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ABSTRACT 
 
The extraction and processing of metallic minerals generate large amounts of waste 
which, if not disposed of properly, may be sources of contamination and acid mine 
drainage; by contact of sulphides with water and oxygen; causing a decrease in pH and 
an increase in the mobility of metals in the soil. The diagnosis of biogeochemical 
behaviour of wastes can provide valuable information to discard and control the adverse 
effects of this kind of material, as well to support the adoption of more efficient measures 
of control and mitigation. This study had as general objective diagnose the impacts of 
waste disposal in an abandoned copper mine (Cu), as well to propose alternatives to 
mitigate the impacts and restore the environmental quality of the site, based on the 
hypothesis that such wastes can contaminate the soil with trace elements contained in 
minerals, and generate acid mine drainage, given the presence of sulphides exposed to 
weather conditions, hindering the natural regeneration of the ecosystem. The Chapter 1 
provides an introduction to the theme, as well as a literature review. Chapter 2 presents 
a general diagnosis from the area, assessing the levels of several trace elements in rock 
wastes, soils and native plant species. In chapter 3, a thorough study on the 
geochemical behaviour of wastes, with focus on the generation of acid drainage were 
done, plus a detailed study about Cu behaviour in soils, through a chemical sequential 
extraction. Chapter 4 details the content of metals in above-ground tissues from plants 
that naturally grow on the wastes, assess the ability of these plants to be used in 
phytoremediation and show data about the changes that occur in the rhizosphere. 
Chapter 5 provides through a comparative study by sequential extraction in the 
rhizosphere and bulk soils; details about the changes that occur in the rhizosphere of 
plants and their consequences for Cu mobility and ecotoxicity, and finally, the chapter 6 
presents an experimental study with the use of technosols, as way to immobilize the 
excess of labile copper in soil solution. Based on the results, can be concluded that the 
major impact is caused by the excess of Cu which still persists in the waste rocks and, 
through oxidation and dissolution processes, translocate large amount of metal into soil. 
The acid mine drainage was discarded given the buffering action generated by 
dissolution of carbonates, minimizing the negative effects of the oxidation of sulphides. 
The sequential extraction showed that the Cu concentration in soil is associated mainly 
with carbonates and amorphous iron oxides. The geochemical cycle between the 
dissolution of carbonates and oxidation of sulphides appears to be the main control 
mechanism of release and adsorption of Cu in soil. Regarding the plants, was concluded 
that they cannot be considered as Cu hyperaccumulators, however, high levels of metal 
were observed in roots, indicating that the survival strategy of these plants consists in 
immobilize metal in roots/rhizosphere. The sequential extraction in the rhizosphere 
showed that the presence of plants alter various soil characteristics under its influence, 
and also the geochemical behaviour of Cu. The technosols showed great ability to 
immobilize Cu. The four technosols elaborated in this study can immobilize more than 
85% of Cu in solution, with the largest portion retained in the residual fraction, where Cu 
is adsorbed strongly, demonstrating that technosols emerge as an excellent alternative 
to remediate soils contaminated by metals. 
 
Keywords: Copper. Bioavailability. Soil contamination. Ecological restoration. 
Carbonates. Sulphides. 



 

 

RESUMO 
 

A extração e beneficiamento de minerais metálicos geram grandes quantidades de 
rejeitos que se não dispostos adequadamente, podem ser fontes de contaminação e 
drenagem ácida; pelo contato de sulfetos com água e oxigênio; ocasionando diminuição 
no pH e aumento na mobilidade dos metais no solo. O diagnóstico do comportamento 
biogeoquímico de rejeitos pode fornecer informações valiosas para que se possa dispor 
e controlar adequadamente os efeitos adversos causados por esse tipo de material, 
bem como subsidiar a adoção de medidas de controle e mitigação mais eficientes. Esse 
estudo teve como objetivo geral, diagnosticar os impactos causados pela disposição de 
rejeitos em uma mina de cobre (Cu) abandonada, bem como propor alternativas para 
mitigar os impactos e restaurar a qualidade ambiental do local, baseado na hipótese de 
que esses rejeitos podem contaminar o solo da região com os elementos traço 
presentes nos minerais, além de gerar drenagem ácida, dada a presença de sulfetos 
expostos  às condições atmosféricas, impedindo a regeneração natural do ecossistema. 
O capítulo 1 traz uma introdução ao tema, bem como uma revisão bibliográfica sobre o 
assunto. O capítulo 2 faz um diagnóstico geral da área, avaliando-se os teores de 
diversos elementos traço nos rejeitos, solos e plantas. No capítulo 3 foram 
aprofundados os estudos sobre o comportamento geoquímico dos rejeitos com foco na 
geração de drenagem ácida, além de um estudo detalhado do comportamento do Cu no 
solo, através da extração sequencial. O capítulo 4 detalha os teores de metais nos 
tecidos vegetais das plantas, avalia a aptidão do uso dessas espécies para a 
fitoremediação, bem como apresenta dados das alterações que ocorrem na rizosfera. O 
capítulo 5 aprofunda-se nas alterações que ocorrem na rizosfera das plantas e as 
consequências na mobilidade e ecotoxicidade do Cu, via extração sequencial, e por fim, 
o capítulo 6 apresenta um estudo experimental com a utilização de tecnosolos, para 
imobilizar o excesso de Cu lábil no solo. Os resultados indicam que o principal impacto 
é causado pelo excesso de Cu que ainda persiste nos rejeitos e que, por processos de 
oxidação e dissolução, translocam grandes quantidade do metal para o solo. A geração 
de drenagem ácida foi descartada; dada a ação tamponante gerada pela dissolução 
dos carbonatos, minimizando os efeitos negativos da oxidação dos sulfetos. A extração 
sequencial mostrou que o Cu no solo está associado principalmente aos carbonatos e 
óxidos de Fe amorfos. O ciclo geoquímico entre a dissolução dos carbonatos e 
oxidação dos sulfetos parece ser o principal mecanismo de liberação e adsorção do Cu 
no solo. Já as plantas estudadas, não foram consideradas hiperacumuladoras, 
entretanto, foram observados elevados teores de metal em suas raízes, indicando que 
a estratégia de sobrevivência dessas plantas consiste na imobilização do metal nas 
raízes/rizosfera. A extração sequencial na rizosfera mostrou que a presença das 
plantas altera as características do solo sob sua influência, e consequentemente o 
comportamento biogeoquímico do Cu. Já os tecnosolos demostraram grande 
capacidade em imobilizar Cu. Os quatro tecnosolos elaborados imobilizaram mais de 
85% do Cu, sendo a maior parte retida na fração residual, que representa a fração onde 
o cobre fica adsorvido mais fortemente, demostrando que os tecnosolos despontam 
como uma excelente alternativa na remediação de solos contaminados por metais.  
 
Palavras-chave: Cobre. Biodisponibilidade. Contaminação do solo. Restauração 
ecológica. Carbonatos. Sulfetos. 
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CHAPTER 1 

 

1.1. Introduction 

The evolutionary history of humans is closely related to the extraction and 

utilization of mineral resources. Important periods on the development of civilizations 

allude to ores, as the “Stone Age”, the “Bronze Age” (3.500 BC) and the “Iron Age” 

(1.400 AC) (Hong et al., 1996; DNPM, 2009). Since then the codependent relationship 

between humans and ores has been constantly increasing, and nowadays is nearly 

impossible to maintain our current lifestyle without minerals. They are present in our 

lives in many ways; being the basis of various productive chains and playing a crucial 

role for many nations’ social and economic development since early ages (Zobrist et al., 

2009). 

With the growth of the mineral production, concerns about the environmental 

impacts associated with the activity also increased, since in the beginning of exploration, 

mining was essentially an extractive activity, where the minerals were extracted in a 

primitive form, usually in small amounts. In the course of time, with the increase of the 

demand for minerals and the advent of new mining techniques, larger amounts of ore 

have been extracted, and consequently, greater environmental impacts were generated 

(Hong et al., 1996). 

 In Brazil, the research and exploitation of mineral resources began soon 

after the Portuguese colonization, intensifying in the XVII century by the expeditions in 

search of gold and precious stones. This had fundamental importance in the territorial 

occupation, as well as for socioeconomic development of the country (Machado; 

Figueroa, 2001). Thereafter, the ores became increasingly essential to the national 

economy and with the beginning of the industrialization in the 20th century, coupled with 

the extraordinary Brazilian geodiversity; the mineral industrial chain has become 

extremely diversified. 

Nowadays, in its more than 8.5 million km2, there are approximately 3,300 

active mines in Brazil, and 72 different types of minerals are exploited, making the 

country the sixth largest minerals producer in the world (Neves; Silva, 2007; DNPM, 

2011). Considering all stages involved in mining projects, such as prospect authorization 
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and execution, requirements to mine, licensing (type of permit to exploit minerals used 

directly in civil construction, such as sand, clay, gravel and crushed stone), gold and 

precious stones-digging and other related activities, by the end of 2014, there were 

156.727 areas under influence of mining activity, covering a large part of the Brazilian 

territory (Figure 1.1.). 

 
Figure 1.1. Map showing mining activities in Brazil in different stages of development 
(DNPM, 2015). 
 

Mining is an activity trading more than R$ 50 billion annually and employs 

more than 160,000 people, making up for a big part of the trade balance and economic 

sustainability of the country (DNPM, 2011). 

However, as elsewhere in the world, the increased mineral production has 

also brought the increase of the environmental impacts caused by the activity. It is so 

recognized that the Brazilian Federal Constitution presupposes that the activity is 

causing environmental disturbances, as established in its Article 225: 
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"Those who exploit mineral resources shall be required to restore the 

degraded environment, according to the technical solution required by the appropriate 

public agency, under the law" (BRASIL, 1988). 

(“Aquele que explorar recursos minerais fica obrigado a recuperar o meio 

ambiente degradado, de acordo com solução técnica exigida pelo órgão público 

competente, na forma da lei” (BRASIL, 1988)). 

This presumption of degradation arise from the fact that the exploitation of 

minerals resources usually lead to the deconstruction of the ecosystem and, despite the 

governmental efforts worldwide to establish stricter rules for environmental control of 

mining, the ecological disturbance of activity is imminent, since the minerals are usually 

found in the underground, and to claim them it is necessary to remove the soil and 

overlying vegetation, leading to strong biological and geomorphological changes to the 

ecosystems. Also, when intended for extraction of metallic minerals, mining is an activity 

that can generate large amounts of waste, and if not disposed properly, these are 

potential sources of pollution, mainly by trace elements (Bradshaw, 1997). 

Among the metallic minerals exploited in Brazil, the copper ore is highlighted 

by its wide range of application, and as one of the most important metals in modern 

industries (Jost; Brod, 1988). 

In nature, copper is present in a wide variety of rocks and minerals. It usually 

occurs in combination with other chemical elements, with about 170 mineral species 

containing copper currently known. These are divided mainly in the primary forms  

sulfidic deposits, where are highlighted the chalcopyrite (CuFeS2, 34.6% Cu), chalcocite 

(Cu2S, 79.9% Cu), bornite (Cu5FeS4, 63.3% Cu) and covellite (CuS, 66.4% Cu); and 

secondary deposits, among which are highlighted the oxidized ores, as cuprite (Cu2O, 

88.8% Cu) and tenorite (CuO, 79.8% Cu), and carbonated ores, as malachite 

(CuCO3.Cu(OH)2, 57.5% Cu) and azurite (2CuCO3.Cu(OH)2, 55.3% Cu) (Collins; 

Loureiro, 1971). 

The environmental impacts related to the extraction and processing of copper 

ores occur mainly in the mining and concentration operations. In mining operations, 

topographical changes and soil/vegetation removals are the main impacts associated, 

besides the generation of particulates which can cause atmospheric pollution. In 
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underground mines, these impacts are minimized, but not extinct. It is, however, in the 

final phase of mining and ore processing which the greatest risk of environmental 

contamination occurs, by deposition at open pits, both by the processed ore and the 

waste rock generated during the process (Jeong, 2003). 

The rock wastes from copper mining are generated after the process of 

concentration of the ore. Given the low levels of copper in the deposits (~ 1% of Cu), 

after extraction the copper ore goes through a process of concentration, aiming to raise 

the levels of contained Cu to 25-30%, later to be subjected to smelting and refining 

metallurgical processes (Ribeiro, 2001). 

Depending on the mineral composition of the copper deposit, in addition to 

high levels of copper, other trace elements may be associated with the waste rock, such 

as arsenic, from arsenopyrite (FeAsS); lead, from galena (PbS) and zinc, from sphalerite 

(ZnS), besides other trace elements which can occur on a smaller scale such as: Au, 

Ag, Bi, Co, Cd, Mo, Ni, Sb and Se (Jost; Brod, 1988; Angeli et al., 1993; Bech et al., 

1997; DNPM, 2009; Nikolic et al., 2011), which can be transferred to environment. 

Another associated environmental risk lies in the fact that waste rocks 

containing sulfidic metallic minerals, when disposed at open pit, in contact with oxygen, 

water and microorganisms, trigger a biogeochemical process known as “acid mine 

drainage” (AMD) (Fandiño et al., 2008), characterized by a sharp decrease in pH, which 

may alter soil properties near the waste area, which in turn may enhance the 

bioavailability and mobility of trace elements associated (Matschullat, 2000; Dinelli et al., 

2001). 

The trace elements associated with waste rocks generally have low mobility/ 

solubility, since they are complexed to oxyhydroxides of iron, aluminum and manganese 

or strong adsorbed into phyllosilicates (Kabata-Pendias, 2010). However, once in the 

soil, the distribution and speciation of trace elements are controlled by a complex variety 

of biotic and abiotic processes, including adsorption and desorption in mineral colloids, 

incorporation into precipitated or co-precipitated phases, release process via minerals 

dissolution and by interactions with organic matter, plants and microorganisms. These 

processes can transform, immobilize or release trace elements to the biosphere, which 
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may turn this elements more or less potentially bioavailable and/or toxic to organisms 

(Brown Jr.; Foster; Ostergren, 1999; Covelo; Vega; Andrade, 2007; Guo et al., 2011). 

The chemical form in which trace elements are found in soil and its dynamics 

are determinant for studies focused on soil contamination. Thus, the simple and 

sequential chemical extractions are essential to identify the chemical forms in which 

these elements are present as well as their predominant associations. The simple 

chemical extractions are extensively used to measure the concentrations of metals in 

soils; and the sequential extractions are useful for obtaining bioavailability levels of trace 

elements in different soil fractions (Oliveira et al., 1999). 

The metals dynamics in soils is a process that once known, enables the 

implementation of more efficient practices for preventing and/or mitigating the damages 

from contamination, providing better ways to manage the (bio) availability of these 

elements in the soil, as well as their distribution in the environment and its possible 

transfer to the food chain. Most of metals differ from organic contaminants by not 

undergoing microbial or chemical degradation and this fact results in greater persistence 

of metals in soils for long periods (Guo et al., 2006). 

Furthermore, plants with associated microorganisms may completely alter the 

soil conditions under its influence, in a zone known as “rhizosphere” and therefore may 

directly influence in the dynamic and bioavailability of metals in this zone (Fageria; 

Araújo; Stone, 2009). This mechanism is considered by some authors as plant 

adaptation strategy in face to disturbed environments, which may ensure the species' 

survival in extreme conditions (Rosenvald et al., 2011). 

In this sense, metal soil contamination can affect all levels of biological 

organization, from the population’s levels, where an increase in mortality and decrease 

in growth rate among individuals occurs, reducing the diversity and abundance at 

communities’ level, also reducing nutrient cycling and energy flow in the ecosystem 

(Peplow; Edmonds, 2005; Rodrigues et al., 2010). 

As consequence, the resilience of the ecosystem could be severe affected, 

since high levels of trace elements in soil can prevent the natural regeneration of the 

vegetation, a fact that requires the adoption of man-induced procedures to restore the 

minimal soil conditions for the initial colonization of area and its subsequent 
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successional processes, reestablishing the characteristics that if not the original from the 

area, allow the proper development of the ecosystem (Ash; Gemmell; Bradshaw, 1994; 

Bradshaw, 1997). 

Thus, ecological concepts and theories represent essential tools for both 

precise and detailed diagnostic of the environmental impacts caused by mining, as well 

as for assessing the resilience of the disturbed ecosystem, making the techniques of 

restoration, rehabilitation and recovery of environmentally degraded areas more efficient 

(Palmer; Falk; Zedler, 2006). 

