 0 1.9 25.1 0 1.6 0.4 19.2 74.9 31.4 39.1 18.1 0

2016 4.1 0 0 44.2 5.4 7.8 7.6 1 0.2 176.1 6.9 1.8

2017 0 0 0.2 23.4 36.8 46.9 23.5 80.9 0.4 2.4 7.6 0

2018 0 0 10.1 0 20.2 39.7 88 53.6 41.8 14.2 1 0

2019 0 0 0.1

Looking and analyzing the data in the tables it is possible to conclude that the
locality of Graneros Norte is more rainy. Despite that, the rainfall rate remains
relatively low, never exceeding 200 mm of rain in the rainiest months. In Graneros
Norte station some monthly data is missing due to maintenance and data logger
recording problems.
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3.2.3 Evapotranspiration

The Potential evapotranspiration (PET) is "the amount of water transpired in a
unit time by a short green crop completely shading the ground, of uniform height,
and never short of water", definition given by Penman (1948). In order to calculate
the PET, in 1955, Thornthwaite and Mather developed an estimation method that is
based exclusively on air temperature. This method involves the calculation of three
different factors:

• Heat Index I, function of monthly average temperatures;

• The factor a, calculated with the formula shown below.

The process that allows the determination of the quota of the evapotraspirazione
begins with the calculation of the Annual Heat Index (I), with the formula:

PETnc = 16 ·
(
10 · T

I

)a

(3.1)

where:

• T is the Mean Monthly Temperature, in Celsius grade (°C);

• The Monthly Heat Index (i) is:

i =

(
T

5

)1.514

(3.2)

• The Annual Heat Index (I) is:

I =
12∑
i=1

i (3.3)

• The factor a is:

a = 0.49 + 0.079 · I − (7.71 · 10−5) · I2 + (6.75 · 10−7) · I3 (3.4)

In first approximation, the Potential Evapotranspiration (PET) estimations are
based upon a 12-hour day (theoretical sunshine hours per day) and a 30-day month
(Pascual-Ferrer and Candela, 2015). The values that are obtained should be correc-
ted according to the real length of the month and the theoretical sunshine hours for
the latitude of interest, with the formula:

PETc = PETnc ·
N

12
· d

30
(3.5)

where N are the theoretical sunshine hours for each month and d number of days for
each month. The chart shown in Figure 3.8 shows the average number of sunshine
hours related to the Rancagua city.
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Figure 3.8. Average daylight hours in Rancagua, Chile, from Weather Atlas (2020).

Some bibliographical resources propose, in alternative, a method of correction of
the values of evapotraspiration through the determination of the Correction factor
Li, function of the latitude of the site. It is a tabulated value, determined for each
month and has the same function as the procedure shown above.

In Figure 3.9 the values of the Correction Factor as a function of latitude are
reported, obtained from (Teegavarapu, 2012). These values are indicated for latitudes
from 0 to 50 South and North in multiples of 10. A linear interpolation has been
performed to identify the relative values to the latitude 34.061 South, related to the
weather station Graneros Norte.

Figure 3.9. Tabulated correction factor Li in function of latitude, from Teegavarapu
(2012).

In Table 3.6 the calculation values made to obtain the values of evotranspira-
tion (ETP) for the weather station of Punta Cortes are shown. The two correction
methods have given the same results.

50



CHAPTER 3. FEASIBILITY STUDY

T
ab

le
3.
6.

E
va
po

tr
an

sp
ir
at
io
n
(E

T
P
)
ca
lc
ul
at
io
ns

w
it
h
T
ho

rn
tw

ai
te

m
et
ho

s.

Ja
n

Fe
b

M
ar

A
p
r

M
ay

Ju
n

Ju
l

A
u
g

S
ep

t
O
ct

N
ov

D
ec

M
ea
n
P

(m
m
)

0.
59

0.
30

5.
13

9.
69

26
.3
7

24
.0
3

25
.1
5

40
.8
3

15
.9
1

10
.0
0

5.
69

1.
03

M
ea
n
T

(°
C
)

21
.2
2

20
.7
2

18
.4
8

13
.9
8

11
.1
7

7.
73

8.
17

9.
87

12
.3
6

14
.5
9

18
.2
4

19
.4
6

T
/5

(°
C
)

4.
25

4.
14

3.
70

2.
80

2.
23

1.
56

1.
63

1.
98

2.
47

2.
92

3.
65

3.
90

i

(°
C
)

8.
92

8.
60

7.
24

4.
74

3.
38

1.
93

2.
10

2.
80

3.
94

5.
06

7.
10

7.
82

I
63

.6
4

a
1.
49

09

E
T
P

(m
m
)

99
.6
0

86
.7
7

81
.0
1

51
.7
4

38
.2
4

21
.3
8

23
.9
9

31
.8
2

43
.0
5

56
.9
5

76
.9
1

87
.4
8

P
-E
T
P

(m
m
)

-9
9.
02

-8
6.
47

-7
5.
88

-4
2.
06

-1
1.
87

2.
64

1.
16

9.
01

-2
7.
14

-4
6.
95

-7
1.
23

-8
6.
46

51



CHAPTER 3. FEASIBILITY STUDY

Figure 3.10. Graph with indication of contribution of Evapotranspiration and Pre-
cipitation.

Analyzing the graph and the data of the average precipitation together and the
evapotranspiration, the average monthly precipitation is scarce especially in the sum-
mer months (from October to March) and reach its maximum peak of 40.83 mm
during the month of August, while the ETP has an inverse course. Only during the
months of June and August the contribution of precipitation is greater than the ETP
from the ground.
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3.2.4 Relative humidity

The water content of the air is an important factor for the success of HM phyto-
extraction plants from contaminated soils. The amount of water transpired from the
ground is dependent on the humidity of the air and the transpiration gradient is the
driving force of this process. The study of this relative humidity variable is necessary
as gross errors could be committed by the underestimation of it. In a practical sense,
considering all the other factors equal, the higher the drying conditions of the air,
the greater the water transpired by the plant, involving a greater translocation of
contaminants.

Firstly, the dataset from Punta Cortes station was analysed, treating relative
humidity data on a monthly basis. The values of monthly average relative humid-
ity were plotted in a graph, shown in Figure 3.11, to better appreciate seasonal
fluctuations.

Figure 3.11. Monthly Average Relative Humidity of the air in Punta Cortes.

The analysis of the data shows that the relative humidity of the air in the first
three months of the year is similar, that is around 65 percent. The major step occurs
between the following months, when the average relative humidity jumps to 74.2%
in April. The trend of the curve grows, reaching its peak in July, with a relative
humidity of 83.6%. In the second half of the year the curve shows a decreasing trend,
falling to 64% in November. The curve studied has a shape similar to the distribution
of precipitation throughout the year.
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3.2.5 Solar radiation

The measurement of solar radiation on the ground is rather delicate compared
to other measurements more commonly carried out at meteorological stations (for
example the temperature) but if carried out correctly it represents a radiometric
measurement of excellent accuracy. The radiation power per unit area is measured
in W/m2 (Watt per square metre).

Solar radiation provides the energy for transpiration and this atmospheric vari-
able affects plant growth and photosynthesis. This means that with less light the
growth rate will be lower and consequently the photosynthesis process will be slower.
Landmeyer (2011) and Mccutcheon and Schnoor (2004) studies demonstrated that
there is a strong relationship between solar radiation and plant transpiration.

In the graphs below the Solar Radiation, determined in Punta Cortes station,
are presented divided by season.

Figure 3.12. Comparison of Daily Average Solar Radiation for Summer months.

Figure 3.13. Comparison of Daily Average Solar Radiation for Spring months.

54



CHAPTER 3. FEASIBILITY STUDY

Figure 3.14. Comparison of Daily Average Solar Radiation for Winter months.

Figure 3.15. Comparison of Daily Average Solar Radiation for Autumn months.