Among the various techniques for remediation of contaminated soils by trace 

elements in mining sites, the phytoremediation emerges as a promising alternative, both 

for the efficiency and the low cost of implementation when compared to conventional 

techniques which use physical processes such as soil digging or washing. 

The Phytoremediation is the use of plants to remove pollutants from soil or 

minimize the risks associated with their presence in the environment. This technology 

has several desirable characteristics in the process of remediation of contaminated soils 

such as: reducing the hazards associated with chemicals in the environment, improving 

soil quality by restoring its functionality, in addition to being a low-cost technology and 

that it can be used for both containment and for the removal of pollutants (Lombi et al., 

2000). 

The contention processes, as phytoimmobilization and phytostabilization aims 

to reduce the mobility, bioavailability and/or toxicity of pollutants in the soils. The 

removal processes, such as phytoextraction and phytovolatilization are technologies for 

the elimination of pollutants from the soil, and in areas with metallic waste rocks, the 

phytoextraction and phytostabilization are the most appropriate techniques (Lombi et al., 

2000; Mendez; Maier, 2008). 

However, one of the main limitations of this technique is the lack of 

knowledge about the species of plants suitable for use in phytoremediation programs. 

Given that the vast majority of plant species do not growth in contaminated soils, 

species that are tolerant to contaminants in the soil and adapted to local conditions 

should be identified, followed by its evaluation on the ability of remediation (Marques; 

Aguiar; Silva, 2011). This evaluation must consider the levels and forms to which metals 
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are accumulated, since plants that accumulate metals in shoots may represent risks to 

the local biota, increasing contamination throughout the food chain (Ribeiro; Rodrigues; 

Smiderle, 2007). 

As pointed by Reeves (2006), metal hyperaccumulator and/or tolerant plant 

species are rare and potentially useful biological resources, and efforts are required to 

increase our knowledge about the behavior and distribution of these plants, since this 

information is extremely valuable in formulating strategies for the use and conservation 

of these species. 

 

1.2. Study area, hypotheses and objectives 

Considering the risks that metals in high concentrations in the environment 

represents, this work will address a problem that occurs in the Pedra Verde mine, 

located in Viçosa do Ceará/CE - Brazil, which was explored in the 80s and since then 

lies abandoned (Figure 1.2). 

 

 

Figure 1.2. Map of Viçosa do Ceará 
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In this site, activities of extraction and concentration of sulfide and carbonate 

copper ore generated great amount of waste rocks, which are disposed at open pits for 

about 25 years. Given the local geologic formation, with the presence of sulfide minerals 

containing copper and other trace elements (Collins; Loureiro, 1971; Angeli et al., 1993), 

it is supposed that these wastes are causing adverse effects to the ecosystem, putting 

at risk both the local biota and the population of the General Tibúrcio district, located 

near the mine. Therefore, it is important to understand the dynamics of these elements 

in soil and rhizosphere, in order to identify the actual ecotoxicological risks they pose, as 

well propose techniques for soil remediation as a basis for ecological restoration of the 

area. 

Three main hypotheses have been raised for the development of this study. 

The first is that copper sulphide mining wastes disposed at open pit, may 

generate acid mine drainage and emit Cu and other trace elements to the soil in high 

concentrations and toxic forms affecting the ecosystem resilience (chapters 2 and 3). 

The second presume that the plants survive in areas directly impacted by waste due to 

two possible mechanisms: Immobilization of metals in the roots/rhizosphere and; 

tolerance and/or hyperaccumulation of metals in the shoots, and in this case, can be 

used for reforestation/remediation programmes (chapters 4 and 5). Finally the third 

hypothesis assumed that techniques based on geochemical processes (technosols) can 

neutralize the toxic effects of trace elements by reducing their mobility/bioavailability 

(chapter 6). 

With these assumptions in mind, three main objectives were set, and the 

results distributed by 5 chapters. 

Objective 1 - Perform a general diagnosis of the area, investigating the presence (or not) 

of acid mine drainage, plus the geochemical fractionation of metals in the soil, seeking 

to understand the geochemical mechanisms of contamination and metal mobility 

(chapters 2 and 3). 

Objective 2 - Assess the levels of trace elements accumulated in plants, and perform 

geochemical fractionation in the rhizosphere, seeking to highlight the influence of 

changes in the rhizosphere on the availability of metals and the ability of these plants for 

the revegetation/remediation of the area (phytoremediation) (chapters 4 and 5). 
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Objective 3 - Evaluate the efficiency of technosols made from different kinds of 

waste/residues, to neutralize the toxicity of trace elements through batch experiment 

with geochemical fractionation (sequential extraction) (chapter 6). 
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CHAPTER 2 
 

 
 
Trace metal/metalloid concentrations in waste rock, soils and spontaneous plants 

in the surroundings of an abandoned mine in semiarid NE-Brazil 1 

(Teores de metais traço/metalóides em rejeitos, solos e plantas espontâneas no entorno 
de uma mina abandonada na região semiárida do nordeste do Brasil). 
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Resumo 
 
Este estudo teve como objetivo determinar a concentração de metais traço/metalóides 
em rejeitos, solos e plantas em três ambientes diferentes de uma mina abandonada no 
Brasil. Foram analisados rejeitos de rochas (por Fluorescência de raios-x - FRX, 
Difração de raios-x – DRX e Microscopia eletrônica de varredura - MEV-SED), solos 
(caracterização geral e teores totais e potencialmente biodisponível de nutrientes e 
metais) e plantas (teor total de metais na parte aérea). As espécies de plantas 
estudadas foram Bidens pilosa, Pityrogramma calomelanos, Ruellia paniculata, 
Combretum leprosum, Ziziphus joazeiro, Psidium guajava and Mangifera indica. Os 
resultados mostram que o cobre é o único elemento em níveis elevados e 
potencialmente tóxico nos rejeitos, com concentrações superiores a 350.000 mg.kg-1 
em algumas rochas. A maior proporção de carbonatos em relação aos sulfetos atenua 
naturalmente a acidificação oriunda da oxidação dos sulfetos, prevenindo a geração da 
drenagem ácida e da acidificação do solo. Os teores totais de Cu nos solos 
ultrapassaram os valores de referência para a qualidade do solo no Brasil em 185, 78 e 
18 vezes, nas áreas de processamento do minério, rejeitos e de borda, 
respectivamente, indicando uma elevada contaminação dos solos, mesmo depois de 25 
anos de abandono da mina. Os teores biodisponíveis de Cu foram positivamente 
correlacionados com os teores de carbono inorgânico e fósforo e negativamente 
correlacionados com o carbono orgânico no solo. Apesar da elevada concentração de 
Cu nos solos, os teores de Cu na parte aérea das plantas estiveram dentro dos teores 
considerados normais, exceto nas espécies Bidens pilosa e Pityrogramma calomelanos, 
que apresentaram, respectivamente, 267 e 46 mg.kg-1. No entanto, essas 
concentrações são inferiores aos níveis necessários para serem consideradas espécies 
hiperacumuladoras. Isso indica que essas plantas devem ser mais bem estudadas 
devido ao potencial para remediar pela imobilização, e/ou revegetação de solos 
contaminados por cobre. 
 
 
 
Palavras-chave: Cobre, sulfetos, carbonatos, drenagem ácida de mina, 
biodisponibilidade, fitoremediação. 
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Abstract 
 
This study aims to determine the concentrations of trace metals/metalloid in waste rock, 
soils and plants in three different environments of an abandoned mine in Brazil. Waste 
rocks (X-ray fluorescence, X-ray diffractometry and SEM-EDS), soils (general 
characterization and potentially bioavailable nutrients and metals) and plants (total metal 
contents in shoots) were analyzed. Studied plant species included Bidens pilosa, 
Pityrogramma calomelanos, Ruellia paniculata, Combretum leprosum, Ziziphus joazeiro, 
Psidium guajava and Mangifera indica. The results showed that copper is the unique 
potentially toxic element in waste rocks, with concentrations up to 350,000 mg.kg-1 in 
some rocks. The higher proportion of carbonates relative to sulphides naturally 
attenuates acidification due to sulphide oxidation, preventing acid drainage and soil 
acidification. Total Cu concentration in soils exceeded the reference values for soil 
quality in Brazil by 185, 78 and 18 times in the ore processing, waste rock and border 
areas, respectively, indicating a high contamination of soils even after 25 years of mine 
abandonment. Bioavailable Cu was positively correlated with inorganic carbon and 
phosphorus and negatively correlated with organic carbon in soils. Despite high Cu 
concentration in soils, the Cu levels in plant shoots were within the usual range, except 
for Bidens pilosa and Pityrogramma calomelanos, which showed 267 and 46 mg.kg-1, 
respectively. Nevertheless, these concentrations are below the levels required to be 
considered hyperaccumulator species. This indicates that the ability to immobilize Cu in 
the roots/rhizosphere should be further studied due to its potential to remediate by 
immobilization and/or revegetate Cu-contaminated soils. 
 
 

 
Keywords: Copper, sulphides, carbonates, acid mine drainage, bioavailability, 
phytoremediation. 
 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

2.1. Introduction 

Growing concern about the environmental impacts of mining activities has led 

governments around the world to develop stringent environmental measures in recent 

decades which have generally helped to minimize the negative effects of mining in the 

environment. However, there remains a considerable legacy of abandoned mining area, 

which was exploited in the past and currently represents a serious threat to ecosystems 

and nearby living populations, as well as a great challenge for environmental managers 

(Hodges, 1995; Ersoy; Yunsel; Atici, 2008; Zobrist et al., 2009).  

The abandonment of mining sites is an environmental concern that occurs in 

many countries (Alvarez et al., 2003; Aykol et al., 2003; Gzik et al., 2003; Marescotti et 

al., 2007; Abreu et al., 2008; Li et al., 2014) and there is plenty of literature that 

highlights the negative impacts of abandoned mines around of the world. However, 

there is a lack of information about their impact under tropical semi-arid conditions. 

The principal long-term impact of abandoned mine sites occurs when pyrite 

and other sulphide minerals are exposed to atmosphere and/or water. In such conditions 

they undergo rapid oxidation that produces acid mine drainage (AMD) (Ricca; Schultz, 

1979; Atkins; Pooley, 1982; Adam et al. 1997; Canovas et al., 2007; Zhao et al., 2007; 

Kimball et al., 2009; Ardejani et al., 2014; Malakooti et al., 2014). 

Another effect is related with degradation of soil physical/chemical quality with 

decrease in organic matter contents (due to the loss of vegetation cover), loss of fertility 

and compaction (Shrestha; Lal, 2011) and the increase in concentration and mobility of 

toxic trace elements (Zornoza et al., 2012), which may increase the transfer of these 

elements to plants and trophic chain (Peplow; Edmonds, 2005; Pratas et al., 2013). 

These impacts could persist for hundreds of years by generating a continuous 

process of contamination (Nriagu, 1990), and if not mitigated may impede or slows the 

natural regeneration of soils and vegetation (Leep et al., 1997; Néel et al., 2003; Närhi et 

al., 2012). In most cases, a human intervention becomes necessary, and a thorough 

characterization of the sources of contamination, as well as its environmental 

consequences become crucial for the success of restoration programs (Bradshaw, 

1997; Mulligan; Yong; Gibbs, 2001; Cooke; Jonhson, 2002; Martinez-Ruíz et al., 2007; 

Chandra; Prusty; Azeez, 2014).   
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In Brazil, there are approximately 3,300 active mines, which extract about 72 

different types of minerals (DNPM, 2011). Since the 1980s, Brazilian law assumes that 

mining is the cause of environmental disturbance and obliges mining companies to 

restore impacted areas. However, information about mines abandoned before this time 

is scarce. Mining was extremely important during the territorial occupation as well as in 

the socio-economic development of Brazil from the 17th century onwards (Machado; 

Figueroa, 2001). Numerous mining areas throughout the country were abandoned once 

the resources were exhausted and these areas have never been restored. 

The "Pedra Verde" copper mine in northeastern Brazil is an example. The 

presence of copper in Brazil was first described in this location in 1833 (Jost et al., 

2010), although experimental extraction and processing of (sulphide-rich) copper ore did 

not begin until the 1980s. In addition to copper, other metals/metalloids such as arsenic, 

lead and zinc are likely to occur locally, since previous geological surveys have 

identified ores which contain these metals (Collins; Loureiro, 1971). The mining activity 

ceased in 1987 and several tons of waste rocks were abandoned in a sloping open pit 

without any kind of control. 

Twenty-five years after the mine was abandoned there is still no information 

about the distribution of metals/metalloids in the surrounding area nor about the 

potential impact that the piles of waste rock might have caused to the soil and the local 

ecosystem. Moreover, the proximity of the Ubari River to the mine, and its use (for 

irrigation and direct consumption) by nearby residents and the population of General 

Tibúrcio, located in the vicinity of the mine, may represent a serious risk to public health. 

We hypothesize that the large amount of waste rock disposed in the open 

mine may have contaminated the soil with metals/metalloids and AMD, which would 

increase the mobility of these elements in the soil. We also speculate that the surviving 

plant species at the site will probably have some strategies for coping with the high 

levels of metals and, thus, may be potentially useful in phytoremediation/revegetation 

programs. 

The aim of this study was: (i) to characterize the mineralogical and 

geochemical properties of waste rock disposed in the mine pit; (ii) to characterize the 

physical and chemical properties of the mine soils, including the total concentration of 
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trace metals and levels of potentially bioavailable copper, and (iii) to determine the metal 

levels in plants growing spontaneously in the mine area. 

 

2.2. Material and methods 

2.2.1. Site description and study area 

The study was conducted in Viçosa do Ceará in NE-Brazil. The climate is 

classified as semi-arid warm tropical in the regions of lower altitude (where the mine is 

located) and sub-humid warm tropical in the regions at higher altitudes in the top of 

plateau, with an average annual rainfall between 960 mm (lower altitudes) and 1500 mm 

(higher altitudes), mainly concentrated between January and May, and average annual 

temperatures ranging from 22 to 24 °C (FUNCEME, 2015).  

The regional vegetation consists of two types of forests. The evergreen 

seasonal tropical forest at the top of the plateau is dominated by woody species such as 

Aroeira (Myracrodum urundu va Fr.All.), Baraúna (Schynopsis brasiliensis Engl.), 

Cumarú (Dipterix alata Vog.), Cumatí (Myrcia atrametifera Barb. Rodr.), Cedro (Cedrella 

sp.), Faveira (Stryphnodendron purpureum Ducke), Jatobá (Hymenaea coubaril L.), 

Copaíba (Copaifera langsdorffii), Sucupira (Bowdichia virgilioides H.B.K.). The dry 

tropical forest on the slopes and lower altitudes are characterized by the species Sabiá 

(Mimosa caesalpiniaefolia Benth.), Angico (Anadenanthera macrocarpa (Benth.) 

Brenan.), Jurema preta (Mimosa acutistipula Benth.), Mororó (Bauhinia macrostachya 

Benth.), Mofumbo (Combretum leprosum Mart.) and herbaceous species, such as 

Capim-gordura (Mellinis minutiflora Beauv.), Carrapicho-de-agulha (Bidens bipinnatus 

L.) and Picão preto (Bidens pilosa L.) (IBGE, 2012; ICMBIO, 2015).  

The closest district to the mine is General Tibúrcio, at a distance of about 5 

km. There are also small villages within 1 km of the mine entrance, and several 

agricultural fields between the district and the mine, which serve as a source of food for 

subsistence of the local population (Figure 2.1a). 

 

2.2.1.1. Characterization of the Pedra Verde ore body 

The Pedra Verde ore body (latitude 3°24'03'' S, longitude 41º08’21’’ W) is of 

supergene origin and the Cu mineralized zone occurs in phyllites as sulphidic deposits, 
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veins and irregular masses that fill associated fractures. The sulphide minerals present 

in the ore body include pyrite (FeS2), chalcopyrite (CuFeS2), chalcocite (Cu2S), bornite 

(Cu5FeS4) and covellite (CuS), with arsenopyrite (FeAsS), galena (PbS) and sphalerite 

(ZnS) occurring in smaller proportions. In the upper part of the mineralized horizon, 

between the phyllites and conglomerates, iron oxides predominate at levels reaching 

0.1% Cu, with hematite (Fe2O3) as one of the main constituents, in addition to the 

occasional presence of cuprite (Cu2O) (Collins; Loureiro, 1971; Brizzi; Roberto, 1988; 

Angeli et al., 1993).  

The oxidized ore lies at the surface, mainly in the form of carbonates in 

malachite (Cu2(CO3)(OH)2) impregnations and streaks, which are concentrated along an 

area of more than 100 m in a fracture zone, at a depth not exceeding 15 m. The gangue 

minerals are mainly composed of quartz, feldspar, muscovite, sericite, chlorite and 

calcite (Collins; Loureiro, 1971). 

 

2.2.1.2. Mining activities and ore processing 

Mining activities in the area involved transportation of the raw ore from 

underground galleries to the surface, as well as crushing, grinding and leaching with 

sulphuric acid solution. The pregnant leach solution contain Cu (II) ion undergo an 

electrochemical process through cathode cementation of copper with iron scrap. The 

processed minerals (waste rock) were then removed from the leaching tanks and 

disposed in open pits in terraces constructed on the slope of the plateau. 

The terraces were not maintained after the mine was closed, and some of the 

waste piles eroded and collapsed, spreading waste rock as far 1.5 km along the slope 

reaching areas near the river Ubari and adjacent dwellings. 

 

2.2.2. Sampling  

2.2.2.1. Soil and waste rock  

Soil sampling was carried out in three different areas of the mine (Figure 

2.1.b): 
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1. Ore processing area (P). Local with terraces and leaching tanks located on 

the highest part of the mine slope (altitude 410 m). The vegetation is sparse, with few 

shrubs and tree species (Figure 2.1.c). 

2. Waste rock dump (W). Large amounts of mine tailings have been dumped 

in piles, reaching more than 10 m in height. Erosion of the terraces has spread the 

tailings over a distance of 1.5 km along the slope (altitude between 390 and 300 m). The 

vegetation is sparse, and includes a few shrub species (Figure 2.1.d). 

3. Border area (B). Sites characterized by the transition between the waste 

rock dump and the adjacent vegetation, where the waste rock is more dispersed and 

less abundant (altitude between 390 and 300 m). Trees and shrub species are common 

(Figure 2.1.d). 

 

 

Figure 2.1. (a) Location of the Pedra Verde mine, (b) sites where soils and rock 
samples were collected, (c) waste rock in the ore processing area and (d) waste rock 
spread over a slope and borders. 

 

Prior to sampling, the coarse material on the surface, composed by waste 

rocks was removed and soil was sampled (0–20 cm) at 13 points in the mine area. 

Because mine soils are highly heterogeneous (Shrestha; Lal, 2011), the 

representativeness of samples was maximized by collecting tree soil samples at each 
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point, at a distance of 1 m from each other. According to the extension of the area, two 

of the soil sampling points were located in the processing area, five in the waste rock 

area and six in the border area. Approximately 1 kg of soil was collected at each point, 

resulting in a total of 39 soil samples. 

Samples of waste rock (Figure 2.2) were selected from the processing area 

(samples 1 to 3) and waste rock dump (samples 4 to 8). In total, 8 representative 

samples of the material exposed to atmosphere and/or water were collected, individually 

stored and transported to the laboratory. Prior to analysis of total metal contents (XRF) 

and mineralogy (XRD) the rocks were processed in a mill agate (< 0.2 mm). For 

electronic microscopy analysis (SEM-EDS), the samples were ground into size fractions 

of 0.5 and 2.0 cm and mounted in glass slides. 

 

 

Figure 2.2. Samples of waste rocks collected. 

 

2.2.2.2. Spontaneous plants 
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Plant species directly under influence of waste rock were selected in areas P 

and W. These environments were inhabited by very few species: 1 - Ruellia paniculata 

L.; 2 - Bidens pilosa L.; 3 - Pityrogramma calomelanos L.; 4 - Combretum leprosum M.; 

5 - Ziziphus joazeiro M.; 6 - Psidium guajava L. and 7 - Mangifera indica L. (Figure 2.3). 

For shrubs (species 1, 2, 3 and 4), the whole above-ground part of plants was collected 

from three individuals, whereas for trees (species 5, 6 and 7), leaves were sampled from 

one individual, because only one individual of each arboreal species was present. The 

harvested material (shoots) was transported to the laboratory, carefully rinsed three 

times with distilled water, dried in a fan-forced oven at 65 °C for 72 hours, crushed and 

stored in polyethylene bags until analysis. 

 

 

Figure 2.3. Plants collected at the Pedra Verde mine.  
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2.2.3. Analytical procedures 

2.2.3.1. Mineralogical and geochemical properties of waste rock 

The total metal content of the waste rock samples was determined by energy 

dispersive x-ray fluorescence (XRF) with molybdenum anode equipment (bench-type 

model), in the RIAIDT laboratories from the University of Santiago de Compostela 

(Spain). After previous calibration of the apparatus with 42 different standards certified 

materials (which includes fly ash, contaminated and non-contaminated soils and rocks) 

all trace elements were analyzed and the recovery factor obtained after calibration was 

between 88 and 100%, and the detection limits (d.l.) were below of background soil 

abundances for all elements (Annex 1). In addition, two samples of certified materials 

(NIST 1633b and 2586) were analyzed and the results indicate that accuracy was better 

than 100 ±10%. 

To identify the mineralogical assembly, samples of greenish (indicating the 

presence of copper) waste rock were analyzed in a miniflex II Desktop X-Ray 

Diffractometer Rigaku, with CuKα radiation. In addition, three samples of rock, 

containing the highest levels of copper, were analyzed by a scanning electron 

microscopy coupled to a system of microanalysis with X-ray energy dispersive 

spectrometry (SEM-EDS; ZEISS, model EVO515). 

 

2.2.3.2. General characterization of soils 

All samples were first dried at 40 °C and then sieved upon 2 mm before 

analysis. The pH was determined in water (soil/solution ratio, 1:2.5), the particle size 

was determined by the hydrometer method (Gee; Bauder, 1979), total S was measured 

in a LECO SC-144DR, and total N and C contents were measured in a LECO 2000-CNS 

element analyzer. The carbon content was determined according to Cambardella et al. 

(2001). Briefly, the total carbon in the sample was determined directly in the equipment, 

the inorganic carbon was determined after elimination of organic carbon by combustion 

in a muffle furnace at 450 °C for 4 hours, and the organic carbon content was calculated 

as the difference between total and inorganic carbon. Total metal contents in soils 

samples were determined by XRF and the calibration procedures and reference 

materials were the same used for the waste rock analyses (Annex 1). 
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2.2.3.3. Potentially bioavailable nutrients and metals in soils (P, K, Ca, Mg, Na, Fe, Cu, 

Zn and Pb) 

The values of potentially bioavailable nutrients and toxic metals in the soils 

were determined in Mehlich 3 solution (2 M CH3COOH, 0.25 M NH4NO3, 0.015 M NH4F, 

0.013 M HNO3 and 0.001 M EDTA). Due to the high heterogeneity in chemical and 

physical aspects of mine soils, the Mehlich 3 extractant (Mehlich, 1984) is very useful. 

This method is widely used for its simplicity, low cost and its suitability for extracting 

macro and micronutrients simultaneously, including metals (van Raij, 1994). 

Another advantage in the use of Mehlich 3, when compared with others 

extractants used to predict metal bioavailability such as 1M NH4Cl and DTPA, is the 

capacity to extract higher amounts of metals in soils with alkaline pH levels (> 6.0), 

usually found at carbonate mines. At low pH levels (< 6.0), Mehlich 3 correlates well with 

these others extractants, and a correct interpretation of the results obtained by Mehlich 

3 should take into account the pH levels of the soils (Monterrosso; Alvarez; Fernandez-

Marcos, 1999). 

In 2.0 g of soil, 20 mL of Mehlich 3 solution was added and shaken for 5 min 

at room temperature. After filtered in 125 mm filter paper (FilterLab – Barcelona), total 

phosphorus was determined by colorimetric measurement, at 880 nm in a 

spectrophotometer (model V-630 Jasco). Sodium and potassium were determined by 

flame emission photometry (Perkin-Elmer 2380), whereas iron, calcium, magnesium, 

copper, zinc and lead were determined by atomic absorption spectrometry (Perkin-

Elmer 2380). For determination of Ca and Mg, an aliquot of 10% La2O3 was added to 

the extract, to avoid interference during analysis. 

 

2.2.3.4. Bioaccumulation factors (BCF) and potentially toxic metal in shoots of 

spontaneous plants 

For analysis of metals in spontaneous plants, samples of plant shoots were 

subjected to microwave digestion, using a mixture of nitric (65%) and perchloric acid 

(37%) at a ratio of 3:1, respectively, for 30 min at 200 °C. Trace metals were analyzed 

by atomic absorption spectrophotometry (Perkin-Elmer model 2380). All analyses were 

performed in triplicate with a certified reference material (nº 1547, peach leaf - NIST) as 
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quality control sample. Recovery rates of Cu, Zn and Pb were 108%, 103% and 104%, 

respectively. 

To evaluate the ability of plants to accumulate metal, the bioaccumulation 

factor (BCF) was calculated as the ratio between the total metal content in soil that in 

plant shoots (Yoon et al., 2006), according to equation 1: 

 

                                     BCF = [Me] in shoots
[Me] total in soil

                            (1) 

 

The BCF was also determined by considering the concentration of 

bioavailable metal in soil (extracted with Mehlich 3) instead of the total concentration. 

 

2.2.4. Statistical Analysis 

The Kolgomorov-Smirnov test was used to assess the normality of the data. 

The data were subjected to nonparametric Kruskal-Wallis analysis of variance and the 

differences in median values were compared by the Bonferroni-Dunn test. Spearman’s 

correlation coefficients were also calculated. For the Principal Components Analysis 

(PCA), data were log-transformed, and the adequacy of the data sets was tested by 

measuring the Mahalanobis distance, which confirmed the suitability of data and 

variables used. All statistical analyses were performed with Minitab statistical software 

(version 16.2.4). 

 

2.3. Results and discussion 

2.3.1. Total trace elements and general characterization of waste rock 

The total concentrations of trace elements in the waste rock indicate a high 

degree of chemical heterogeneity in the composition of the material exploited in the 

mine (Table 2.1). The concentration of most metals was low, including those that 

originate from the rock (Pb: <3.00 (detection limit (d.l.)) to 85 mg.kg-1; Zn: 23 to 302 

mg.kg-1 and As: 1.11 to 25 mg.kg-1). The typical levels of As, Pb and Zn can be 

explained by the fact that these metals are mainly associated with arsenopyrite, galena 

and sphalerite, sulphides which were scarcely removed during mining activity (Collins; 

Loureiro, 1971). 
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Table 2.1. Chemical characterization of waste rock samples from Pedra Verde mine and 
% of recovery from certified reference materials (CRM), obtained by ED-XRF analysis. 

  Waste rock samples CRM CRM 

  1 2 3 4 5 6 7 8 A* B** 

  % % % % % % % % 
% of 

recovery 
% of 

recovery 

Si 22.3 24.2 23.5 23.9 27.1 12.3 23.4 22.4 95 ±1% 102 ±2% 

Al 4.34 7.20 10.1 7.99 6.59 3.49 6.70 3.74 90 ±1% 105 ±3% 

Fe 2.97 3.55 3.10 1.91 3.33 4.79 1.52 2.47 92 ±2% 91 ±2% 

K 3.61 3.65 3.77 3.48 3.43 1.90 3.10 3.43 100 ±2% 110 ±7% 

Ti 0.41 0.34 0.45 0.32 0.36 0.20 0.29 0.37 102 ±2% 105 ±1% 

Ca 0.05 1.93 <0.02
a
 4.58 0.16 <0.02 4.29 0.06 92 ±1% 96 ±2% 

 

mg.kg
-1

 mg.kg
-1

 mg.kg
-1

 mg.kg
-1

 mg.kg
-1

 mg.kg
-1

 mg.kg
-1

 mg.kg
-1

 
  

Cu 6,524 63.3 711 422 32,773 350,331 1,108 653 106 ±9% 92 ±5% 

Zn 47.0 39.7 39.3 31.5 95,6 302 23.7 49.6 100 ±2% 95 ±3% 

Pb <3.00
a
 4.77 83.2 <3.00 <3.00 <3.00 <3.00 3.16 109 ±1% 98 ±4% 

As 5.10 7.25 1.11 4.02 7.24 25.8 3.82 1.85 97 ±3% 82 ±24% 

Ni <3.00
a
 17.2 15.3 5.71 <3.00 <3.00 <3.00 4.85 95 ±10% 98 ±2% 

Mn 181 400 103 528 186 <100
a
 513 149 95 ±9% 92 ±4% 

Se <1.00
a
 <1.00

 
 <1.00 <1.00 3.29 15.8 <1.00 <1.00 103 ±9% na 

Br <2.00
a
 <2.00 <2.00 <2.00 <2.00 11.8 <2.00 <2.00 na na 

Rb 136 234 115 114 122 124 129 125 93 ±0% na 

Sr 13.4 29.3 47.7 59.9 38.4 12.5 76.8 49.6 101 ±2% 87 ±1% 

Zr 218 228 271 210 239 125 187 239 na na 

Nb 10.8 11.9 15.4 10.2 10.8 33.1 9.23 10.1 na na 
a 

Detection limit for the element; *(NIST 1633b – trace elements in coal fly ash); **(NIST 2586 – trace 
elements in soil); na - trace element not available in the reference material.

 

 

According to the local geological records, As, Zn and Pb sulphides are found 

in deeper layers than Cu sulphides, and therefore, the waste rock that has been 

disposed of in the mine does not pose environmental risks associated with high 

concentration of these three elements. However, the total concentrations of Cu were 

very high (63.3 to 350,331 mg.kg-1), up to 2,900% the value considered normal for rocks 

in areas not rich in copper (Kabata-Pendias, 2010). 

The total concentrations of Cu in the waste rock samples were even higher 

than values found in other copper mining areas. Ginochhio et al. (2009) reported total 

Cu levels of 2,400 mg.kg-1 in sulphide ore tailings, which, after oxidation, were phytotoxic 

to barley plants. Abreu et al. (2008) reported total concentrations of Cu between 2,000 
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and 3,400 mg.kg-1 in mining tailings containing sulphide, carbonate and phosphate 

(pseudomalachite) minerals. In this case, the bioavailable Cu concentration in the soil 

samples was not toxic to plants, due to the buffer function from carbonates and 

phosphates. 

 

2.3.1.2. Mineralogical characterization of the mine waste rock 

The X-ray diffraction patterns for the selected rock samples were generally 

very similar (Figure 2.4), suggesting that the mineral composition of the samples is also 

similar; however, sample-8 contained higher proportions of quartz and feldspar than the 

other samples. The quartz showed most prominent peaks at 20.9 and 26.7o2θ in 

addition to other peaks with larger angles. Feldspar (0.319 nm) appeared to be the 

predominant primary mineral in sample 8. The amount of K suggests the presence of 

orthoclase as the feldspar mineral. 

 

Figure 2.4 X-ray diffraction analysis of selected samples. Mica (Mi); malachite (Ma); 
pseudomalachite (PMa); quartz (Qz); feldspar (Fd); anatase (An); chalcopyrite (Cp); 
chalcocite (Ch); hematite (Hm). 
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Sulphide, carbonate and phosphate minerals were present in the waste rock. 

Within copper carbonates, malachite was identified by d-spacings of 0.285 and 0.369 

nm. These peaks were present in all samples at similar intensities. With respect to the 

sulphide minerals, chalcopyrite and chalcocite were identified as the main sulphide 

compounds in the area. The first was indicated by the 29.4o2θ peak, which was present 

in all samples, although in small quantities. The main diffraction patterns for chalcocite 

were observed at angles larger 45o2θ in all rock samples. Additionally, copper 

phosphate (pseudomalachite) was identified in the XRD patterns, with the main peak 

located at 19.8o2θ (0.446 nm). 

Mapping of the images by scanning electron microscopy (SEM) and energy 

dispersive spectra of X-ray (EDS) confirmed that the main forms of copper present in the 

Pedra Verde waste rock were associated with oxides (Figure 2.5a), carbonates (Figure 

2. 5b) and sulphides (Figure 2.5c). These results are consistent with the findings of 

geological studies that indicate the main sources of copper to be cuprous oxides such 

as cuprite (Cu2O), copper sulphides such as chalcopyrite (CuFeS2) and chalcocite 

(Cu2S), and copper carbonates such as malachite (Cu2(CO3)(OH)2) (Angeli et al., 1993; 

Collins; Loureiro, 1971). 

 

2.3.2. General characterization of soils and total concentrations of trace metals 

The total organic carbon (TOC) content differed significantly (p < 0.05) 

between the areas under the direct influence of mining activity (P and W) and border 

areas (B), the latter which were less affected by mining activity (Table 2.2). As might be 

expected, given the greater abundance of vegetation, TOC contents were higher in the 

border areas. Nitrogen contents in the soils from all areas were clearly associated with 

organic carbon, as shown by the significant correlation between the organic C and total 

N (r = 0.974, p <0.01).  