Looking at the data, the daily trend of Solar Radiation looks similar for all
seasons, having the characteristic parabolic shape with the daily maximum value at
around mid day, that which changes greatly season by season is the value. During the
summer, Solar Radiation reaches values of about 900-1000 W/m2 while during colder
months it has values below 600. The Spring and Autumn are transition seasons from
the other two.
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3.2.6 Wind

The analysis of wind speed and direction is necessary in Phytoremediation stud-
ies because wind affects the rate of transpiration and plant health. The effect of wind
occurs mainly on windy days, as removing air in balance with the leaf in surface,
increased transpiration occurs. However, wind gusts in combination with precipita-
tion and high soil humidity can cause root damage until complete eradication of the
plants (Landmeyer, 2011). Through the Agromet portal, as for the other meteorolo-
gical variables, the Wind direction, expressed in °, and Wind max speed, expressed
in m/s, were obtained.

The analysis was carried out by processing both sets of data on Matlab to obtain
a Wind Rose diagram. It allows wind conditions, direction and speed to presented
graphically over a period of time in a specific position, identified by our study in the
weather station of Punta Cortes. The observation period runs from January 2012 to
March 2019.

The diagram shown in Figure 3.16 includes 8 radiant rays representing the dir-
ections of the wind in terms of the cardinal directions of the wind (North, South,
East and West) and their intermediate directions. The colours provide details on
the speed, in m/s, of the wind from each direction while the percentage numbers
indicated, for each concentric circle, represent the cumulative distribution of wind
speed for each direction.

Figure 3.16. Wind Rose diagram of Punta Cortes weather station.

For a better understanding and analysis of the data shown in the Wind Rose
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diagram above, it is necessary to highlight some points:

• The main direction for the wind turns out to be the North. About 37% of the
time the wind blows in this direction, reaching peaks of less than 5 m/s;

• The north adjacent directions, north-east and north-west, have winds with
speeds of less than 5 m/s, extending respectively for about 10% and 15% of
the hours;

• For the southern direction, the wind blows for about 15% of the time period
but does not reach high speeds, remaining below 2 m/s;

• The wind blows in East and West directions only for a small percentage of time
in the period and the speeds are less than 1 m/s.

In order to obtain an objective evaluation of the winds that characterize the site,
the Beaufort scale was used (showed in Figure 3.17). It is an empirical measurement
of the wind force and represent the main instrument of classification. The winds in
Punta Cortes station reach maximum speeds of 5 m/s. These winds, called Light
air, Light breeze and Gentle breeze, in increasing order of speed, cause at least light
movements of the leaves and smaller twigs.

Figure 3.17. Beafourt wind scale, from Molland et al. (2017).
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3.3 Soil chemical analysis

The chemical analysis of soil can be a good starting point for the analysis of
phytoremediation interventions. The analysis provides information about chemical
component that are into the tailings soil and it is provided and updated each year
by (SERNAGEOMIN, 2020).

SERNAGEOMIN is a Chilean government agency which has the role of providing
information and regulating the mining industry in Chile. The Department of Mining
Project Evaluation has created a national program, a characterization program for
tailings deposits, with the purpose of monitoring of deposits of mining wastes. The
last report was released on 13th January, 2020.

The tailings deposit, analysed in this study, is divided into two parts, called
Chancon 1 and 2. The geochemical characterization of the samples allows to evalu-
ation of the concentration of different elements:

• 12 main elements, rock-forming minerals, expressed as oxides in %. The ele-
ments are silicon (SiO2), aluminium (Al2O3), titanium (TiO2), iron (Fe2O3),
calcium (CaO), magnesium (MgO), manganese (MnO), sodium (Na2O), po-
tassium (K2O), phosphorus (P2O5) and sulphate (SO3).

• Sulphur content (S), expressed in %;

• 30 common trace elements (less than 1%), expressed in g/t. The elements are
showed in Table 3.1.

• 14 rare metals, expressed in g/t. The metals are Lanthanum (La), Cerium
(Ce), Praseodimium (Pr), Neodymium (Nd), Samarium (Sm), Europium (Eu),
Gadolinium (Gd), Terbium (Tb), Eysprosium (Dy), Holmium (Ho), Erbium
(Er), Thulium (Tm), Ytterbium (Yb) and Lutetium (Lu).

Figure 3.18. Components of the soil analysed, from SERNAGEOMIN (2020).

As can be seen from Figure 3.18, the elements that form the rock comprise the
predominant percentage while the elements metals, non-metals and metalloids along
with rare metals are a small percentage. However, the importance of their determin-
ation derives from the fact that the data provide concentrations in grams per tonnes
(g/t), which is equivalent to parts per million (ppm), but when multiplied by the
mass of a deposit, they show the real quantitative importance of each element and
the impact that results from it.

The chemical study of the site of interest focuses on the analysis of the chemical
components present and their amounts expressed in g/t. The values for both deposits
are given in the Table 3.7.
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Table 3.7. Chemical Analysis of Tailing dam, Chancon 1 and Chancon 2, data
elaborated from SERNAGEOMIN (2020).

S.No. Chemical Component Result (g/t)
Chancon 1 Chancon 2

1 Copper (Cu) 983 1166
2 Vanadium (V) 91 97
3 Chromium (Cr) 71 65
4 Cobalt (Co) <5 <5
5 Nikel (Ni) 6 8
6 Zinc (Zn) 6324 8795
7 Rubidium (Rb) 82 80
8 Strontium (Sr) 192 203
9 Yttrium (Y) 17 16
10 Zirconium (Zr) 312 185
11 Niobium (Nb) 7 6
12 Barium (Ba) 668 592
13 Lead (Pb) 829 919
14 Scandium (Sc) 6 19
15 Carbon monosulfide (Cs) 3.16 3.42
16 Hydrogen fluoride (Hf) 5.85 3.35
17 Tantalum (Ta) 1.57 1.27
18 Thorium (Th) 5.24 4.23
19 Uranium (U) 2.07 1.65
20 Arsenic (As) 501.62 567.33
21 Molybdenum (Mo) <5 <5
22 Antimony (Sb) <10 <10
23 Tin (Sn) <20 <20
24 Silver (Ag) 2.02 11.39
25 Cadmium (Cd) 9.18 15.49
26 Bismuth (Bi) <10 <10
27 Tungsten (W) <10 <10
28 Gold (Au) 0.02 0.03
29 Mercury (Hg) 0.01 0.07

After the acquisition of the concentration data of the various chemical elements
it is necessary to establish the actual degree of soil contamination. As previously
presented in the chapter on legislation, there is currently no legislation in Chile on
maximum permitted concentrations of toxic elements in soils. It is therefore neces-
sary to use an international approach to legislation.

In order to carry out this assessment, Gonzalez et al. (2008) proposes to use of
the guide values provided by the Swedish Environmental Protection Agency (www.
internat.naturvardsverket.se) as a reference point. Around the year 2000, this
agency carried out a collection of values, differentiated according to the type of
contaminated matrix, with which to compare the concentrations measured at the
site. For soil, the guide values for metals are reported in Table 3.8. It should
also be noted that the values reported for contaminated sites can be considered
contamination levels below which there is no short/long-term risk of adverse effects
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on man or the environment.

Table 3.8. Classification of current conditions for contaminated soil in terms of
mg/kg dw based on guideline values for contaminated soil, retrieved
from Swedish Environmetal Protection Agency (2002).