Unlike the total N, total S contents were not significantly correlated with 

organic C (r = 0.196, p= 0.236), indicating the presence of S mainly associated to the 

inorganic phase. The total S contents were highest in the ore processing area (Table 

2.2), probably because the material had not yet undergone the leaching process and, 

therefore, still contains unaltered sulphide minerals, also confirmed by XRD. 
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Figure 2.5 SEM-EDS mapping showing the distribution of elements in the rock samples 
and: (a) Cu-O peaks, characteristic of copper oxides; (b) Cu-O-C peaks, characteristic of 
copper carbonates and (c) Cu-O-S peaks, characteristic of copper oxides and sulphides. 
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Table 2.2. General chemical and physical data of mine soils in different compartments 
from Pedra Verde mine. 
  Processing (P) n=6 Waste (W) n=15 Border (B) n=18 

 
 Soil 

atribute 
median 

Interquartil 
interval 

median 
Interquartil 
interval 

median 
Interquartil 
interval 

 pH (H2O) 5.30 a (5.0 – 5.5) 6.84 b (5.79 – 6.93) 5.09 a (4.51 – 5.39) 

 Org. C (%) 0.14 a (0.12 – 0.23) 0.17 a (0.12 – 0.21) 1.51 b (1.17 – 2.63) 

 Inorg. C (%) 0.24 ab (0.23 – 0.27) 0.28 a (0.28 - 0.30) 0.17 b (0.16 – 0.19) 

 N total (%) 0.04 a (0.03 – 0.04) 0.03 a (0.02 – 0.03) 0.12 b (0.08 – 0.19) 

 S total (%) 0.10 a (0.06 – 0.17) 0.03 b (0.02 – 0.03) 0.01 b (0.01 – 0.07) 

 

 

 

Sand (%) 72.5 ab (68.28 – 76.70) 81.0 a (76.06 – 87.16) 57.4 b (50.32 – 68.42) 

 Silt (%) 8.71a (8.27 - 9.15) 7.46a (2.40 – 11.08) 18.4 a (8.76 – 26.15) 

Clay (%) 18.8 ab (15.03 – 22.57) 10.0 a (9.03 - 13.80) 22.6 b (16.96 – 32.54) 

 

P (mg kg-1) 410 a (382.13 – 502.63) 254 a (155.00 – 325.25) 11.6 b (0.00 – 48.31) 

K (mg kg-1) 80.5 a (50.50 – 98.50) 168 b (104.00 – 210.00) 127 a (65.50 – 167.75) 

Ca (mg kg-1) 90.0 a (68.50 – 642.50) 530 b (214.00 – 720.00) 655 b (195.00 – 1,078) 

Mg (mg kg-1) 48.0 a (37.00 – 200.00) 94.0 a (74.00 – 140.00) 127 a (33.00 – 215.00) 

Na (mg kg-1) 707 a (687.50 – 760.00) 720 a (675.00 – 785.00) 700 a (672.50 – 725.00) 

Fe (mg kg-1) 84.0 a (64.50 – 92.00) 127 b (109.00 – 172.00) 130 b (103.00 – 333.75) 

 
Medians with same letters in a row do not differ at Kruskal-Wallis with Dunn-Bonferroni test at 5% of 
probability. 

 

The particle size analysis indicates dominance of the sand fraction in soils 

from the three mine areas (Table 2.2). The predominance of sand, especially in P and W 

soils, may be one of the main factors that hinder the development of plants in these 

areas, since the deterioration of soil physical quality is one of the main impacts detected 

in mining areas affected by tailings surface (Shrestha; Lal, 2011). 

The levels of phosphorus (PMehlich3) were significantly higher in P and W areas 

(p < 0.05), possibly because of the larger amount of waste in surface soils and the 

presence of pseudomalachite in the waste, as revealed by XRD. In this case, dissolution 

of this phosphate would increase the phosphorus levels in the soils in these areas 

(Abreu et al., 2008). 

Soil acid-base conditions in the waste area were significantly different (p < 

0.05) from those in the P and B soils, with pH values close to neutral (pH 5.8–6.9), while 

soils in the B (pH 4.5–5.4) and P (pH 5.0–5.5) areas were more acidic. Considering the 

presence of sulphide-rich mine waste exposed to atmospheric conditions, these slightly 

acidic conditions indicate that some counteracting process must prevent acid mine 

drainage. The AMD process is triggered when metal sulphides react with oxygen and 
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water to produce strongly acidic conditions (pH < 3.5) (Kimball et al. 2009), as shown in 

reactions 1 to 3 (Faure, 1991; Edwards et al., 2000; Garcia-Lorenzo et al., 2012). 

This may be related to the action of a buffer mechanism associated with 

dissolution of malachite (Cu2 (OH) 2CO3) and pseudomalachite (Cu5 (PO4)2(OH)4), which 

would release OH- and HCO3
-, as shown in reactions 4 to 6 (Stromberg; Banwart, 1999; 

Essington, 2003), thus neutralizing the acidity produced during the oxidation of metal 

sulphides. 

 

Oxidation of sulphide minerals 

2FeS2 + 7.5 O2 + 7H2O  2Fe(OH)3 + 4SO4
= + 8H+    reaction 1 

CuFeS2 + 15/4O2 + 7/2H2O  Fe(OH)3 + 2SO4
= + Cu2+ + 4H+  reaction 2 

Cu3FeS4 + 31/4O2 + 7/2H2O  Fe(OH)3 + 4SO4 + 3Cu2+ + 4H+  reaction 3 

Dissolution of carbonate and phosphate minerals 

Cu2(OH)2CO3 (s) + H2O2Cu2+ + 3OH- + HCO3
-     reaction 4 

Cu(OH)2 CuCO3 + 4H+  2Cu2+ + CO2 + 3H2O    reaction 5 

Cu5(PO4)2(OH)4 (s) + H2O  5Cu2+ + 5OH- + HPO4     reaction 6 

 

The positive correlation between pH and inorganic C (r = 0.723, p < 0.01), 

and the negative correlation between pH and total S (r = -0418, p < 0.05) corroborate 

the dynamics between the processes of sulphide oxidation and dissolution of malachite, 

which would lead to the production and consumption of H+, respectively, in the Pedra 

Verde mine soils. 

The total concentrations of metals in soils were consistent with those in the 

waste rock. All elements except Cu were present at lower concentrations (similar to 

those found in uncontaminated soils) than in other Cu-contaminated mine soils and 

within the reference values for soil quality in Brazilian law (Table 2.3). 

Elevated Cu concentrations (1,086 to 11,180 mg.kg-1) were found in all three 

study areas. Total Cu concentrations differed significantly between the mine areas 

(Table 2.3). The concentrations were highest in the P area, exceeding more than 185 

times the reference value for soil quality considered in environmental legislation in Brazil 

(60 mg.kg-1) (CONAMA, 2009). In the waste rock and border areas, the values 
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exceeded the reference value by 78 and 18 times, respectively. These values are also 

above 7.7 times the maximum concentration of Cu in soils considered by the European 

Community (140 mg.kg-1) (CEC, 1986), and in the most contaminated soil (processing 

area) this value is exceeded by 79 times. 

 

Table 2.3. Total trace metals levels in Pedra Verde soils (values in mg.kg
-1

) obtained by X-
Ray Fluorescence and reference values (Median values and interquartile ranges). 

  

PEDRA VERDE SOILS REFERENCE VALUES 

(P) Processing 
n=6 

(W) Waste 
n=15 

(B) Border 
n=18 

Typical normal range in soils 
Metal in mine 
copper soils 

 (A) 

Cu 11,180 a (512) 4,638 b (956) 1,086 c (683) 2-20
1
 5,500-60,000

3
  60.0 

Zn 55.5 a (2.06) 38.1 a (5.16) 21.7 a (12.3) 25-200
1
 200-260

3
  300 

Pb 20.4 a (10.9) 16.0 a (4.49) 10.4 a (3.11) 10-150
1
 14 – 24,820

4
  72.0 

As 5.58 a (1.21) 5.87 a (1.44) 5.37 a (1.22) <5-40
1
 3 – 6,290

4
  15.0 

Ni <3.00
†
 <3.00

†
 10.7 (8.31) 2-100

1
 200-9,800

3
  30.0 

Mn 178 a (30.6) 337 a (65.4) 310 a (206) 200-3,000
2
 1,500-5,600

3
  - 

Se <1.00
†
 <1.00

†
 <1.00

†
 <1-2

1
 -  5.00 

Br <2.00
†
 <2.00

†
 2.46 ( 0.98) - -  - 

Rb 140 a (9.31) 130 a (11.7) 70.7 b ( 23.8) 20-500
2
 -  - 

Sr 31.2 a (6.47) 28.9 a (3.46) 30.0 a (15.1) 200
2
 -  - 

Zr 351 a (26.9) 290 a (18.2) 333 a (98.1) 60-2,000
2
 -  - 

Nb 12.8 a (0.43) 11.9 a (0.79) 10.5 a ( 2.18) - -  - 
†
 Detection limits.

 
Medians with same letters in a row do not differ at Kruskal-Wallis with Dunn-Bonferroni test at 5%  

of probability; (A) – Reference Values for soil quality in Brazil (CONAMA, 2009). 
1
Thorton (1995); 

2
Pais; Jones (1997);

 3
Reeves; Baker (2000)

; 4
Chopin; Alloway (2007). 

 

2.3.3. Principal Component Analysis 

In an attempt to better understand the variation in the key attributes of the 

soils and the distribution of copper, the variables were analysed by principal component 

analysis. The following factors were extracted: pH, electrical conductivity, organic and 

inorganic carbon (%), nitrogen (%), sulphur (%), P, K, Ca, Mg, Na and Fe extracted by 

Mehlich3 and total copper. 

Four factors were extracted that together explained more than 80% of the 

data variance, with factors 1 and 2 representing 35% and 22% of the total variance, 

respectively (Table 2.4). The first factor was highly and positively correlated with 

inorganic carbon, phosphorus and copper. It was also highly and negatively correlated 

with organic carbon and nitrogen, which is a characteristic of soils affected by the waste 

rock in which the absence of vegetation and the presence of rocks cause physical 
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degradation. The second factor was related to pH, Ca, Mg and K, which may have been 

derived from weathering of the gangue material in the waste, such as calcite and 

feldspars. 

 
Table 2.4. Results of Factor Analysis for the transformed data (log) of the main soil 
properties (n = 39), including the percentage of variance and communalities.  
 
Variable 

Factor loadings 
 

Factor 
Comun. 

1 2 3 4 

Log (pH) 0.580 0.636 -0.327 -0.215 0.894 
Log (condut. elet.) 0.003 0.057 0.890 -0.242 0.854 
Log (org C) -0.864 0.186 0.216 0.253 0.892 
Log (inorg. C) 0.898 0.034 0.094 0.291 0.900 
Log (N) -0.817 0.127 0.255 0.261 0.817 
Log (S)          0.407 -0.327 0.725 0.253 0.861 
Log (P)            0.892 -0.220 0.159 0.024 0.870 
Log (K)           -0.049 0.878 -0.144 0.058 0.798 
Log (Ca)          -0.252 0.901 0.189 -0.020 0.912 
Log (Mg) -0.266 0.809 0.162 -0.352 0.875 
Log (Na)           0.183 -0.129 -0.255 -0.066 0.120 

Log (Fe) -0.099 -0.140 -0.038 0.906 0.852 
Log (Cu-tot)       0.944 -0.108 0.137 -0.009 0.922 

 
      Variance Explained (%) 35.3 22.3 13.4 10.3  
Cumulative V.E. (%) 35.3 57.6 71.0 81.3   

Extraction Method: Principal Component Analysis   
Rotation method: Varimax; Principals loadings are shown in bold style (>0.6 / <-0.6)   

 

The factors (Figure 2.6.a) and the individual scores computed on the basis of 

a combination of factors 1 and 2 (Figure 2.6.b), clearly distinguished the three study 

areas. Samples from the border areas, although widely distributed along the “y” axis 

(factor 2), are concentrated almost exclusively in the negative part of factor 1. This is 

related to the relatively high levels of organic carbon and nitrogen is this area and the 

lowest levels of total copper and phosphorus (Tables 2.2 and 2.3). 

The sampling points in the processing and waste rock area appear 

exclusively on the positive “x” axis and are characterized by high concentrations of 

phosphorus, total copper and inorganic C, in contrast to low organic carbon and nitrogen 

contents. The grouping of these areas clearly indicates Cu contamination in these areas 

and a restricted distribution of copper in neighbouring areas. These results can probably 

be explained by the direct contact between the soil and tailings, and they also 

corroborate the findings reported by Chopin; Alloway (2007), which attribute the 
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restricted distribution of metals to the large particle size of waste rocks in the piles 

limiting transport over long distances. 

 

Figure 2.6. (a) Factors and (b) individual scores extracted from soils sampled in the 
different mine compartments (from 13 soil attributes considered). 
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The sampling points in the waste rock area exclusively showed positive 

values on factor 1 and mainly appeared on the positive part of the “y” axis. This 

indicates that this area is similar to the processing area in relation to the high levels of 

total Cu, phosphorous and inorganic C; the higher level of Ca, Mg and K and pH in W 

soils than in the P area also differentiates the soils from these two areas, probably due 

to the greater presence of rocks in the W area, where dissolution of carbonates and 

phosphates maintains a high pH and the weathering of gangue materials contributes to 

the higher concentrations of Ca, Mg and K. 

 

2.3.4. Trace metal bioavailability 

The levels of potentially available Pb and As were below the detection limit 

(0.25 mg.kg-1) in all soil samples, whereas the levels of Zn ranged between 1.25 and 

3.10 mg.kg-1, and did not exceed the phytotoxic levels proposed by Monterrosso; 

Alvarez; Fernandez-Marcos (1999), which according to the pH may vary between 90 

and 100 mg.kg-1. On the other hand, the concentrations of potentially available Cu were 

extremely high, with medians 3,580 mg.kg-1 at P (interquartile interval (i.i.) = 2,090 – 

3,860), 1,800 mg.kg-1 at W (i.i. = 1,440 – 2,000) and 172 mg.kg-1 at B (i.i. = 18.5 – 328). 

These medians values exceeded the phytotoxic limit (between 40 and 60 mg.kg-1 for Cu, 

according to the pH; (Monterrosso; Alvarez; Fernandez-Marcos, 1999)), and the 

concentrations of potentially available Cu in P and W areas, were between 11 and 4 

times higher than in B, respectively (Figure 2.7). 

The differences among sites in bioavailable Cu can be explained by the 

greater abundance of waste at the soil surface in areas P and W than in area B and the 

consequent exposure of the former soils to higher quantities of pseudomalachite 

(Cu5(PO4)2(OH)4) and malachite (Cu2(OH)2CO3). The significant positive correlation 

between potentially available Cu and inorganic C (r = 0.568, p < 0.01) appears to 

support this idea. A highly significant positive correlation between potentially available 

Cu and the phosphorus (r= 0.849 p< 0.01) also indicates the participation of copper 

phosphate (pseudomalachite). 

Pseudomalachite was detected by XRD, although it was not detected in the 

previous geological studies. Furthermore, the fact that the concentrations of 
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phosphorous were highest in P and W soils (Table 2.2) indicates that this mineral 

participates (along with malachite) in controlling the potentially available Cu levels. In a 

study involving a mine with similar geological characteristics as the Pedra Verde, Abreu 

et al. (2008) identified the presence of pseudomalachite as the main factor responsible 

for the high P and Cu levels in soils. 

 

 

Figure 2.7. Graphical representation of total concentration of copper (bars) and the 
distribution of residual (non-extractable by Mehlich-3) and potentially bioavailable Cu 
(extracted by Mehlich3).  

 

In addition to the minor presence of source material (pseudomalachite and 

malachite) in the border area, the lower levels of bioavailable Cu in the B soils may be 

due to the immobilization of Cu by organic compounds. Many studies have shown that 

the soil organic fraction is essential for immobilization of copper (Pinto et al., 2004; 

Ponizovsky et al., 2006; Solér-Rovira et al., 2010). Strawn; Baker (2009) suggest that 

the strong affinity between Cu and organic matter occurs as a result of the formation of a 

bidentate complex between Cu atoms and O and N functional groups in the organic 

matter, which would inhibit Cu sorption by soil and, thus, its uptake by plants. 

In the study site, soil organic carbon contents differed significantly (p< 0.05) 

between areas B and P and W (Table 2.2). The concentrations of organic C in the B 



52 

 

soils were 900% higher than in the P and W soil. The higher TOC contents in B soils 

reflect the greater vegetation cover in this mine compartment, which appears to mitigate 

the high concentrations of potentially available Cu, as shown by the negative and 

significant correlation between potentially bioavailable Cu and organic C contents (r= -

0.582, p< 0.01). 

 

2.3.5. Cu, Zn and Pb contents in shoots of spontaneous plants 

Metal concentrations in plant shoots ranged from 8.0 to 267 mg.kg-1 for Cu 

and 15 to 67 mg.kg-1 for Zn (Figure 2.8), while shoots concentrations of As and Pb were 

below the detection limit (0.25 mg.kg-1). 

 

 

Figure 2.8. Average ± s.d.* of Cu and Zn contents in shoots of spontaneous plants.  
* R. paniculata, B. pilosa, P.calomelanos and C. leprosum (n=3); Z. joazeiro, P. guajava and M. indica 
(n=1). 
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Foliar concentrations of Zn in all species were below the toxic level (150 

mg.kg-1; Kabata-Pendias, 2010). Foliar concentrations of Cu in Ruellia paniculata, 

Combretum leprosum, Ziziphus joazeiro, Psidium guajava and Mangifera indica were 

between 5.0 and 30 mg.kg-1 (Figure 2.8) and thus within the range considered normal 

for plants (Kabata-Pendias, 2010). However, the corresponding concentration in Bidens 

pilosa and Pityrogramma calomelanos was 267 and 46 mg.kg-1, which is, respectively, 

790% and 53% higher than the usual values in plants. 

The BCF for Cu in all species remained below 1, irrespective of whether the 

total or bioavailable Cu (Mehlich3) was used in the calculation. Considering the total Zn 

content, the BCF was only >1 in B. pilosa. However, when the bioavailable Zn was 

considered, the BCF was >1 in all species (Table 2.5). 

 

Table 2.5. Bioaccumulation factors of Cu and Zn in spontaneous plants that growing in 
the Pedra Verde mine (average  ±  s.d.*) 

Species 
BCF (Total)

1 BCF (Mehlich)
2 

Cu Zn Cu Zn 

 
R. paniculata  0.002 ±0.0006 0.858 ±0.057 0.007 ±0.0019 18.7 ±1.2 

 
B. pilosa 0.024 ±0.0005 1.218 ±0.198 0.075 ±0.0015 26.5 ±4.32 

 
P. calomelanos 0.004 ±0.0017 0.282 ±0.037 0.013 ±0.0053 6.14 ±0.81 

 
C. leprosum 0.001 ±0.0005 0.333 ±0.114 0.004 ±0.0016 7.25 ±2.49 

 
Z. joazeiro 0.001 0.288 0.002 6.27 

 
P. guajava 0.003 0.270 0.008 5.88 

  M. indica 0.002 0.270 0.007 5.88 
1
calculated with total metal content in the soil by XRF;  

2
calculated with metal content in the soil obtained by Mehlich3 extractor.  

*R. paniculata, B. pilosa, P.calomelanos and C. leprosum (n=3), Z. joazeiro, P. guajava and M. indica 
(n=1). 

 

These results show that some caution is needed in the use of BCF as a 

single parameter in the definition of accumulator species. Other authors also indicated 

that the BCF may be influenced by plant genetics, physiological conditions and soil 

characteristics (Reeves, 2006; Monterroso et al., 2014). 

A threshold concentration of 1,000 mg.kg
-1 

in shoots has also been used to 

identify hyper-accumulator species for Cu (Baker; Walker, 1989). In this study, none of 

the species can be deemed suitable for copper phytoremediation considering the results 

of BCF and a reference value of 1,000 mg.kg-1. However, the concentration of Cu in P. 
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calomelanos and especially B. pilosa were higher than usual levels (Fig. 8). In this case, 

the very high concentrations of Cu in the soil precluded BCF values >1 being obtained 

for these two species; however, these species should be investigated further as the 

concentrations of Cu in their shoots were high, indicating that they may accumulate this 

metal above normal limits. In fact, the potential to accumulate other metals/metalloids 

has been demonstrated for Cd in B. pilosa (Sun et al., 2009) and As in P. calomelanos 

(Niazi et al., 2011). 

The plant species R. paniculata, C. leprosum, Z. joazeiro, P. guajava and M. 

indica appeared to be able to immobilize copper in roots or in the rhizosphere zone, thus 

preventing translocation of the metal to the shoots, as observed by the high 

concentration of Cu in the soil and the low foliar concentrations, which characterize 

these plants as excluder species (Lottermoser; Glass; Page, 2011). 

 

2.4. Conclusions 

The mineralogical and chemical analyses showed that the tailings from the 

Pedra Verde copper mine are very heterogeneous, with copper associated with 

carbonates, oxides, phosphate and sulphide minerals. The copper phosphate 

pseudomalachite was described for the first time in the mine area under study. The 

absence of acid mine drainage, despite the high abundance of sulphides, is probably 

related to natural attenuation of the acidity by carbonate and phosphate minerals (i.e. 

malachite and pseudomalachite) which keep the soil acid-base condition near neutral.  

However, more detailed studies of the time-buffering capacity and solubility of these 

carbonates and phosphates are needed in order to assess the risk of acid mine 

drainage in the future.  

The presence of waste rock at the soil surface leads to strong contamination 

of the mine soils by copper. Concentrations exceeded (by more than 180 times) the 

reference value indicating acceptable soil quality, and thus form a considerable risk of 

contamination to adjacent streams and populations. The higher abundance of organic 

carbon in the border areas than in the processing and waste rock areas appears to 

attenuate the amount of bioavailable Cu and indicates that organic compounds may play 
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an important role in reducing the levels of bioavailable Cu and its dispersion to 

adjacencies. 

Despite the high copper contents in soils, most plant species growing 

spontaneously at the site did not accumulate Cu in their shoots. The concentrations of 

Cu in the shoots of B. pilosa and P. calomelanos were higher than usual, but are below 

the levels required to be considered hyperaccumulator species. Shoots of species 

Ruellia paniculata, Combretum leprosum, Ziziphus joazeiro, Psidium guajava and 

Mangifera indica had normal copper levels, indicating that they could immobilize copper 

in the roots/rhizosphere; but the ways in which these plants can immobilize metals on 

Cu-contaminated soils needs further study. 
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Resumo: Os efeitos potencialmente perigosos de rejeitos de mineração dispostos a 
céu aberto, em três diferentes áreas (Pr: área de processamento do minério; Wr: área 
das pilhas de   rejeitos e Bd: áreas de borda) de uma mina de cobre abandonada foram 
avaliadas neste estudo, com ênfase na geração de drenagem ácida, contaminação por 
metais e dinâmica geoquímica do cobre nos solos. As amostras de rejeitos foram 
analisadas por fluorescência de raios-x (XRF), microscopia eletrônica de varredura com 
microanálise (SEM-EDS) e difração de raios-x (XDR). As amostras de solos foram 
analisadas visando-se determinar: teores totais de metais por fluorescência de raios-x 
(XRF), mineralogia (XRD), pH (H2O e H2O2), teores de carbono orgânico e inorgânico, 
% total de N, S e P, análise granulométrica, além de um procedimento de extração 
sequencial, utilizado para identificar diferentes frações de cobre no solo. Como 
resultado da prevalência de carbonatos sobre os sulfetos nos rejeitos, o pH do solo 
manteve-se próximo a neutralidade, com ausência de drenagem ácida. A interação 
geoquímica entre esses minerais, também parece ser o principal mecanismo de 
liberação de íons de Cu2+. O teor total de Cu nos solos em Pr atingiu 11.180 mg kg-1, 
enquanto que nas áreas Wr e Bd os valores atingiram em média 4.683 e 1.086 mg kg-1 

respectivamente, indicando um alto nível de contaminação dos solos. Nas áreas Pr e 
Wr o cobre esteve em sua maioria associado a carbonatos e óxidos de ferro amorfos. 
Nas áreas de borda, a presença de vegetação influenciou a dinâmica geoquímica do 
cobre e, com o aumento na dissolução dos carbonatos, afetou a capacidade de 
tamponamento dos solos frente à oxidação dos sulfetos, diminuindo os níveis de pH e 
aumentando a proporção de Cu trocável e associado a matéria orgânica. Os resultados 
demostram que o uso de plantas ou resíduos orgânicos em áreas de mineração que 
contenham grandes quantidades de rejeitos ricos em carbonatos de Cu deve ser visto 
com cautela, pois a prática pode aumentar a mobilização de cobre para o meio 
ambiente, devido ao aumento na taxa de dissolução desses carbonatos. 
 
Palavras-chave: Mineração, Carbonatos, Sulfetos, Extração sequencial de Cu, 
Drenagem ácida. 
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Abstract: The potentially hazardous effects of rock wastes disposed at open pit in three 
different areas (Pr: Ore processing area; Wr: Waste rock pile and Bd: Border areas) of 
an abandoned copper mine were evaluated in this study, with emphasis on acid 
drainage generation, metal contamination and copper geochemical dynamics in soils. 
Samples of waste rock were analyzed by Energy dispersive X-ray fluorescence (XRF), 
scanning electron microscopy with microanalysis (SEM-EDS) and X-ray diffraction 
(XRD). Soil samples were analyzed to determine the total metal contents (XRF), 
mineralogy (XRD), pH (H2O and H2O2), organic and inorganic carbon, % of total N,  S 
and P, particle size, and a sequential extraction procedure was used to identify the 
different copper fractions. As a result of the prevalence of carbonates over sulphides in 
the wastes, the soil pH remained close to neutral, with absence of acid mine drainage. 
The geochemical interaction between these mineral phases seems to be the main 
mechanism to release Cu2+ ions. Total Cu in soils from the Pr area reached 11,180 
mg.kg-1, while in Wr and Bd areas the values reached, on average, 4,683 and 1,086 
mg.kg-1, respectively, indicating a very high level of soil contamination. In the Pr and Wr, 
the Cu was mainly associated with carbonates and amorphous iron oxides. In the Bd 
areas, the presence of vegetation has influenced the geochemical behavior of copper by 
increasing the dissolution of carbonates, affecting the buffer capacity of soils against 
sulphide oxidation, reducing the pH levels and enhancing the proportion of 
exchangeable and organic bound Cu. The present findings show that the use of plants 
or organic amendments in mine sites with high concentration of Cu carbonate-containing 
wastes should be viewed with caution, as the practice may enhance the mobilization of 
copper to environment due to an increase in the rate of carbonates dissolution. 
 
Keywords: Mining, Carbonates, Sulphides, Cu sequential extraction, Acid drainage 
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3.1. Introduction 

Nowadays, mining is safer and better regulated due to the application of 

stricter legislation and to advances made in the techniques used for environmental 

control. However, the lack of such control in the past has led to numerous abandoned 

mines around the world, without any kind of recovery measures being applied 

(Bradshaw, 1997; Abreu et al., 2008, Ersoy et al., 2008, Park et al., 2011; Otero et al., 

2012). Waste rock containing metals, when disposed of in open pits, tend to react with 

water and oxygen and may be oxidized or dissolved, depending on the geochemical 

composition of the material, thereby transferring metals to the environment. This 

process therefore represents a serious risk to environmental and public health 

(Lottermoser, 2007). 

Mining is one of the main anthropogenic activities that generates waste and 

water containing high levels of copper, especially when the aim is to extract ores such 

as chalcopyrite, chalcocite and malachite (Álvarez et al., 2003; Abreu et al., 2008; Guo 

et al., 2011; Wu et al., 2011; Li et al., 2014). Furthermore, the presence of high 

concentrations of sulphides generates acid mine drainage (AMD), thus increasing the 

risk of contamination via large decreases in soil and water pH, which increases copper 

mobility and bioavailability (Kimball et al., 2009). 

Copper is a vital micronutrient for a wide range of metabolic processes and 

an essential constituent of the enzymes of various plants and (micro) organisms 

(Flemming; Trevors, 1989; Baker; Senft, 1995). Under natural conditions, and 

depending on the parent material, most soils contain Cu at concentrations ranging from 

25-60 mg.kg-1. However, at higher concentrations, Cu becomes a toxic element (Kabata-

Pendias, 2010). 

The ecotoxicological potential of Cu is directly related to its bioavailability in 

the soil, i.e. it depends on the geochemical forms of Cu that plants and (micro) 

organisms may have immediate access to and that can be consumed either by 

ingestion, absorption or direct contact (dermal, leaf, etc.) (Peijnenburg; Zablotskaja; 

Vijver, 2007). The bioavailability of copper in soils depends on the soil composition and 

properties such as acid-base condition (pH), amount of organic matter (TOC), clay, 
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carbonates and Fe oxyhydroxides (Graf et al., 2007; Sipos et al., 2008; Strawn; Baker, 

2009; Fernandez- Calviño et al., 2009). 

Because of the complexity of reactions between Cu ions and different soil 

components, the determination of total or pseudo-total concentrations may not always 

reflect the real risk that this element represents to ecosystems, as most Cu forms in 

natural environments will be scarcely accessible to plants and organisms (i.e. occluded 

Cu in crystalline forms of primary minerals or forming organometallic complexes) 

(Fernandez-Calviño et al., 2009). 

To overcome this, the sequential extraction technique (SET) has been used 

to provide a more realistic estimate of actual environmental impacts by extracting metals 

from specific soil fractions, thus allowing a better understanding of the mechanisms 

controlling mobility and bioavailability of these elements in soils and sediments (Mossop; 

Davidson, 2003; Cuong; Obbard, 2006).  

Despite the known intrinsic limitations,  the SET provides a more complete 

and realistic  diagnosis regarding the geochemical behavior of  metals in soils than other 

techniques;  it therefore enables more accurate interpretation of the potential damage 

that metals cause to ecosystems and the adoption of more efficient control and 

remediation techniques (Filgueiras; Lavilla; Bendicho, 2002). 

In this study, we evaluated the mineralogical and geochemical composition of 

waste rocks and determine total Cu concentration and speciation in soils from three 

different areas of an abandoned copper mine. The aims of the study were to assess 

geochemical transfer mechanisms of copper from waste rock to soil and its influence in 

the physical-chemical properties and in the bioavailability of copper, establishing the 

bases to predict the real ecotoxicological risks and to estimate the expected results for 

mine site restoration. 

 

3.2. Study area 

The study was conducted in Viçosa do Ceará (northeastern Brazil) (Figure 

3.1).  The climate is classified as semi-arid warm tropical in the regions of lower altitude 

(where the mine is located – General Tibúrcio district) and sub-humid warm tropical in 

the regions at higher altitudes, with an average annual rainfall of 960 mm, mainly 
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concentrated between January and May, and average annual temperatures ranging 

from 22 to 24° C (FUNCEME, 2014). The regional vegetation consists of evergreen 

seasonal tropical forest on the top of the plateau and a dry tropical forest on the slopes 

(IBGE, 2012). The closest village to the mine is General Tibúrcio District, at a distance 

of about 5 km, and there are several other small villages, less than 1 km from the mine 

entrance. There are also many agricultural fields between the district and the mine, 

which serve as a source of food for subsistence of the local population (Figure 3.1-A). 

 

 

Figure 3.1. (A) Location of study site, (B) soil sampling points and (C, D, E and F) mine 

compartments. 

 

The area is subdivided into three geological formations, from the base to the 

top: São Joaquim, Mambira and Ubari (Figure 3.2).  

The São Joaquim formation is mainly characterized by quartzite. The 

Mambira formation is subdivided into three parts: the basal portion is formed by mica-

schists interbedded with quartzites, and the upper part, denominated Pedra Verde, is 

essentially composed of phyllites. The highest concentrations of Cu sulphide ores 
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(chalcopyrite, chalcocite and bornite) occur in the upper formation. Superimposed on the 

Mambira, the Ubari formation comprises conglomerates of mudstone, sandstone, 

phyllite, quartzite and quartz, dispersed in a feldspathic matrix, which also contains Cu 

in oxidized ores (malachite and cuprite) (Korpershoek et al., 1979). The red iron oxide 

zone between the Pedra Verde phyllites and Ubari conglomerates contains, on average, 

0.1% of Cu (Collins; Loureiro, 1971). 