Chemical
Element
(Metals)

Slightly
serious

(Grade 1)

Moderately
serious

(Grade 2)

Very
serious

(Grade 3)

Extremely
serious

(Grade 4)

Arsenic (As) 15 15-45 45-150 150
Lead (Pb) 80 80-240 240-800 800

Cadmium (Cd) <0.4 0.4-1.2 1.2-4 4
Copper (Cu) 100 100-300 300-1000 1000

Chromium (Cr) 120 120-360 360-1200 1200
Chromium (CrVI) 5 5-15 15-50 50
Mercury (Hg) 1 1-3 3-10 10
Nikel (Ni) 35 35-105 105-350 350

Vanadium (V) 120 120-360 360-1200 1200
Zinc (Zn) 350 350-1050 1050-3500 3500

In order to have a complete picture of the level of contamination and the import-
ance of remediation, it is important to identify and classify chemicals according to
their hazardousness. As reported by the Swedish Environmetal Protection Agency
(2002), which sets out a classification table of the hazardous properties of chemic-
als in order to facilitate risk assessment, elements such as arsenic, lead, cadmium,
mercury, and chromium (VI) are classified as "Extremely hazardous" while elements
such as copper, nickel and vanadium are classified as "Very dangerous". Only zinc
is classified as "Moderately dangerous".

The hazardousness can also be expressed through a weight assigned to each indi-
vidual contaminant chemical, as reported in the study carried out by Lam Esquenazi
et al., 2018 (2) that identifies the importance of intervening in a given site assign-
ing a relative weight for the various elements. These numbers are shown in Table 3.9.

Table 3.9. Assigned weights to each element for the calculation of the weighted
intervention ranking, modified from Lam Esquenazi et al., 2018 (2).

Chemical
Element Assigned weights

Arsenic (As) 3.0
Lead (Pb) 3.0

Cadmium (Cd) 3.0
Copper (Cu) 1.0

Chromium (Cr) 2.0
Mercury (Hg) 2.0
Nikel (Ni) 3.0

Vanadium (V) -
Zinc (Zn) 1.0
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Table 3.10. Grade of contamination of Tailing Dams soil by HMs, classified from
Grade 1 (Slightly serious) to Grade 4 (Extremely serious).

Chancon 1 Chancon 2Chemical
Component (g/t) Grade of

Contamination (g/t) Grade of
Contamination

Arsenic (As) 501.62 Grade 4 567.33 Grade 4
Lead (Pb) 829 Grade 4 919 Grade 4
Cadmium (Cd) 9.18 Grade 4 15.49 Grade 4
Copper (Cu) 983 Grade 3 1166 Grade 3
Chromium (Cr) 71 Grade 4 65 Grade 4
Mercury (Hg) 0.01 Grade 1 0.07 Grade 1
Nikel (Ni) 6 Grade 1 8 Grade 1
Vanadium (V) 91 Grade 1 97 Grade 1
Zinc (Zn) 6324 Grade 4 8795 Grade 4

Following these observations, considerations can be made regarding the level of
contamination at the site under study, assessing the concentrations of contamina-
tion in the tailing dams "Chancon 1" and "Chancon 2". As can be seen from the
Table 3.10, the concentrations of arsenic (As), lead (Pb) and cadmium (Cd) are the
most worrying, having a high degree of contamination and a higher relative weight.
Chromium (Cr) and zinc (Zn) concentrations also have the highest degree, however,
respectively a lower relative weight, 2.0 for Cr and 1.0 for Zn. Copper (Cu) needs
attention because it falls within the degree 3 of contamination but despite this it
does not have a high weight. The other elements have low levels of contamination,
are "Slightly serious" and do not require a remediation focused on them.

61



Chapter 4

Case Study

4.1 Introduction

In the previous section the site under study was presented and a characterization
was developed from a meteorological and chemical point of view. This allowed us to
highlight the Chilean environmental situation and then go on to choose the species
that could adapt to this situation. The analysis of this case study aims to highlight
and study the possibility of treating tailing dams, characterized by high concentra-
tions of heavy metals and trace elements, through the development of a plant for
phytoremediation.

The case study focuses mainly on the use of the Phytoextraction methodology,
suitable for deposits of materials in which the presence of water is poor and where it
is not possible to implement a flow of water circuit. The objective remains to estab-
lish the basis for a future planting, identifying at this stage the plants, endogenous
and not, suitable to carry out such tasks. Initially the bibliographic study will allow
to find similar researches in the matter, analyzing first the situation at Chilean level,
then with the study of the native and hyper-accumulative species, present in the
southern nation and then moving with the global view of methodology. The aim
remains to take into account all the factors that affect the success of the treatment
and to obtain a design targeted to the case study.

During the study, the other phytoremediation methodology suitable for the treat-
ment of heavy metals (HMs), phytostabilization, can also be considered but that only
allows the stabilization in existence and re-population by plant species of the site of
interest. The perspectives of this methodology are already shown in some experi-
mental studies but the negative aspect remains that this operation does not allow the
return of land to activities such as agriculture or the reuse of land for other purposes.
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4.2 Bibliography review

An important point of the identification of the species and the definition of the
plant suitable for the site concerns the study of the bibliographic sources. First of
all, it is necessary to analyse the research carried out in Chile and its effects in this
field in order to obtain a specific picture of the situation in which the work will
be carried out by identifying the autochthonous species which have already shown
positive effects in this field. In addition, the international bibliography will also be
deepened to define the design methods and have a complete picture of the situation
in countries more advanced and in which research has made progress. Obviously in
the choice of the plants, as previously indicated, the environmental factor will prevail
taking into account the climatic conditions to which the species must live.

4.2.1 Endogenous point of view

An analysis of the bibliography on Phytoremediation, focused in the Chilean
country allows to obtain a general view and also provides an excellent starting point
for our study. Environmental characteristics similar to our case study and research
of the possible effects of hyperaccumulation of endemic species allow to carry out a
more accurate plant design and a selection aimed at the goal of remediation. In re-
cent decades, as a result of environmental advances in the field and the spread of new
remediation technologies such as Phytomining, the hyperaccumulator species have
gained more importance and have been the subject of studies to determine their po-
tential. Generally, the search for hyperaccumulative or heavy metal tolerant species
starts from the characterization of the plant communities diffused in the polluted
environments.

Although the research on Phytoremediation has been going on since the 1990s,
in South American countries, it has not been expanded for the reasons of lack of
legislation and because very few native species suitable for the practice were found.
As reported by Ginocchio and Baker (2004), hyperaccumulator plants are rare in
the plant kingdom and by the year 2000 represented less than 0.2% of angiosperms,
distributed between different families and selective for different types of contamin-
ant. South America, despite being rich in natural mineral deposits and having a
mining industry well rooted in the territory for some time, has a limited number
of plants resistant to metals and metal hyperaccumulators compared to other areas
of the world. The study also reported a list of metallophytic or hyperaccumulative
plants in South America, highlighting that in the Chilean nation were identified only
6 plant species and classified as metallophytes against copper as they showed no
hyperaccumulation but only resistance to contaminated soils.

The study of Ginocchio and Baker (2004) showed the importance of filling the
void created by the lack of knowledge about metallophytes and hyperaccumulators
throughout Latin America. Industrial and extractive activity also creates a poten-
tial risk to the country’s biodiversity, whose damage must be mitigated by going to
preserve and study the endogenous flora that inhabits the abandoned sites. As of
2006, only a few species resistant to metals and hyper-metals, only 172, had been
identified in Latin America. This is because only a few scientific studies on soil
characterization in the vicinity of mining areas had been published, thus creating
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difficulties in passing on the necessary information.

In 2008, a study conducted by Gonzalez et al. (2008) aimed to identify plant
species with hyperaccumulator characteristics in Chilean environmental conditions.
The investigation was conducted in two areas contaminated by various toxic elements
including high concentrations of copper, in the proximity of a foundry. Research and
species identification was carried out in 2005 and 2006. Only species with biomass
suitable for a phytoextraction process were sampled within the test areas, excluding
smaller species such as herbaceous plants.

During the study, as many as 22 species were identified with an above-normal
degree of copper accumulation. From the chemical analysis of the foliar apparatus,
however, unfortunately, no species has been found to be hyperaccumulative, with
maximum accumulation that was 614 mg/kg twhile the limit for hyperaccumulator
is 1000 mg/kg. This implies that the species with medium or low accumulation are
metallophytic, that is able to tolerate heavy metals but do not have the characteristics
suitable for phytoextraction plants. The species of major interest is Oenothera af-
finis, metallophytic species but with a high accumulation of metal therefore a possible
candidate for works of extraction of contaminants. It was concluded that, despite
the classification in the category of high accumulation and not hyperaccumulative
metallophyte, it could have promising developments in the field of phytoextraction.
The paper also sets the basis for new studies, emphasizing the need to understand
the dynamics of absorption, accumulation and translocation within plant structures
to increase the efficiency of processes and determine the best stage in which to collect
plants.

In the following years very little progress in phytoextraction was made, because,
despite the great biodiversity of Chile and the neighbouring states of South-America,
endemic plants have developed mechanisms of resistance that allow them to survive
in hostile places such as tailing dams but do not yet have good ability to translocate
contaminants from the root to the shoot. The national studies, concentrated in the
regions with great mining development, have only taken into account the phytosta-
bilization technology, in order to repopulate the abandoned dams but not being able
to return such land for other activities.

In 2011, a study carried out by Diaz et al. (2011) in the region of Antofagasta,
aimed to assess the absorption of heavy metal by three native plants (Pluchea absin-
thioides, Atriplex atacamensis and Lupinus microcarpus). Dry soil conditions and
soil contamination with levels of arsenic well beyond the normal limit result in unfa-
vourable conditions for the development of vegetation. The analysis of the obtained
data and the evaluation of the bioconcentration and translocation factors have shown
how all three autochthonous plants selected concentrated the contaminant and trans-
fer most of it into the leaves rather than the roots. The species Lupinus microcarpus
had both the highest bioconcentration factor and the transport index of arsenic in
the leaves. Obviously the potential of the species must be evaluated in relation to
the environment in which they must go to act.

Some studies, such as that conducted by Lam Esquenazi et al., 2018 (1), have
tried to identify new species, and assess their potential. The species Adesmia ataca-
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mensis, endemic to Chile, has been found to be overaccumulating of copper as it has
been shown to be able to accumulate and move large quantities of metal. It will be
explained in detail in the next chapter.

4.2.2 Exogenous point of view

At a global level, studies on the various techniques of Phytoremediation have
been varied and concern both practical applications and classification of hyperaccu-
mulative species. Hampered by the lack of systematic screening of plant species and
research, the discovery of hyperaccumulative plants has been directed only towards
certain specific regions of the world.

The study of the Phytoremediation technique involves the participation of several
experts in the field so the passage of information is essential to the good design of
a plant. The behavior of the plants is studied both in the engineering field, then
modelling the plant under the hydraulic, geotechnical and operational aspect, both
in the chemical and genetic field, characterizing the behaviours of the various spe-
cies and the mechanisms of tolerance and detoxification used. Worldwide, several
studies have dealt with these aspects of the technique, finding it difficult to relate
them in different territorial areas, given the high site-specificity of the subject. The
search for over-accumulating, accumulating or contaminant tolerant plants (in the
present case, heavy metals) is limited to a territorial field where the environmental
conditions are homogeneous or similar, including water inputs, irradiation and soil
conditions which influence remediation.

Several studies have dealt with this discipline going to investigate the potential
applied to the various territorial cases. The technique has been applied, in addition
to extreme cases of soil contamination such as landfills or in mining, also for the puri-
fication of contaminated water and waste water. Obviously the investigated plants
have different characteristics according to the contaminated matrix and the objective
of reclamation. The study of the global scope of the discipline can provide several
useful information and a general vision but needs to be deepened with a site-specific
characterization.

In addition to the study of the technology itself, other related aspects with the
aim of identifying limitations and testing possible solutions must be considered. As
stated in the chapter on phytoremediation, the main limitations of the technology
concern the slow growth of plants and the limited production of biomass, thus affect-
ing the efficiency of remediation of sites. Several solutions, in terms of treatment of
plants and soil, have been applied, comparing over time, through field experiments,
its effects with and without treatment. In addition, to consider, there is also the
degree of availability for absorption, namely the phytoavailability of metals in the
soil. This factor is influenced by numerous soil variables, such as cationic exchange
capacity, pH and organic matter content.

In this respect, micro-organisms and amendments, such as chelating agents, which
increase the bioavailability of metals in soil, may be added to improve metal accu-
mulation capacities and plant uptake rates. Several agents such as persistent amino-
cyclic (APCA), such as ethylenediaminetetraacetic acid (EDTA) have been used
in various phytotraction experiments. Recently, biodegradable APCA, disuccinate
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ethylenediamine (EDDS) and nitrilatriacetic acid (NTA) have been proposed as an
alternative to EDTA and other persistent APCA (Evangelou et al, 2007). The applic-
ation of EDTA soil has been the most efficient to improve phytoavailability. These
new assisted treatment methods make it possible to take into account not only hyper-
accumulative plants but also species that are only accumulative but with important
characteristics in terms of biomass production and translocation from roots to leaves.

Over the years, with the aim of broadening the knowledge of this new tool for
the reclamation of contaminated sites, some scholars have tried to create a global
database for hyperaccumulative and metallophytic species, in order to be able to
explore the different species that have shown scientific evidence on the subject and
possibly test or explore them in different places. For the first time in 2012, Pro-
fessor Famulari in collaboration with the expert Kyla Witz created a website (
http://www.steviefamulari.net/phytoremediation) dedicated to this. The data-
base is a collection and research of plant species that help to capture contaminants,
including heavy metals and other materials such as organic, biodiesel, oils and radi-
onuclides. The aim was to make this technology more accessible and easy to handle
even by a non-technical audience. The classification of the plants, together with the
description and source of the study, is based on the name of the contaminant and
the type of contaminant.

Subsequently, also Reeves et al. (2018) highlighted the need for a detailed and
accessible database, useful to provide information to any researcher intending to
investigate the matter. In 2017, the database contained 721 species of which 523 for
nickel, 53 for copper, 42 for cobalt, 5 for arsenic, 1 for chromium, 8 for lead, 20 for zinc
and the remaining rare earth species manganese, selenium, thallium and cadmium.
Also, the study provided a broad view on the distribution of hyper-accumulating
plants globally, identifying the most represented families as that of the Brassicaceae
(83 species) and the Phyllanthaceae (59 species).
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4.3 Plant used on Phytoextraction treatment

As previously treated, plants suitable for phytoremediation treatments can be
varied although their performance depends on the specific area in which they develop
and the environmental conditions. These plants show detoxification mechanisms
targeted for certain contaminants. Selectivity can be linked to a contaminant or
show small accumulations for other heavy metals. The fundamental pre-eminence
to be taken into account concerns not only the accumulation but also the tolerance
to other elements in soils characterized by multi-contamination. Later, some species
that have shown scientific evidence in the accumulation of contaminants and that
could be excellent candidates for the phytoextraction system will be exposed in detail.

4.3.1 Plant focused on Arsenic accumulation

Arsenic is ubiquitous in all environments and its native concentrations in the soil
generally range from 1 to 50 mg/kg, with average concentrations of 5 mg/kg. It may
occur mainly in inorganic forms such as arsenite (Aso3−3 ) or arsenate (Aso3−4 ) and
plant uptake is similar to phosphate. Obviously arsenic-contaminated sites usually
have unfavourable and hostile soil conditions due to poor soil structure, low organic
content, and pH alteration. Arsenic toxicity interferes with sulfhydric groups in the
cells of most plants, showing toxic symptoms such as decreased plant growth and
crop development. In general, much of the arsenic in the soil is not directly avail-
able to plants but in order to be absorbed by the root system arsenic must be in a
bioavailable form. The following are some bibliographical studies of promising plants
for the treatment of arsenic (Bondada and Ma, 2003).