 

 

Figure 3.2. Geological structure of mine region (Adapted from Korpershoeck et al., 

1979). 
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The Pedra Verde ore body (latitude 3°24'03'' S, longitude 41º08’21’’ W) is of 

supergene origin and the Cu mineralized zone occurs in phyllites as sulphidic deposits, 

veins and irregular masses that fill associated fractures. The sulphide minerals include 

pyrite (FeS2), chalcopyrite (CuFeS2), chalcocite (Cu2S), bornite (Cu5FeS4) and covellite 

(CuS), with arsenopyrite (FeAsS), galena (PbS) and sphalerite (ZnS) occurring in 

smaller proportions. In the upper portion of the mineralized horizon, between the 

phyllites and conglomerates, iron oxides predominate at levels reaching 0.1% Cu, with 

hematite (Fe2O3) as one of the main constituents, in addition to the occasional presence 

of cuprite (Cu2O) (Collins; Loureiro, 1971). 

An oxidized ore zone occurs in the superficial layers, mostly in the form of 

carbonates in malachite impregnations and streaks (Cu2(CO3)(OH)2), which are 

concentrated along an area of more than 100 m in a fracture zone, at a depth not 

exceeding 15 meters. The gangue minerals are mainly composed of quartz, feldspar, 

carbonate, muscovite, sericite, chlorite and calcite (Collins; Loureiro, 1971). 

The mine was exploited in the 1980s for the extraction and processing of Cu 

from sulphide (chalcopyrite and chalcocite) and carbonate (malachite) minerals. After 

the mine was closed in 1987, the processed minerals were dumped in piles on terraces 

constructed on the slope of the plateau. These waste piles are still 10 meters high. As a 

result of the large amount of waste involved and the lack of maintenance of the terraces, 

some of these piles have been eroded, spreading waste rock over distances of up to 1.5 

km along the slope.  

The particle size of the waste rock scattered at open pit in the mine range 

from very fine material to boulder size and presents high heterogeneity. It is essentially 

composed of wall rock material (gangue material) removed to access the ore and 

processing wastes, generated after ore (i.e. malachite, chalcopyrite and chalcocite) 

processing by hydrometallurgical process during mine activities.  

This hydrometallurgical leaching, does not always allow total recovery of the 

Cu contained in minerals (Bingol; Canbazoglu, 2004), and therefore these waste rocks 

might still contain significant amounts of Cu, which may represent a serious risk to 

ecosystem and public health.  
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3.3. Material and methods 

3.3.1. Sampling procedures  

3.3.1.1. Waste rock sampling 

Eight samples of waste rock, representative of the exposed material, were 

collected in the terraces from the ore processing area (samples 1 to 3) and along the 

slope in the waste rock area (samples 4 to 8), to determine the total concentration of 

trace elements and geochemical/mineralogical composition. Once collected, the 

samples were individually stored and transported to the laboratory, where the samples 

were divided into two parts, one for the analysis of the total metal content and XRD, and 

another for the SEM-EDS analysis. For analysis of total metal contents and XRD, the 

rocks were processed in a mill agate, until obtained a fine material (<0.2 mm) and then 

processed. For SEM-EDS analysis, the samples were crashed in sizes between 0.5 and 

2.0 cm, and mounted in glass slides for subsequent analyzes. 

 

3.3.1.2. Soil sampling 

Soils were sampled in three different mine compartments (Figure 3.1 B): 

1. Ore processing area (Pr): site with terraces and leaching tanks located on the 

highest part of the slope where dismantling, crushing/grinding and leaching were carried 

out. The vegetation is sparse, with few shrubs and tree species (Figure 3.1 C and D). 

2. Waste rock area (Wr): site containing large amounts of mine waste. Erosion of 

the terraces has led to the waste being spread over a distance of 1.5 km along this area. 

The vegetation is sparse, and includes a few shrub species (Figure 3.1 E and F).  

3. Border area (Bd): site characterized by the transition between waste rock area 

and adjacent vegetation. The rock waste is more widely dispersed and less abundant, 

and trees and shrubs species are common (Figure 3.1 F). 

Prior to sampling, the coarse materials on the surface, composed mainly by 

the waste rocks, were removed and the soil was sampled (0-20cm) at 13 points. Taking 

into account the size of each area, two of the sampling points were located in the 

processing area, five in the waste rock area and six in the border area. Considering the 

high heterogeneity of mine-soils (Shrestha; Lal,  2011), three replicate soil samples were 

collected at each point, within 2m2 of each other, to provide a total 39 soil samples. 
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3.3.2 Analytical procedures 

3.3.2.1. General characterization of waste rock and soils 

Total metal concentrations of the waste rock and soils were determined by 

energy dispersive x-ray fluorescence (XRF) with molybdenum anode equipment (bench-

type model), by the energy dispersal method, in the RIAIDT laboratories from University 

of Santiago de Compostela (Spain). After previous calibration of the apparatus with 42 

different standards certified materials (which includes fly ash, contaminated and non-

contaminated soils and rocks), all macro/trace elements were analyzed and the recovery 

factor obtained after calibration was between 88 and 100% (Annex 1). 

 The mineralogical assemblies of waste rocks were identified in samples of 

greenish (indicating the presence of copper) rocks. For mineralogical analysis of soils, 

two samples from each area were selected. The samples were ground in an agate 

mortar, and the powdered samples analyzed in a miniflex II Desktop X-Ray 

Diffractometer Rigaku, with CuKα radiation. In addition, three samples of rock with the 

highest of Cu were analyzed by scanning electron microscopy with energy dispersive x-

ray spectroscopy (SEM-EDS; ZEISS, model EVO515). 

Soil samples were dried at 40 °C and passed through a 2 mm sieve before 

analysis. The pH was determined in water (1:2.5), and particle size analysis was carried 

out by the hydrometer method (Gee; Bauder, 1979). The total sulphur (TS) content was 

measured in a LECO SC-144 DR, whereas the total nitrogen (TN) and carbon content 

(total, organic and inorganic) were measured in a LECO 2000 CNS element analyzer. 

The carbon content was determined following the methodology described by 

Cambardella et al. (2001). Briefly, the total carbon (TC) content of the soil samples was 

determined directly in the equipment; the total inorganic carbon (TIC) was determined 

after removal of organic carbon by combustion in a muffle furnace at 450 °C for 4 hours; 

and the total organic carbon (TOC) content was calculated as the difference between 

total and inorganic carbon. 

The oxidation pH (pHox) was determined in 1 g of soil by adding 20 ml of 

H2O2 15% at pH 5.5 (Urrutia; García-Rodeja; Macías, 1992). The pH values were then 

measured after 2 minutes, 30 minutes, 2 hours, 6 hours, 24 hours, 96 hours and 7, 14, 

21, 30, 45 and 90 days. 
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3.3.2.2. Sequential extraction of Cu 

Sequential extraction was performed using 1.0 g of soil, by a combination of 

previously described methods (Gimeno-García; Andreu; Boluda, 1995; Siregar et al., 

2005; Silveira et al., 2006), finally differentiating the seven following operational 

fractions: 

• F1 - Exchangeable Cu - extracted with 8 ml of MgCl2 1M, at pH 7.0, with 

shaking for 1 h at room temperature. In this and the following steps, the extract was 

centrifuged at 3000 rpm for 15 min and filtered; 

• F2 - Cu associated with carbonates - extracted with 30 ml of a solution of 

1M NaOAc at pH 5.0, with 5 hours of shaking at room temperature; 

• F3 - Cu associated with organic matter - extracted with 10 ml of 6%NaOCl , 

at pH 8.0, and shaking for 6 hours at 25 °C. This procedure was repeated three times; 

• F4 - Cu associated with amorphous iron oxides - extracted with 30 ml of 

oxalic acid 0.2 M + ammonium oxalate 0.2M, at pH 3, with shaking for 2 hours in the 

dark; 

• F5 - Cu associated with crystalline iron oxides - extracted with a solution of 

0.25M sodium citrate + 0.11M sodium bicarbonate + sodium dithionite (3 grams), 

shaking for 30 minutes at 75 °C; 

• F6 - Cu associated with sulfides - extracted with 4M HNO3 in a water bath 

for 16 hours at 80 °C, with occasional shaking; 

• F7 - Residual Cu - extracted with a solution of 9 mL of 65 %HNO3  + 3 ml of  

37 %HCl  + 2 ml of 1M HF in a microwave for 35 minutes at a controlled temperature 

(200 °C). After extraction, 5 ml of boric acid 5% + 1 ml of 1M HF was added and the 

mixture was again heated in a microwave for 15 minutes at 160 °C. The extract was 

transferred to plastic recipients and the volume made up to 50 ml with ultrapure water. 

Between each extraction step, the residual soil was washed with 20 ml of 

ultrapure water, previously bubbled with N2, and the mixture was manually shaken and 

centrifuged at 3000 rpm for 15 min. The supernatant was discarded to prevent 

interference from the previous reagent in the subsequent extraction. 

All samples were analyzed in duplicate and two samples of certified soils 

were included in the batch to ensure the analytical efficiency. Reference soils SO-2 and 
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SO-3, from the Canadian Center for Mineral and Energy Technology/Ontario were 

included in the analysis and the percentage recovery of Cu after the seven steps were 

108% and 98% respectively. All extracts were analyzed by flame atomic absorption 

spectrometry (model Perkin-Elmer 2380). 

 

3.3.3. Statistical Analysis 

The Kolgomorov-Smirnov test was used to check whether the data were 

normally distributed. The data were also subjected to nonparametric Kruskal-Wallis 

analysis of variance and the differences between means were compared by the 

Bonferroni-Dunn test. The data were also compared by calculation of the Spearman’s 

correlation coefficients. All statistical analyses were performed using Minitab ®, version 

16.2.4 (Minitab Inc.) statistical program. 

 

3.4. Results and Discussion 

3.4.1. Trace metal levels in mine waste rocks 

X-ray fluorescence analysis of the waste rock samples revealed that Cu was 

the only element present at high concentrations (Table 3.1). All other trace elements 

(Zn, Pb, As, Ni, Mn, Cl, V, Ba, Ga, Se, Br, Rb, Sr, Y, Zr and Nb) were present at usual 

concentrations for sedimentary and metamorphic rocks (Thornton, 1995). 

Elements contained in minerals previously identified in geological studies in 

the mine (galena, sphalerite and arsenopyrite) were present at concentrations below 

levels considered to be phytotoxic (Thornton, 1995): Pb: <3.0 – 83.2 mg.kg-1; Zn: 23.7 – 

302 mg.kg-1 and As: 1.1 – 25.8 mg.kg-1. This was probably because sulphide minerals 

containing As, Pb and Zn occur in deeper layers and probably only small amounts of 

these ores were extracted. 

The total Cu concentration in the waste rock reached values between 63.3 

and 350,331 mg.kg-1, which indicate that this waste material represents a serious risk of 

environmental contamination associated with the Cu mobilization potential. 

However, mine waste containing high concentrations of metals does not 

necessarily damage the environment. Metals may be strongly associated with rock and 

soil constituents and, thus, may not be bioavailable to plants and animals. The 



73 

 

environmental conditions and the geochemical characteristics of the waste rock and 

soils are the main factors controlling the release of metals to the environment 

(Lottermoser, 2007). 

 

Table 3.1. Total concentration of trace elements in the waste rock 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 

   
mg.kg

-1 
   

Cu 6,524 63.3 711.7 422 32,773 350,331 1,108 653 

Zn 47.0 39.7 39.3 31.5 95.5 302 23.7 49.6 

Pb <3.0a 4.7 83.2 <3.0 <3.0 <3.0 <3.0 3.1 

As 5.10 7.2 1.1 4.0 7.2 25.8 3.8 1.8 

Ni <3.0a 17.2 15.3 5.7 <3.0 <3.0 <3.0 4.8 

Mn 181 400 103 528 186 <100 a 513 149 

Cl 400 649 332 540 392 326 521 431 

V 33.0 <10.0a 27.8 <10.0 <10.0 <10.0 <10.0 19.6 

Ba 178 255 479 336 425 156 231 298 

Ga 29.2 23.5 15.7 25.4 19.7 <1.0a 24.7 25.2 

Se <1.0a <1.0 <1.0 <1.0 3.2 15.8 <1.00 <1.0 

Br <2.0a <2.0 <2.0 <2.0 <2.0 11.8 <2.00 <2.0 

Rb 136 234 115 114 122 124 129 125 

Sr 13.4 29.2 47.7 59.9 38.4 12.5 76.8 49.5 

Y 21.2 29.5 28.6 17.3 24.2 13.5 16.9 24.0 

Zr 218 228 271 210 239 125 187 239 

Nb 10.8 11.9 15.4 10.1 10.8 33.1 9.2 10.1 
a
 Detection limit 

 

The mineralogical and geochemical characteristics of the waste rock from 

Pedra Verde, determined by XRD (Figure 3.3) and SEM-EDS (Figure 3.4 – A, B and C), 

indicate that the main forms of Cu present are carbonates, oxides and sulfides. These 

results corroborate the findings of previous geological surveys in the mine, indicating the 

following minerals as the main sources of Cu:  cuprous oxides such as cuprite (Cu2O), 

Cu sulfides such as chalcopyrite (CuFeS2) and chalcocite (Cu2S), and Cu carbonates 

such as malachite (Cu2(CO3)(OH)2) (Collins; Loureiro, 1971). 
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Figure 3.3. X-ray diffraction analysis of selected waste rock samples. mica (Mi); 
malachite (Ma); pseudomalachite (PMa); quartz (Qz); feldspar (Fd); anatase (An); 
chalcopyrite (Cp); chalcocite (Ch); hematite (Hm). 
 

3.4.2. General soil characteristics 

Considering all soil samples, the pH ranged between 4.2 and 7.2, with 

significantly (p <0.05) higher values in the waste rock area (mean pH= 6.6) (Table 3.2). 

These results indicate that, despite the presence of different Cu sulphides, AMD is not 

an active process, since even the lower pH values were higher than  those usually 

attained at mine soils affected by AMD (below 4.0) (Edwards et al., 2000; Dinelli et al., 

2001). 

The kinetics of oxidation of these sulphidic minerals when exposed to air and 

water may determine the acid base conditions as well as the release, mobility and 

bioavailability of Cu and other metals (Lin; Herbert, 1997; Ljungberg; Ohlander, 2001; 

Jurjovec; Ptacek; Blowes, 2002). Aykol et al. (2003) demonstrated that as a result of 

sulphide oxidation, the pH of drainage waters from a Pb/Zn/Cu mine reached values of 

2.2, thus enhancing mobility of the metals in the soil. Sulphides oxidize when in contact 

with oxygen and water (reactions 1, 2 and 3; Faure, 1991) and generate acidity, which is 

commonly observed in Cu mines (Kimball et al., 2009; Alvarez et al., 2010). 
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Figure 3.4. SEM-EDS of waste rock samples, indicating the presence of A) Cu carbonate (malachite), B) Cu oxide 
(cuprite) and C) Cu sulphide (chalcopyrite). 

7
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2FeS2 + 7.5 O2 + 7H2O  2Fe(OH)3 + 4SO4
= + 8H+    reaction 1 

CuFeS2 + 15/4O2 + 7/2H2O  Fe(OH)3 + 2SO4
= + Cu2+ + 4H+  reaction 2 

Cu3FeS4 + 31/4O2 + 7/2H2O Fe(OH)3 + 4SO4
= + 3Cu2+ + 4H+  reaction 3 

 

The pH values were significantly negatively correlated with TS and positively 

correlated with TIC (Figure 3.5). Considering that the dissolution of carbonates may 

counteract the acidity produced by sulphide oxidation (Jurjovec et al., 2002), this 

mechanism probably buffers the acid-base condition in soil, thus preventing AMD from 

occurring.The buffering mechanism promoted by the dissolution of carbonates (i.e. 

malachite (Cu2 (OH) 2CO3) and calcite (CaCO3)) produces OH- and HCO3
- (reactions 4, 5 

and 6; Essington, 2003), which neutralizes the acidity produced during sulphide 

oxidation. 

 

Cu2(OH)2CO3 (s) + H2O2Cu2+(aq) + 3OH-(aq)  + HCO3
-(aq)   reaction 4 

Cu(OH)2 CuCO3 + 4H+  2Cu2+ + CO2 + 3H2O    reaction 5 

CaCO3 + 2H+ 
  Ca+2 + CO2  + H2O        reaction 6 

 

Figure 3.5. Correlation of pH with TIC and TS.  
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Table 3.2. General soil characteristics in the different mine compartments. 