Table 4.1. Hyperaccumulator plants suitable for Arsenic contamination soils.

Scientific and
Common name

of plant

Contaminant
type Notes

Pteris vittata L.
(Chinese Brake Fern)

Arsenic, Chromium, Copper,
Lead, Mercury, Nickel, Zinc

Hyperaccumulator,
uses for Arsenic uptake

Agrostis castellana
(Highland Bent Grass)

Arsenic, Lead,
Manganese, Zinc

Origin in Portugal,
As-accumulating proprieties

Atriplex atacamensis
(Cachiyuyo) Arsenic Native of northern chile

Adaptability in arid conditions

Pteris vittata L. The plant Pteris vittata L. belongs to the Pteridaceae family
and is of Pteridophyte type. This type of plants are seedless vascular plants having a
herbaceous behaviour, with underground stem and rooting apparatus which develops
up to a maximum of 30 cm. The fern can reach heights of up to 50 cm, with alternate
leafy leaves, with finely serrated edges. As can be seen from the Figure 4.1, the top
of the leaves are dark green while on the bottom the color is lighter with evident
ribs. This family is big and varied and has about 280 species distributed all over the
world, but mostly in the tropical belt, adapting to live in warm-humid climates.
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Figure 4.1. Pteris vittata L. species.

Since 2001, when its potential to accumulate large amounts of toxic substances
such as Mercury, Lead and Arsenic was discovered, this plant is described in the
literature as a hyperaccumulative plant. In addition, its characteristics make it an
excellent candidate for phytotraction processes, as it is a perennial plant, having
good development of biomass and a high efficiency of the processes of accumulation
and transport from the roots to the foliar apparatus.

In 2001, Ma et al. (2001), in a study carried out in Central Florida at a site
contaminated by Arsenate, discovered the effectiveness of this species in the extrac-
tion of As. Pteris vittata L. was the first known hyperaccumulative plant of As and
the first fern to function as a hyperaccumulator. During this study large amounts
of arsenic were recorded in the species, reaching concentrations of over 7000 mg/kg
of As in fronds. This, when compared with the concentration values in normal and
uncontaminated soils, having about 3 mg/kg of As in the leaves, gives an account of
the ability of the species to tolerate and accumulate the pollutant.

Since the following years, as justified by the studies of Chen et al. (2002) and
An et al. (2006), researches have been carried out on the accumulation of As by the
fern. The species Pteris vittata L. has been identified also in China, both in the cent-
ral and in the southern regions, studying the accumulation, the resilience in hostile
environments and the tolerance also to other contaminants. In fact, in addition to
recording concentrations of Arsenic of 5000 mg/kg in the leaves (Chen et al., 2002)
and a high adaptation to the environment, in 2006 the accumulation of Zinc (Zn)
reaching 737 mg/kg concentrations during the field study in the Chinese provinces
of Guangxi and Hunan was also highlighted. For normal plants, total concentrations
of Zn in soil between 70 and 400 mg/kg are toxic, so even if the accumulation by
Pteris vittata L. does not reach the limit of 1000 mg/kg to be considered as hyper-
accumulative, it could be very good for the reclamation of soils contaminated with
Zn and As (An et al., 2006).
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Danh et al. (2014) analyzed the critical aspects of fern use and introduced some
practices to address these deficiencies. With regard to the accumulation of arsenic
he analyzed the values of BCF and TF finding very variable values from site to site
and highliting the greater affinity of the absorption system with phosphate com-
pared to arsenate. The application of phosphate can therefore improve the efficiency
of phytoremediation by effectively reduce the absorption and toxicity of arsenic in
plants. As far as biomass production is concerned, in general most hyperaccumulat-
ors are wild plants with slow growth and low biomass. Such a feature for P. vittata
can be greatly improved with the addition of fertilizers and shrubby mycorrhizal
fungi. For the adaptability of the species, often the difficulty comes from the fact
that the soils are multi-contaminated, but in the case of P. vittata the tolerance is
high (the values are shown in Table 4.2).

With regard to the root system, the study carried out by Liao et al. (2003) high-
lighted the fact that the roots of this plant can penetrate up to 30 cm into the soil
and thus efficiently extract contaminants. The higher density of roots is found in
the first 10 cm so it is good for treating elements such as arsenic which are more
concentrated on the surface. The cultivation of the species must take place in the
first phase in the plant nursery, given the low rate of germination in field, and then
transplanted in the field.

Table 4.2. Maximum concentration values tolerated by the plant species Pteris vit-
tata L. The boxes marked with ’-’ means that there is no data available.
Retrived from Danh et al. (2014).

Chemical
Element
(Metals)

Maximum Tolerated
Concentration

(mg/kg)
Arsenic (As) 100 000 mg/kg
Lead (Pb) 94 300 mg/kg

Cadmium (Cd) 284 mg/kg
Copper (Cu) 2 781 mg/kg

Chromium (Cr) -
Mercury (Hg) -
Nikel (Ni) 57.8 mg/kg

Vanadium (V) -
Zinc (Zn) 84 700 mg/kg

To be taken into account in plant purification plants are the times of reclamation.
It is still difficult to estimate this value, but by making some simplifications one can
draw some considerations. The time required for recovery is a function of:

• Contaminant concentration in soil;

• Biomass production and yield;

• Number of plants that survive;

• Estimating the right time for collection.
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Low biomass production can be a limiting factor in the application of P. vit-
tata to the recovery of As-contaminated land on a large scale (Danh et al., 2014).
Despite this, however, the species remains an important candidate for arsenic treat-
ment plants by studying accessory applications of phosphate or other treatments to
improve the efficiency of the process.

Atriplex atacamensis The family Atriplex, which includes over 250 species in-
cluding A. Atacamenis, is very diverse and consists of annual or perennial species
of herbs or shrubs. In this family many species are halophytic and develop in dry
environments with salty soils. Nevertheless, this genus is distributed almost all over
the world, starting from the subtropical regions up to the temperate and subartic
ones. Chile, like all of America, is rich in this species, along with other countries
such as Australia and Eurasia. Among the 23 native or endemic species of the South
American country the shrub Atriplex atacamensis appears. It usually populates the
beds of dry rivers and the overlap of this species with the areas of mining interest is
clear. This shrub has a high branches, can measure up to 3 m in height and is able
to produce high amounts of biomass. The leaves are of the order of 15 mm while the
roots develop well also in depth, with a good degree of intake of substances from the
soil. The shrub is shown in Figure 4.2.

Figure 4.2. Atriplex atacamensis species.

The first researchers to investigate the potential of the species were Diaz et al.
(2011) and Tapia et al. (2013). The studies have been directed to the determination
of the accumulation and translocation by the shrubs, also comparing the behaviors
with other autochthonous plants of the same species. In 2011, Diaz et al. (2011)
sampled the presence of arsenic, total and bioavailable fraction, in soil and the accu-
mulation by native plants in the pre-andine area in northern Chile. Included among
the plants was the species A. Atacamensis, the analysis of which showed no partic-
ular signs of toxicity or inhibition to growth due to the contaminant. The Arsenic
concentration data collected, respectively 6.3 mg/kg in the leaves, 2.5 mg/kg in the
stems and 1.7 mg/kg in the roots, in plants located in a soil containing 54 mg/kg and
a pH of 8.3 if compared with other research indicates that the translocation takes
place but is slower. This is because 90-day analyses showed low translocation and
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significantly higher concentrations in the roots.

Tapia et al. (2013) study showed that both A. atacamensis and A. halimus are
resistant to Arsenic contamination, but the second species showed a greater total
accumulation of As and a better translocation to the leaves. Nevertheless, analysis
of BCF and TF values has shown that both species accumulate arsenic in moderate
concentrations mainly in the roots.

In 2016, Vromman et al. (2016) conducted a specific study for the accumulation
of arsenic within the species. The experiment took place in the north of Chile, pre-
cisely in the region of Antafogasta, a place characterized by high mining activity
aimed at the extraction of copper. Chemical analysis of the only river in the area,
the Rio Loa, from the Andes mountains showed an average concentration of arsenic
of 440 µg per liter, due to natural effects such as volcanic and geothermal activity
but also to human activities such as mining. This concentration is 100 times higher
than the limit for drinking water. From the chemical analysis of the soils and from
the studies of concentrations carried out on the plants, analyzing both the foliar and
the radical apparatus, it has been shown that the species Atriplex atacamensis is able
to survive and grow in difficult environmental conditions, with a high concentration
of As and other heavy metals. For these reasons, therefore, the species has proved
to be an excellent candidate for the reclamation of contaminated soils characterized
by arid conditions.

In the same year, Fernandez et al. (2016) studied the species Atriplex, comparing
the subspecies A. Halimus, A. Nummularia and A. Atacamensis. The study area,
located in the Atacama Desert in northern Chile, is also characterised by concentra-
tions of arsenic in the soil that require remediation. The climate is extremely arid,
with very little rain and presence of winds of moderate to high intensity. The exper-
iment lasted 5 months and involved the planting of species in quantities of 27 plants
in total, with a random distribution in an area of 14 square meters. The analysis car-
ried out through the determination of translocation factors and bioconcentration has
highlighted the excellent phytostability capacity of the species Atriplex also showing
the limits for phytotraction due to the low production of biomass in environments
characterized by lack of water and high salinity. In addition, it has been shown
that the species A. halimus and A. nummularia are preferable as the production of
biomass was 30% by weight, higher than A. atacamensis.
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4.3.2 Plant focused on Copper accumulation

Copper, expressed with the chemical symbol Cu, is a chemical element naturally
present in the earth’s crust and in all environmental media such as soil, air and water.
It plays a vital role for plants, being an essential micronutrient for the development
of the plant, going to favor the various processes of photosynthesis, respiration and
protein production. Concentrations of Cu from 5 to 30 mg/kg within plant tissues
are normal. Copper deficiency in plant tissue results in inhibition of growth, com-
promises the development and production of biomass while high concentrations may
affect the morphology of the plant. In soils where the degree of contamination is
high, with concentrations above 60-125 mg/kg, this metal becomes toxic, affecting
the biological processes of non-tolerant plants and causing them to die (Napoli et
al., 2019).

The high release of Cu and contamination can result from the development of
anthropogenic activities such as mining operations (extraction and processing), agri-
culture (fertilizers, pesticides and fungicides), the disposal of solid waste (urban and
industrial) and from treatment facilities. Copper released into the environment tends
to stick to organic material and minerals, but when it dissolves, if it comes into con-
tact with surface water it can be transported in the form of copper compounds or as
free copper, or bonded to particles. (ATSDR, 2004) The highest contact and expos-
ure routes of the population result from contamination of water and food, while the
share taken through inhalation is much less significant. To date, worldwide, about
34 overaccumulating copper species have been discovered and a promising species for
the present case study will be described.

Adesmia atacamensis This plant species, shown in the Figure 4.3, woody and
branched type, is a plant endemic to Chile, precisely from the north and central
Chile.

Figure 4.3. Adesmia atacamensis species.

It has been identified as the plant population of some copper extraction sites
and this makes it adaptable in soil conditions with high contamination, in semi-arid
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climates such as those of the northern regions of the South American country. This
species, besides tolerating drought situations, is adaptable also in soils with high sa-
linity. This species, of wild type, is an hyperaccumulator but has a slow growth and
a low production of biomass, characteristic common to several hyperaccumulative
species.

The study carried out by Lam Esquenazi et al., 2018 (1) was aimed at evaluating
the potential of the endemic species as an application in the phytoremediation pro-
cesses of copper mine tails. In the study, carried out in the region of Antofagasta, in
northern Chile, the concentrations of different heavy metals within the species were
evaluated and analyzed. The environmental conditions, characterized by a semi-arid
climate and the site under investigation, a deposit of mine tailings, allow to make a
similarity with the subject of this study. The area in which the study was conducted
presents unfavourable conditions for the growth of vegetation, due to the high solar
radiation incidence and the absence of water. The ecosystem is defined as xero-
morph, having high temperatures during the day, low rainfall and wide temperature
fluctuation.

From the characterization of the flora in the analyzed mining areas it has been
deduced that the vegetal species Adesmia atacamensis and Cistanthe salsoloides were
present and common to the four analyzed mining areas. These species have been
characterized and their average size been determined but the study continued only
for A. atacamensis for reasons of availability. The study led to these conclusions:

• by analysing the values of BCF, A atacamensis appears to be an exclusion of
Pb, Fe and Zn, therefore not suitable for the phytotraction of these metals, but
with regard to Cu, the results suggest a capacity of hyperaccumulator;

• by analysing the TF values, the species A atacamensis has values greater than
1, a sign of the transfer of substances to the foliar apparatus, for metals such
as Fe, Pb and Zn, while for copper, despite the high quantities accumulated,
TF values remain always less than 1.

In conclusion, the species A. atacamensis was found to be excellent for phytore-
mediation porpouse. The high values of BCF have testified this but analyzing the
values of TF it would seem to be more suitable for phytostabilization rather than
phytoextraction. It has, thereforse, the power to extract metals and translocation
them but it is specified that the high values of metal present in the soil can influ-
ence the translocation from roots to leaves so such study and application requires a
previous chemical characterization of the substrate of the site.

73



CHAPTER 4. CASE STUDY

4.3.3 Plant focused on Lead accumulation

Lead (Pb) appears to be a chemical element among heavy metals of environ-
mental interest as it causes environmental alteration and high phytotoxicity in cul-
tivated areas. This metal is one of the most toxic and is widely spread on Earth.
A small amount of lead is present in the environment due to natural causes but
contamination of soil and water, both groundwater and surface, occurs as a result of
anthropogenic industrial and mining activities. Pb remains in the environment for
a long time and high levels of exposure can cause toxic biochemical effects in humans.

From the biochemical point of view, the mechanism of toxic activity of Pb derives
from the strong affinity of the metal cation for sulphur. Its presence at low concen-
trations in all plant tissues has no deleterious effects but high concentrations within
plants inhibit physiological processes and compromise some biochemical reactions
essential for plant metabolism. Photosynthesis is one of the most sensitive processes
to Pb contamination and toxicity symptoms are shown as growth reduction and leaf
appearance. The contamination can then migrate from the soil to animals, mainly
herbivores in which Pb is accumulated in various organs when contaminated plants
are ingested (Liu et al., 2000).

Brassica Juncea L. The plant Brassica juncea L., also known as Indian mustard,
is a spontaneous annual plant and belongs to the Brassicaceae family. The stem
of this plant is of ascending type and the flowers that grow are characterized by
yellow petals, as can be seen in Figure 4.5. This plant can be annual or biennial
when cultivated, and plants with a height of more than one metre and roots which
penetrate to a depth of 100 cm can be produced. The species is native to Central
Asia and has spread over the years to the Americas.

Figure 4.4. Brassica juncea L. (Indian mustard) species.

One of the important features of the Brassica juncea L. is the fact that the plant
is very adaptable. This is demonstrated by the fact that it tolerates annual precip-
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itation ranging from 500 to 4200 mm, average annual temperatures ranging from 6
to 27 degrees centigrade and pH from 4.3 to 8.3 degrees. It is used in some Asian
countries as a fresh product and is also found in processed products. In other envir-
onments, on the other hand, it is used to bring organic substance to the soil or to
carry out biofumigation operations. In addition, B. juncea has also been studied for
its ability to absorb selenium, sulfur, lead, chromium, copper and zinc.