Área 
Point 

(n=3) 

pH TIC TOC TN TS TP sand silt clay 

 H2O % % % % mg.kg
-1
 % % % 

Processing (Pr) 
P1 5.2 ±0.10 0.25 ±0.03 0.26 ±0.17 0.03 ±0.01 0.15 ±0.08 459 ±172 68.2 9.10 22.5 

P2 5.3 ±0.30 0.25 ±0.02 0.13 ±0.01 0.04 ±0.01 0.08 ±0.03 424 ±25.2 76.7 8.20 15.0 

(n=6) mean values*  5.2a 0.25ab 0.19a 0.04a 0.11a 441a 72.4ab 8.7ab 18.0ab 

 W1 5.7 ±0.08 0.27 ±0.01 0.10 ±0.03 0.01 ±0.01 0.02 ±0.00 412 ±34.4 72.9 14.5 12.5 

 W2 6.7 ±0.50 0.33 ±0.02 0.19 ±0.02 0.05 ±0.03 0.04 ±0.02 289 ±32.2 76.0 8.90 15.0 

Waste rock W3 6.5 ±0.60 0.28 ±0.04 0.19 ±0.11 0.04 ±0.01 0.03 ±0.02 195 ±122 87.1 2.80 10.0 

(Wr) W4 6.8 ±0.05 0.27 ±0.03 0.19 ±0.05 0.03 ±0.01 0.02 ±0.01 153 ±11.6 80.8 9.10 10.0 

 W5 7.1 ±0.50 0.28 ±0.00 0.35 ±0.26 0.03 ±0.01 0.03 ±0.00 184 ±43.3 87.9 1.90 10.0 

(n=15) mean values*  6.6b 0.29a 0.20a 0.03a 0.02b 247b 81.0a 7.4a 11.5a 

 B1 4.4 ±0.20 0.25 ±0.06 0.56 ±0.19 0.06 ±0.01 0.22 ±0.16 78.8 ±44.3 68.4 6.40 25.1 

 B2 5.0 ±0.30 0.17 ±0.01 2.0 ±0.85 0.13 ±0.06 0.03 ±0.02 27.0 ±17.8 52.6 29.7 17.5 

Border B3 4.2 ±0.20 0.23 ±0.12 2.7 ±2.3 0.22 ±0.12 0.15 ±0.05 87.1 ±62.3 62.8 22.0 15.0 

(Bd) B4 5.1 ±0.20 0.16 ±0.01 1.2 ±0.20 0.11 ±0.03 0.01 ±0.00 1.2 ±0.60 50.3 18.0 31.6 

 B5 5.5 ±0.04 0.18 ±0.01 3.3 ±1.4 0.22 ±0.08 0.02 ±0.00 8.2 ±3.4 70.4 9.50 20.0 

  B6 5.3 ±0.04 0.16 ±0.00 2.0 ±0.90 0.15 ±0.07 0.01 ±0.01 2.1 ±1.2 39.9 24.9 35.1 

(n=18) mean values*  4.9a 0.19b 2.0b 0.15b 0.07a 33.9c 57.4b 18.4b 24.1b 

* Mean values indicated by same letters in columns do not differ according to the Bonferroni-Dunn test (p<0.05).  
TIC = Total inorganic carbon; TOC = Total organic carbon; TN = Total nitrogen; TS = total sulphur; TP = total phosphorous 
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The buffering action against sulphide oxidation was highlighted by the soil 

oxidation test (Figure 3.6). In the first hours of the experiment, the pH of all soil samples 

decreased significantly (by approximately 1.5 pH units), probably due to sulphide 

oxidation, although extremely low pH values were not reached. However, after the first 6 

hours, the pH of all samples increased clearly up to > 7.0, probably due to the 

dissolution of carbonates and the production of the buffering ions (OH-and HCO3
-).  The 

ratio between TIC and TS appears to influence this process. 

In the Wr, the TIC/TS ratio was higher (10.8: 1) and these soils were more 

resilient to the acidification produced by the oxidation of sulphides. Despite the initial 

sharp decrease in pH, the pH of these soils reached the highest values and the increase 

was faster than in soils from the Pr and Bd sites, in which the TIC/TS ratios were lower 

(2.1: 1 and 2.6: 1; respectively). These results corroborate the findings of other studies 

made at laboratory scale (Stromberg; Banwart, 1999; Jurjovec et al., 2002), which 

showed the buffering potential of carbonates (mainly calcite) with respect to the 

acidification caused by sulphides. 

 

Figure 3.6. (A) Mean values and standard deviations of the soil oxidation pH as a 

function of time; and (B) the TIC x TS ratios. 
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The TOC contents were significantly higher (p <0.05) in Bd soils than in the 

Pr and Wr soils due to the higher vegetation cover in this site (Figure 3.1B-F). The TN 

contents ranged from 0.01% to 0.22% and were strongly correlated with TOC contents (r 

= 0.986, p <0.01), indicating the organic origin of the nitrogen. With respect to particle 

size, the sand fraction predominated in soils from all sites (see Table 3.2). 

High concentrations of phosphorous in Pr and Wr soils were detected (441 

and 247 mg.kg-1, respectively), and were probably related to the presence of a copper 

phosphate mineral (pseudomalachite), which was detected by XRD in the waste rocks 

and soils (Figures 3.4 and 3.7). Abreu et al. (2008) reported total P levels of between 

484 and 1,043 mg.kg-1 in a copper mine with similar geological conditions and attributed 

these results to the exposure and dissolution of this mineral in the open pit. 

 

 

Figure 3.7. X-ray diffraction analysis of soil samples. smectite (Sm); vermiculite (Vm); 
mica (Mi); gibbsite (Gb); malachite (Ma); pseudomalachite (PMa); quartz (Qz); feldspar 
(Fd); chalcocite (Ch); hematite (Hm). 
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3.4.3. Total Cu and other trace metals in soils 

Similarly to the findings for the waste rock (Table 3.1), the total concentrations 

of most trace elements in soils remained at normal levels (Table 3.3), except for Cu. 

Most metals were present at concentrations within the levels established as reference 

for soil quality in Brazilian law in all areas studied (CONAMA, 2009). By contrast, copper 

was found at very high levels (46.4 to 11,904 mg.kg-1), which indicates contamination of 

soils in the three study areas. The Cu values indicated the following contamination 

gradient: Pr> Wr> Bd. 

 

Table 3.3. Total concentrations and reference values for trace elements in the soils 
under study. 

    Cu Zn Pb As Cr Ni Ba Se Br Nb 

  
Processing 

  mg.kg-1 

P1 11,904 57.6 9.4 6.7 63.2 <1.0† 104 <1.0† <1.0† 12.4 

 P2 10,455 53.5 31.2 4.3 52.1 <1.0 131 <1.0 <1.0 13.3 

 mean* 11,180a 55.5a 20.3a 5.5a 57.7a - 118b - - 12.8a 

Waste rock W1 4,980 42.3 11.5 5.8 59.0 <1.0 330 <1.0 <1.0 11.9 

 W2 5,908 45.4 22.3 6.0 48.7 <1.0 32.4 <1.0 <1.0 13.2 

 W3 5,223 36.6 9.1 8.4 62.6 <1.0 192 2.04 <1.0 11.4 

 W4 3,757 30.5 16.3 4.8 48.0 <1.0 147 <1.0 <1.0 12.1 

 W5 3,548 38.1 16.0 3.7 59.1 <1.0 565 <1.0 <1.0 10.8 

 mean* 4,683b 38.6a 15.0a 5.7a 55.5a - 253a 0.41a - 11.9a 

Border B1 1,633 21.0 11.2 4.9 78.2 2.8 <5.0† 1.1 <1.0 8.6 

 B2 687 30.4 13.0 6.2 37.2 3.4 <5.0 <1.0 <1.0 12.3 

 B3 3,314 18.1 21.8 5.7 256 <1.0 <5.0 <1.0 4.0 8.6 

 B4 46.4 78.9 9.2 3.0 52.7 41.9 20.6 <1.0 1.1 6.7 

 B5 738 22.5 8.4 4.8 59.4 8.8 11.6 <1.0 2.0 12.3 

 B6 101 17.2 9.6 8.7 70.8 7.2 31.9 2.8 5.6 12.9 

 mean* 1,086c 31.3a 12.2a 5.5a 92.4b 10.7 10.7c 0.65a 2.4 10.2a 

Reference A 2-201 25-2001 10-1501 <5-401 15-3001 2-1001 1001 <1-21 10.02 12.02 
Values B 60.0 300.0 72.0 15.0 75.0 30.0 150.0 5.0 n.a. n.a. 

* Mean values indicated by same letters in columns do not differ according to the Bonferroni-Dunn test 

(p<0.05). 

A – Typical normal range in soils – 
1
(Thornton, 1995); 

2
(Kabata-Pendias, 2010); 

B - Reference levels for soil quality in Brazil– Resolution n°420 (CONAMA, 2009).  
n.a. – not available;  

†
detection limit.      
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The mean total Cu concentration in soils from Pr (11,180 mg.kg-1) exceeded 

the reference value for soil quality used by the current environmental legislation in Brazil 

(60.0 mg.kg-1 for Cu; CONAMA, 2009) by more than 185 times. In Wr (4,683 mg.kg-1) 

and Bd (1,086 mg.kg-1) soils, the mean values exceeded the reference value by 78 and 

18 times respectively. These values also exceeded the maximum value considered for 

Cu in soils by the European Community (140 mg.kg-1) (CEC, 1986). 

The high total Cu concentration in Pr soils can probably be attributed to the 

fact that the waste rock stored at this location had not yet been submitted to leaching 

with sulphuric acid and, thus, contain higher concentrations of Cu than the waste rock 

from Wr and Bd. With this, large amounts of Cu2+ were leached into soil; forming 

secondary Cu compounds mainly carbonates and oxides, as showed by sequential 

extraction above. 

Despite the large amount of waste rock at the surface of the Wr soils, these 

materials had already been processed by leaching and, therefore, contained lower 

levels of Cu. However, considering that this process is not 100% efficient, this large 

amounts of waste rock at the soil surface (Figure 2.1 D) may have maintained high Cu 

levels in these soils, either due to physical weathering of the rock wastes, which may 

add small particles of rocks (fine material) to the soils, or co-precipitated in others soil 

constituents such as oxides and organic matter. In contrast, although the soils from the 

border areas contained higher levels of Cu than the reference values, the low total Cu in 

these sites can probably be attributed to the smaller amount of waste rock at the soil 

surface. 

 

3.4.4. Sequential extraction of Cu  

The results of the sequential extraction of copper in soils from the different 

mine compartments are shown in Table 3.4. The amount of Cu removed from the soils 

by sequential extraction was higher than the total Cu values obtained by XRF (Table 

3.3); however, there was a positive and significant correlation (r=0.972, p<0.001) 

between the amounts of Cu obtained by both methods. 

The results of the sequential extraction showed two contrasting geochemical 

scenarios: one in the Pr and Wr soils and the other in Bd soils (Figure 3.8). 



82 

 

Table 3.4. Average copper contents (n=2) in different soil fractions: (F1) exchangeable, (F2) associated with carbonates, 

(F3) associated with organic matter, (F4) associated with non-crystalline Fe-oxides, (F5) associated with crystalline Fe-

oxides, (F6) associated with sulphides and (F7) residual fraction. 

Area Sampling point 
F1 

 
F2 

 
F3 

 
F4 

(mg.kg
-1
) 

F5 
 

F6 
 

F7 
 

TOTAL 
 

Processing 
P1 184 ±0.00 11,700 ±2,121 213 ±8.4 5,985 ±1,124 66.3 ±3.8 1,997 ±3.5 88.7 ±12.3 20,234 ±3,266 

P2 224 ±5.6 7,950 ±212 147 ±4.2 4,650 ±890 58.2 ±9.3 1,332 ±17.6 81.7 ±8.1 14,443 ±658 

          

Waste 

W1 158 ±2.8 2,820 ±169 75.0 ±2.1 1,605 ±21.2 45.0 ±0.80 1,060 ±14.1 64.0 ±0.70 5,827 ±159 

W2 16.7 ±0.30 3,900 ± 88.1 139 ±6.3 2,025 ±27.4 51.0 ±4.2 1,127 ±10.6 53.0 ±1.4 7,312 ±13.8 

W3 20.0 ±0.00 2,820 ±254 74.7 ±0.40 1,650 ±42.4 31.8 ±10.1 1,082 ±173 47.7 ±1.0 5,726 ±114 

W4 12.5 ± 0.30 2,280 ±84.6 74.8 ±1.4 1,425 ±21.2 58.2 ±5.9 820 ±49.5 38.7 ±1.0 4,709 ±53.5 

W5 12.5 ±0.50 2,460 ±169 124 ±14.8 1,605 ±106 41.4 ±2.5 1,350 ±296 56.5 ±4.9 5,649 ±251 

          

Border 

B1 184 ±5.6 375 ±21.2 34.2 ±1.7 501 ±12.7 25.2 ±0.00 407 ±74.2 39.5 ±0.70 1,566 ±61.9 

B2 22.8 ±0.50 123 ±2.4 108 ±1.9 133 ±2.1 13.2 ±0.00 95.0 ±3.5 13.7 ±0.30 509 ±2.3 

B3 180 ±1.3 268 ±10.6 153 ±4.2 375 ±42.4 19.8 ±0.00 175 ±35.5 42.2 ±1.0 1,213 ±93.6 

B4 1.9 ±0.00 6.3 ±0.00 13.0 ±0.20 14.5 ±0.20 10.5 ±1.2 25.0 ±3.5 7.7 ±0.30 79.0 ±1.9 

B5 4.3 ±0.00 42.7 ±1.0 123 ±4.2 114 ±4.2 26.7 ±0.40 193 ±5.3 52.0 ±1.1 556 ±4.6 

B6 2.0 ±0.00 6.4 ±0.60 22.9 ±0.60 23.1 ±0.80 12.3 ±0.40 46.2 ± 5.3 21.0 ±0.30 134 ±7.7 
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Figure 3.8. Percentage of Cu in different soil fractions from Pedra Verde. 
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In the Pr and Wr soils, in which the concentrations of total Cu were highest 

(Table 3.4), most of the Cu was associated with the carbonate fraction (F2). This was 

probably due to malachite and pseudomalachite, since both minerals have been 

described in the geological records and their presence was demonstrated by the XRD 

analysis (Figure 3.7). 

A significant proportion of Cu was also associated with the amorphous oxides 

in the Pr and Wr soils, with values ranging from 27.5 and 32.3% of the total Cu (Figure 

3.8). The high proportion of Cu associated with amorphous oxides may be related to two 

different factors: the presence of Cu oxides (cuprite) that occurs naturally in the ore 

body, and secondary enrichment involving adsorption of the Cu2+ (solubilized from 

carbonates and/or sulphides) by amorphous iron oxides derived from the sulphide 

oxidation (Goh et al., 2006), which should act as a sinks for soluble Cu, given the strong 

affinity between amorphous Fe-oxides and Cu (Cerqueira et al., 2011). 

The acid-base conditions of soils may favor the sorption mechanism. At 

neutral/high pH values, the Fe oxide surfaces are negatively charged, which enhances 

the sorption of metallic cations, whereas at lower pH the protonation of OH groups 

renders positively charged surfaces (Komárek; Vanek; Ettler, 2013). 

The Cu associated with sulphides represented between 9.2 and 23.9% of the 

total extracted Cu in Pr and Wr areas. In these cases, Cu is probably associated with 

chalcopyrite and chalcocite originally present in the mineral deposits, and which may 

have been preserved from the natural oxidative process.  

Despite the presence of sulphides in the waste rocks and soils, as can be 

observed by the significant amount of associated Cu in this fraction (F6) (Figure 3.8), the 

pH values remained close to neutral, further corroborating the hypothesis of the 

existence of a carbonate dissolution buffering mechanism. However, despite the 

neutralizing effect of carbonate dissolution, this process may also contribute to Cu2+ 

release.  

Therefore, the release of the most bioavailable form of Cu may have two 

different sources: firstly the oxidation of Cu sulphides (reaction 2 and 3), which would 

also lead to soil acidification and secondly, the dissolution of Cu carbonates in response 

to acidification by sulphides, which would release more Cu2+ ions (reactions 4 and 5). 
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This dual Cu-releasing process may lead to an increase in the concentration of labile 

and bioavailable forms of Cu in the soil, at least until a new equilibrium is attained 

between the reactions involved, as shown in Figure 3.6. 

The chemical reactions that may occur in this interaction are shown in the Eh-

pH diagram (Figure 3.9); thus, the oxidation of Cu sulphides, such as covellite (CuS) and 

chalcocite (Cu2S) releases H+ ions and also the more labile Cu form, Cu2+. The acidity 

generated by sulfide oxidation lead to the dissolution of malachite, which would 

neutralize the H+ ions and also release more Cu2+ ions. 