Indian mustard can be successfully cultivated in sites polluted by heavy metals
and offers great potential in the reclamation of these lands through phytoextraction.
It presents high concentrations of metal in the above ground portions in relation to
lower concentrations in soil, indicating a transport of substances to the foliar appar-
atus. This species is able to metabolize heavy metals, especially Zn, Pb and Cd,
accumulating them in less toxic forms through defense mechanisms (Rathore et al.,
2017).

As early as 1995, Nanda Kumar et al. (1995) had identified several crops of Indian
mustard that could effectively accumulate Pb and other heavy metals. Also in 1998,
the study done by Begonia et al. (1998) reported the behavior of the plant species
towards lead. It has been shown that the lead present on the growth soil has not had
a significant deleterious effect on the total foliar area per plant. The reduction of the
foliar area, in relation to control plants, was around 25%, increasing in relation to the
concentration of contaminant in the soil. Mustard buds have accumulated different
amounts of lead in relation to the concentration applied in the soil. The data showed
that the application of 100, 250 and 500 µg/ml Pb in the growth medium determined
the uptake of the Pb bud for 72, 149 and 258 µg/g of dry biomass, respectively. In
addition, it is important to note that the translocation of Pb from roots to buds is
normally very low.

As for the phytoextraction of lead, the efficiency of the process always remains
linked to the low mobility and bioavailability of heavy metal in the soil. In addition,
high concentrations of contaminants can inhibit the growth of the plant species or
lead to a reduction in the biomass produced. So studies on the phytoextraction of
Pb focused on the use of fast-growing crops, as in the case of Brassica Juncea, having
good biomass yields. Relatively low mobility of metals in the subsoil can act, as Lim
et al. (2004) studies suggest, through the use of EDTA chelating substances that
allow increased mobility and thus greater absorption. Obviously the application of
EDTA requires an accurate dosage to achieve greater efficiency. The study carried
out in the presence of contamination by lead and arsenic also treated the application
of an electric field around the plant, obtaining positive results in the reduction, in
terms of time, intervention and doubling the repair rate compared to the application
of EDTA only.

As mentioned above, in addition to the accumulation of lead, it should be noted
how efficient it is in purifying soils from other contaminants such as cadmium or
zinc. This allows to open preferential scenarios in which the choice falls on plants
that despite having less accumulation can, however, treat multi-contaminate soils.
The study of Szczygłowska et al. (2011) highlighted the fact that B. Juncea showed
an high capacity to accumulate Cd, mainly in buds, reaching a level of over 1400 g
of Cd per gram of dry weight. Other studies have also compared the effectiveness of
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removing zinc from soil in relation to Thlaspi caerulescens, a zinc hyperaccumulator.
The positive response in the field was due to the fact that B. Juncea produces ten
times more biomass than T. Cearullescens so allow a better remediation.
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4.3.4 Plant focused on Zinc accumulation

Zinc is a naturally occurring element in environmental matrices such as air, water
and soil, but also within living beings. It plays an essential role in the growth and
development of plants thanks to its structural, catalytic and activating properties.
Generally, in cultures, the concentrations that allow a correct growth are around
15/20 mg per kg of dry weight. Naturally, the pedogenetic processes of leaching of
the mother rocks cause a release of Zinc, along with eruptive phenomena, while a
small part is transported by normal erosion processes. Environmental background
concentrations are linked to these processes while abnormal amounts of this metal
are linked to anthropogenic activities due to industrial sites, mining and activities
such as coal combustion, waste and steel processing.

High concentrations can lead to toxicity to fauna, humans and flora, leading
to morphological, biochemical and physiological disturbances. The toxic effect of
zinc appears to be related to its bio-availability in the soil, obviously function of
factors such as pH, microbial community, chemical composition and mineralogical
and the organic matter present in the soil. The toxicity of Zn increases with its
bio-availability. Despite this, however, some plants have shown survival in soils
with high Zn concentrations, developing not only detoxification mechanisms but also
accumulation and translocation within the tissues. By 2020, 28 species of zinc hyper-
accumulators were identified, most belonging to the family Brassicacee (Balafrej et
al., 2020).

Noccaea caerulescens Noccaea caerulescens, formerly also called Thlaspi caer-
ulescens, is a flowering herbaceous plant that is part of the family of the Cruciferae
(Brassicaceae). It is a perennial or biennial plant, and generally presents with rosette
leaves with white flowers. The species, however, may have variations in the forms in
relation to the environment in which it grows.

Figure 4.5. Thlaspi caerulescens or Noccaea caerulescens species.

This species, besides playing the role of bioaccumulator in ecosystems or in the
environments it occupies, is identified as extremophile as it is one of the few to be

77



CHAPTER 4. CASE STUDY

able to survive on "extreme" soils which are characterised by the natural presence
of certain metals such as zinc or cadmium. Tolerance to these metals is much higher
than for other metallophytic species and therefore involves a promising scenario for
its ability to repair cadmium and/or zinc-polluted soils through extraction and ac-
cumulation in its airborne parts.

For the first time, in 1983, Reeves and Brooks (1983) highlighted the unusual
absorption of Zinc and Nikel by the species. Going to quantify it, the accumulation
amounted to levels higher than 1000 g/g in the dry mass of the plants for Zn and
levels of 1000-30,000 g/g, appear on a dry basis, for Ni. This study has opened a new
field with respect to the species attracting the attention of other scholars, who have
also examine in depth the behavior of the species in relation to multicontaminate
soils.

With regard to this, as reported by Marschner (1995), the species shows a high
sensitivity to the toxicity of Cu, to be considered when the soil contamination is
mixed with this contaminant. Cu, even if it is an essential element for plants, can be
potentially toxic if the concentrations are high, so to make an effective phyextotrac-
tion a low availability of Cu is advisable. Some studies, such as the one proposed
by Keller and Hammer (2004), identify this toxicity in the Iron deficiency for plants,
introducing the need for remedial measures such as treatment with Fe, exerted in
lower biomass production and lower extractive capacity.
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Conclusion

The mining sector and its associated industry represent, in some countries, a pri-
ority and fundamental activity for economic development, despite fluctuations due to
changing demand over time and other factors such as productivity and technological
innovation. This obviously entails not only economic benefits for the countries af-
fected by this activity but also high environmental liabilities which affect the quality
of life in the vicinity of mining sites. The growing awareness of the environment has
gradually spread worldwide and even the least progressive states in the sector have
started to follow protocols and practices of environmental protection, drafting codes
and laws to limit environmental contamination.

Looking at the copper extraction sector in detail, growth is linked to factors such
as the growing demand for energy and the evolution in the telecommunications and
electronics sectors. If we tie this aspect to the decrease of the degree of the mineral
in the soil it is easy to deduce how much the amount of waste material, usually of
fine type, turns out to be obtained after the operations of shredding and flotation.
This resulting material is transported through piping systems or mechanical trans-
port and stored in large deposits called "tailing dams". They are often the focus
of interest as they contain material with high concentrations of heavy metals and
therefore require insulation from groundwater, environmental protection and recov-
ery. This must be supported by legislation that protects human health in the vicinity
of polluted sites. In Chile, although belatedly, the issue of the environmental sus-
tainability of mining sites was introduced in 1994 by the Environmental Foundation
Act (Act No. 19 300) and subsequently updated and extended. This has therefore
gradually put the spotlight on soil remediation technologies, bringing to the fore
the need to identify contaminated sites and plan correct management, closure and
remediation operations.

Phytoremediation was presented as a whole, identifying the mechanisms and
strategies of treatment utilised to clean up contaminated sites. The technology iden-
tified for the treatment of heavy metals was that of phytoextraction, a technique
that allows the accumulation of contaminants in the roots of plants and then the
translocation of the same in the foliar apparatus. The elements to be treated, heavy
metals, have special characteristics because they persist in the soil without degrading
and tend to create complex bonds. In addition, it is important not only to determine
the total soil concentration of these compounds, but above all the bioavailable part,
as this part can be absorbed by the plants. The species used in phytoextraction
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must have the characteristics of tolerance, resistance and translocation of the high
concentrations present in the soil but it is also desirable that the growth is rapid and
with the development of a high biomass. These plant species are classified accord-
ing to the concentrations absorbed in relation to the concentrations in the soil, and
subdivided into excluder, accumulator and hyperaccumulator. For the construction
of a plant of phytoextraction it is desirable to use over-accumulating plants or pos-
sibly large accumulators with good characteristics in terms of growth and biomass
production.

Choosing the right species is an important step and determines whether or not the
site’s remediation is successful. The decision-making process takes into account sev-
eral factors and information that have been analyzed in this thesis. Bioconcentration
factor (BCF) and translocation factor (TF) criteria shall be used for the evaluation
of the intervention. From the comparison with other traditional treatment methods,
it is clear that the classic methods of physical reclamation allow to completely re-
move heavy metals but in addition to having a high cost have a destructive for the
environment, whereas chemical remediation methods do not safeguard the environ-
ment from the release of intermediate contaminated sites, despite the fact that such
treatments are cheap and easy to apply. To this end it is necessary to investigate new
methodologies, such as phytoremediation, which is eco-friendly and cost-effective.

The meteorological characterization of the site in question was necessary to define
the environmental conditions in which the plants would have to grow and develop.
To determine the atmospheric variables, two weather stations in the vicinity of the
site were taken into account, extracting the available historical data. First, the tem-
perature data of the two stations were extrapolated. From the analysis of the graphs
and the monthly average values shown, the temperature follows the usual annual
trend, having average maximum values around 20°C during the month of January
and reaching the annual lows during the month of August, down to a maximum of
average temperatures around 6°C. In this phase it was also important to determine
the icy days as temperatures below zero can cause problems in the management of
the plant and in the correct growth of the species.

The analysis of the precipitation, evapotraspiration and humidity variables showed
the presence of a dry-arid climate, with rainfall hardly ever exceeding 120 mm/month
in the rainiest months. The evapotraspiration, studied through the model of Thornthwaite,
has an annual course opposite to that of the precipitations. The share of meteoric
water fails to compensate for the values of ETP, except in a few winter months, like
June, July and August, in which there is water infiltration. The relative humidity of
the air follows a bell pattern throughout the year, more or less related to the trend
of precipitation. The highest values of humidity were reached during the winter
months, reaching values of over 80% during the month of August.

For plants solar radiation is a source of energy and a stimulus for development
as well as a stress factor. It has a great impact on the actual yield of plants, in-
fluencing the processes of photosynthesis and transpiration of plants. In the study
site, although the daily trend is similar for all seasons, during the summer months
it reaches values of over 900 W/m2 in the daily peak but also in the winter months
the values remain relatively good, with values of about 400 W/m2 during the peaks.
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Another parameter such as wind needs attention because high speeds can comprom-
ise the construction of plants leading to grubbing from the ground. The Wind Rose,
made for the weather station of Punta Cortes, shows that the north is the preferred
wind direction with speeds that never exceed 5 m/s. The winds that blow on the
site can be classified as Light Breeze or Gentle Breeze and do not present problems
for the development of the plant.

The chemical analysis of soil has a high importance in the design of a phytoextrac-
tion plant as it establishes the starting point in the determination of contamination
and in the subsequent selection of the species to be used. The analysis of the tail-
ing dam Chancon 1 and Chancon 2 were provided by SERNAGEOMIN, the Chilean
state body that regulates mining activity and provides annual updates on the state of
the landfills of fine material, with the aim of monitoring environmental performance
and proper management. As many as 29 chemical components have been classified
in the two sites, including high values of elements such as arsenic (As), lead (Pb),
cadmium (Cd), copper (Cu), chromium (Cr) and zinc (Zn). In order to carry out a
risk analysis, using the global and Swedish guidelines, they have been classified ac-
cording to their hazardousness and a table has been presented indicating the degree
of danger in relation to the concentration present in the soil. By interfacing this
information it was possible to identify the degree of contamination in the two dam.
From what has emerged, heavy metals such as arsenic (As), lead (Pb) and cadmium
(Cd) are the ones giving the greatest concern, with concentrations of 500, 900 and 10
g/t respectively. Other heavy metals such as chromium (Cr) and zinc (Zn) have the
same high concentrations but have a lower degree of danger. In the case of copper
(Cu), even if the danger is less than the others, the concentrations indicate that the
contamination is "Extremely serious".

With the evidence of the most dangerous and important contaminants to be
treated, a bibliographical review has been carried out in this matter analyzing both
the endogenous and exogenous point of view. In Chile, the studies carried out in this
area are modest and there are still shortcomings in research. As of 2006, in Latin
America, only 172 species resistant to heavy metals have been classified. The spe-
cies identified, such as Oenothera affinis, are not hyperaccumulator but fall into the
category of metallophytes, however, presenting a high accumulation. These species
can only be investigated if they are resilient to multi-contamination and have good
biomass growth. Other endogenous/native species such as Atriplex atacamensis and
Adesmia atacamensis have shown scientific evidence of Arsenic and Copper accumu-
lation in the territories of the Antofagasta region in northern Chile. In the global
context, the need was highlighted to scale the problem according to the climatic and
environmental situation, evaluating alternatives provided by the methods assisted
with micro-organisms and amendments.

The research on plants used in phytoextraction was carried out by dividing it
by contaminants and reporting the species that could be the right candidates for
experimental planting. The various species have been described and different sci-
entific research has been analyzed for each one, reporting results and analyzing the
boundary conditions to determine the applicability also in the area under study. For
arsenic, the species Pteris vittata L. and Atriplex atacamensis have been identified.
The first plant species, in addition to resisting in environments affected by multi-
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contamination, is an excellent candidate as it has a good development of biomass
as well as a high efficiency of accumulation processes and in the translocation of
contaminants from roots to shoot apparatus, and has shown its potential in sev-
eral scientific studies. The species Atriplex atacamensis, besides being native to the
northern regions of Chile, is able to survive and grow in difficult environmental con-
ditions contaminated by As and other heavy metals.

In addition to the previous species, also Adesmia atacamensis, endogenous of
Chile, reported good prospects, showing excellent values of accumulation and trans-
location for copper, but the analysis of the values of BCF has shown that it acts
as an exclusor for other elements such as Pb, Fe and Zn. This therefore requires
a deepening of the bio-availability of these elements to determine the possible ap-
plication in the field. The species Brassica Juncea L. is not native to America but
has been established in the continent for some time. This species, of the family of
the Brassicaceae, is very adaptable and resists in places with annual precipitations
between 500 and 4200 mm, average annual temperatures between 6 and 27 degrees
centigrade and soils with pH between 4.3 and 8.3. Brassica Juncea L. has shown ef-
fectiveness of accumulation of Zn, Cd and Pb, accumulating them in less toxic forms
but showing for very high concentrations of lead some limitations for the growth
and the foliar development. As for the main zinc-accumulating plants, the species
Noccaea caerulescens has been identified; a plant that can survive on soils charac-
terized by the presence of metals such as zinc, cadmium and nickel, accumulating in
quantities of more than 1000 g per gram of dry mass. However, it is very sensitive
to multi-contamination with the presence of copper.

Based on what has been investigated, the phytoremediation technique, specific-
ally phytoextraction, can be used to clear deposits of waste material from mining
operations. The plants identified have shown prospects in the feasibility of decon-
tamination work thanks to studies carried out in similar environments or climatic
conditions. As a site-specific technique, a future investigation should be aimed at
determining the bioavailable share of the individual elements present in the tailing
dam and the study of the individual species in the field, with the realization of an
experimental planting. The climatic conditions and the characterization carried out
highlighted a warm and temperate climate, with monthly rainfall over 100 mm only
in the winter months. The species investigated allow growth and accumulation even
in soils with little water, although it will be a factor to be investigated in the on-site
study.
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