 

Figure 3.9. Eh-pH diagram showing the mechanism of Cu 2+ release by both sulphide 

oxidation and malachite dissolution (adapted from Brookins, 1988). 
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Thus, the weathering of waste rock can lead to an antagonistic geochemical 

condition, in which the oxidation of sulphides would produce acidity while the coupled 

dissolution of carbonates would buffer the decrease in pH (Stromberg and Banwart 

1999). In this case, the reaction kinetics and the ratio between both reactions may 

determine the dynamics of mine soil pH and thus the mobility and bioavailability of 

metals, especially copper. 

This interpretation is consistent with the fact that, although the exchangeable 

fraction (F1) represents a small proportion in comparison with other fractions in Pr and 

Wr soils (Figure 3.8), the concentrations are high, and in some cases exceeded 100 

mg.kg-1 (Table 3.4), resulting in toxic levels. 

In fact, Moreno-Jimenez et al. (2011) using pseudo-total (HNO3 digestion) 

concentration of metals in soils, compiled some toxicity values for different living 

organisms, and regarding copper, the mean values for acute and chronic toxicity values 

were respectively 9.0 and 3.12 µg l
-1

 for aquatic organisms, 302 and 30.3 mg.kg
-1

 for soil 

organisms, 163 and 16.3 mg.kg-1 for mammals and 173 and 5.1 mg.kg-1 for birds. In the 

table 3.5, some others copper ecotoxicological thresholds are shown.  

It is important to note that most of the works consider totals or "pseudo-total" 

values as the basis for defining the toxic limits of metals in soils; however, considering 

that the soil is a dynamic system, this parameter may not be the most appropriate 

(Gupta; Vollmer; Krebs, 1996). 

Considering only the more labile copper fraction (F1) in Pedra Verde soils as 

a direct exposure concentration, the data showed that at Pr, all values remained above 

the acute limits for most of organisms, indicating high risks of toxicity. At Wr, the values 

were lower; however, in most of the samples, the concentration remained above the 

limits for chronic exposure, indicating a real possibility of toxicity by copper. Even at Bd, 

in some cases, the acute toxicity thresholds were exceeded. 

In this work, the bioavailable concentrations of Cu in soils (F1) were above 

the limits reported in other ecotoxicological studies, even those that use total or pseudo-

total Cu concentration. Therefore, it seems clear that the levels of Cu in soils, especially 

in Pr and Wr are high, and appears as a strong limiting factor to the development of 
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ecosystem at all trophic levels. However, further studies should be conducted to assess 

the limits of toxicity for autochthonous species occurring on mine site.  

 

Table 3.5. Copper toxicity data compiled from literature for some plants and soil 
invertebrates 

Organism Toxicity parameter Value Unit Reference 

Plants 
    Avena Sativa LC50 

1
 1,765 

4
 mg.kg

-1
 Mitchell et al. 1988 

Cucumis sativus LC50 1,725 
4
 mg.kg

-1
 Mitchell et al. 1988 

Bankia ericifolia LC50 1,520 
4
 mg.kg

-1
 Mitchell et al. 1988 

Casuarina distyla Vent. LC50 580 
4
 mg.kg

-1
 Mitchell et al. 1988 

Ceriodaphnia dubia LC50 10.6 
5
 ug/l Cooper et al. 2009 

Daphnia carinata LC50 10.6 
5
 ug/l Cooper et al. 2009 

Triticum aestivum MATC 
2
 28.0 

4
 mg.kg

-1
 Chhibba et al. 1994 

Medicago sativa EC10 
3
 32.0 

4
 mg.kg

-1
 Gonzalez, 1991 

Soil Invertebrates 

    Eisenia andrei (earthworm) MATC 133 
4
 mg.kg

-1
 Svenddsen; Weeks, 1997 

Lumbricus rubellus (earthworm) MATC 80.0 
4
 mg.kg

-1
 Ma, 1988 

Eisenia fetida (earthworm) MATC 18.0 
4
 mg.kg

-1
 Kula; Larink, 1997 

Folsomia candida (Springtail) MATC 447 
4
 mg.kg

-1
 Sandifer; Hopkin, 1997 

Caenorhabditis elegans (Nematode) LC50 431 
4
 mg.kg

-1
 Peredney; Williams, 2000 

1
 LC50 = Concentration lethal to 50% of test population 

2
 MATC - Maximum acceptable toxicant concentration 

3
 EC10 = Effect concentration for 10% of test population 

 4
 Total concentration in soil 

    5
 Bioavailable concentration in soil 

     

Furthermore, in Pr and Wr areas, the Cu associated with organic matter (F3), 

crystalline oxides (F5) and residual (F7) fraction, represents less than 2% of the total Cu 

contents. Although this is a small proportion, it may be of great importance at 

geochemical and environmental levels due to the elevated Cu concentrations in the 

soils. 

A clearly different pattern of Cu distribution was observed in the Bd soils. In 

the samples collected in the highest part of the slope (points B1, B2 and B3, Fig 3.1 B), 

the proximity to the ore processing area appears to exert a strong influence, since the 
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Cu distribution patterns resemble those observed in Pr and Wr soils. The main 

differences were related to higher levels of Cu associated with the organic fraction, and 

higher levels of exchangeable Cu (F1), the latter clearly associated with the lower pH 

and TS (Table 3.2), especially in B1 and B3. The significant negative correlation  

between pH and exchangeable Cu (F1) (r= -0.752; p<0.01) and the positive correlation 

between TS and exchangeable Cu (F1) (r= 0.849; p<0.01) corroborate this hypothesis 

and other study findings that demonstrate the strong influence of pH on Cu 

bioavailability (Fernandez-Calviño et al., 2009; Cerqueira et al., 2011). 

In the lower part of the slope (B4, B5 and B6 Fig. 3.1 B), the distribution of 

copper proved to be more heterogeneous. The main differences observed were the low 

proportions of Cu associated with carbonates (F2) and higher proportions of Cu 

associated with organic fraction (F3). In this case, the greater presence of plants in 

these sites may accelerate the dissolution of carbonates via the action of micro-

organisms and organic root exudates from rhizosphere (Uroz et al., 2009), thus 

mobilizing copper in the soil. Because of the higher levels of TOC (Table 3.2) and the 

strong affinity with organic matter, this may enhance the proportion of Cu associated 

with this soil fraction (Soler-Rovira et al., 2010), as shown by the positive and significant 

correlation between the concentration of Cu associated with organic matter (F3) and 

TOC (r= 0.813; p<0.01). 

These results indicate that the use of organic amendments with its associated 

micro-organisms or adapted plants, for restoration of soils affected by Cu-rich waste 

composed mainly by copper carbonates (malachite), must be viewed with caution, as 

the dissolution of these carbonates may be increased by the action of micro-organisms 

when decomposing the organic matter and acidifying the soil (Davis; Nealson; Luttge, 

2007, Uroz et al., 2009) and rhizospheric plant compounds (Ahmad et al., 2013), 

enhancing the concentration of labile copper in the soil. Houben; Sonnet (2012) showed 

that the presence of plants enhanced the dissolution of a Zn carbonate by 2.25 times 

relative to the mineral in the absence of plants, which in turn increased the release of Zn 

leached into soil. 

A higher proportion of Cu associated with sulfides was also observed, and 

with the faster dissolution of carbonates, these minerals appear to be a major source of 
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copper in the Bd soils. Furthermore, higher proportions of Cu associated with the 

residual fraction were observed in Bd soils. 

 

3.5. Conclusions 

The findings of the present study show that even  25 years after the mine was 

abandoned, the waste rock may still contain large amounts of Cu associated mainly with 

carbonates, oxides and sulphides. The Cu could be released to soils and thus 

represents a serious environmental risk. The higher proportion of carbonates than of 

sulphides in the waste appears to buffer the acidification caused by sulphide oxidation, 

thus preventing acid mine drainage. Conversely, geochemical interactions between both 

processes represent the main mechanism responsible for the release of Cu2+ into soils. 

In the areas with the highest levels of contamination (Pr and Wr), more than a 

half of the Cu was associated with carbonates, probably associated with one of the 

principal ore mineral in the mine (i.e. malachite). There were also large amounts of Cu 

associated with amorphous iron oxides, which appeared to be an important sink for the 

labile Cu released from carbonates dissolution and sulphide oxidation. Therefore, in 

these mine compartments, the pH was the key factor determining the mobility of copper 

in soils. 

The soil at the borders of the waste rocks was less contaminated and the 

distribution of Cu was different. The presence of vegetation appears to have a strong 

influence on the geochemical behavior of copper in this compartment, increasing the 

dissolution of carbonates. The buffering capacity of soils against sulphide oxidation is 

adversely affected, so that the pH was lower and the proportion of exchangeable Cu in 

soil was higher than in other areas. The organically bound fraction was also higher than 

in other areas. 

This indicates that plants or organic compounds should be used with caution 

in the restoration of soils containing mining waste rocks, when carbonates are the main 

mineral source, as dissolution of this mineral may increase, leading to a greater risk of 

mobilization of metals in the environment. 

Studies should be carried out to investigate the dissolution of carbonates in 

the plant rhizosphere and the ratio of Cu mobilized from carbonates and Cu complexed 
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by the organic fraction, in order to assess whether the effects are beneficial or negative 

in the context of mine restoration. 
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CHAPTER 4 

 
 
 
Copper accumulation and changes in soil physical-chemical properties promoted 

by native plants in an abandoned mine site in northeastern Brazil: implications for 

restoration of mine sites1 
 

(Acúmulo de cobre e alterações nas propriedades físico-químicas do solo promovidas 
por plantas nativas em uma mina abandonada no nordeste do Brasil: implicações para 

a restauração de áreas de mineração). 
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Resumo 
 
Nesse estudo, foi avaliada a capacidade de acúmulo de cobre por plantas que crescem 
espontaneamente em solos contaminados por cobre em uma mina abandonada no 
nordeste Brasileiro, através do cálculo dos fatores de enriquecimento (EF) e de 
translocação (TF). Os efeitos das alterações físico-químicas da rizosfera na mobilidade 
do cobre foram determinados usando-se diferentes reagentes (Mehlich3/MgCl2) para 
extrair o Cu de diferentes amostras de solo (solo rizosférico e não-rizosférico). E por 
fim, as possíveis consequências da utilização dessas espécies para a restauração da 
área, foram avaliadas pelo cálculo do balanço entre o Cu mobilizado a rizosfera e o Cu 
absorvido pelas plantas. Com base nos valores obtidos pelos cálculos do EF e TF 
(todos <1) nenhuma das espécies estudadas (Ruellia paniculata, Bidens pilosa, 
Pityrogramma calomelanos and Combretum leprosum) pôde ser classificada como 
hiperacumuladoras. Entretanto, verificou-se que a utilização dos teores biodisponíveis 
(extraídos com MgCl2) e os solos da rizosfera (em vez de níveis totais e solos a granel) 
produziram melhores correlações com os níveis de metais nos tecidos das plantas. 
Sendo assim, o uso dessa abordagem parece ser a mais adequada para determinação 
da capacidade das plantas para acumular cobre. As diferentes características entre os 
solos rizosférico e não-rizosférico tiveram efeitos diretos sobre as concentrações de 
cobre, que foram muito menores nas rizosferas. De forma geral, cada espécie 
respondeu de forma diferente as elevadas concentrações de Cu nos solos (entre 3.604 
– 9.601 mg.kg-1). Através do calculo do balanço entre a quantidade de Cu mobilizada na 
rizosfera e absorvida pelas plantas, foi observado que a presença dessas espécies na 
área pode apresentar efeitos antagônicos. Duas das espécies estudadas (B. pilosa and 
P. calomelanos) continham mais Cu em seus tecidos do que o que foi mobilizado em 
suas rizosferas, demostrando características desejáveis para utilização em programas 
de restauração, uma vez que essas plantas reduzem a quantidade de Cu biodisponível 
nos solos, atuando como facilitadoras para a regeneração da área. Em contraste, as 
outras duas espécies avaliadas, (R. paniculata and C. leprosum) mobilizaram mais 
cobre em suas rizosferas do que foram capazes de absorver, o que pode levar a um 
aumento na transferência de Cu biodisponível as ecossistema, característica essa, 
indesejável em termos de restauração da área. 
 
 
Palavras-chave: Mineração, solos contaminados por Cu, rizosfera, biodisponibilidade, 
fitoremediação, hiperacumulação. 
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Abstract 
 
In this study, the copper-accumulating capacity of plants growing spontaneously in 
copper-contaminated soils in an abandoned mine site in northeastern Brazil was 
evaluated by calculating enrichment (EF) and translocation (TF) factors. The effects of 
physical and chemical changes in the rhizosphere soil on copper mobility were 
determined by using different compounds (Mehlich3/MgCl2) to extract Cu from different 
types of soil samples (bulk/rhizosphere soil). Finally, the possible implications for the 
use of these plant species in restoring the area were assessed by calculating the 
balance between the Cu mobilized in the rhizosphere and the Cu absorbed by the 
plants. On the basis of the EF and TF values obtained (all <1), none of the species 
under study (Ruellia paniculata, Bidens pilosa, Pityrogramma calomelanos and 
Combretum leprosum) were classified as hyperaccumulators. However, consideration of 
readily bioavailable levels (extracted with MgCl2) and the rhizosphere soils (rather than 
total levels and bulk soils) yielded higher correlations with the levels of metal in plant 
tissues. This approach therefore appears more appropriate for determining the capacity 
of the plants to accumulate copper. The different characteristics of the bulk and 
rhizosphere soils have direct effects on the concentrations of copper, which were much 
lower in the rhizosphere soil. In general, each species responded differently to the high 
concentration of Cu in soils (range 3,604 - 9,601 mg.kg-1). By calculating the balance 
between the amounts of Cu mobilized in the rhizosphere and uptake by plants, we found 
that the presence of such plants in the field may have antagonistic effects. Two of the 
species (B. pilosa and P. calomelanos) contained more Cu in their tissues than 
mobilized in the rhizosphere. This is a desirable characteristic for restoration purposes, 
as the plants can reduce the bioavailable Cu content in soils and thus act as facilitators 
for regeneration of the site. By contrast, the other two species (R. paniculata and C. 
leprosum) mobilized more Cu in the rhizosphere than they were able to take up, which 
may led to transfer of bioavailable Cu to the ecosystem, which is undesirable in terms of 
site restoration. 
 
 
Keywords: Mining, Cu contaminated soils, rhizosphere, bioavailability, 
phytoremediation, hyperaccumulation. 
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4.1. Introduction  

The disposal of metallic mine waste in open pits represents a serious 

environmental problem worldwide as it is one of the main routes of release of toxic 

metals to the environment (Lottermoser, 2007). The practice may lead to unfavourable 

conditions for plant growth, affecting the diversity and abundance of many species and 

hindering the reestablishment and development of natural vegetation and, therefore, 

regeneration of the whole ecosystem (Bradshaw, 1997; Adriano, 2001; Bell, 2001; 

Hernández; Pastor, 2008; Narhi et al., 2012). Depending on the geochemical 

composition of the mine waste, its disposal can have various different effects on soil 

quality: decreased nutrient contents (Schulz; Wiegleb, 2000; Nikolic et al., 2010); 

deteriorated physical quality (Shrestha; Law, 2011); abrupt changes in pH (acidification 

or alkalinization) (Jurjovec et al., 2002; Aykol et al., 2003); and release of large amounts 

of toxic elements (Leblanc; Borrego; Elbaz-Poulichet, 2000; Wu et al., 2011; Zornoza et 

al., 2012; Martínez-Sánchez et al., 2012; García-Lorenzo et al., 2012). 

The vast majority of plant species do not tolerate high concentrations of 

metals in soil, and identification of species that spontaneously inhabit contaminated 

environments (autochthonous flora) is extremely valuable for restoration programs 

(Whiting et al., 2004; Pilon-Smits; Freeman, 2006), as well for helping scientists to 

understand the ecological mechanisms underlying adaptation to such environments 

(Boyd, 2004; Boojar; Goodarzi, 2007; Manara, 2012; Anawar et al., 2013). As primary 

resources for many other organisms, plants may also represent a large source of trace 

elements into the trophic chain. Thus, species that accumulate large amounts of trace 

elements in aboveground tissues (leaves, stems, fruits and flowers) are prone to release 

these elements throughout the environment (McLaughlin, 2001; Boyd, 2004; Peplow; 

Edmonds, 2005). However, species with such characteristics are suitable for use in 

phytoremediation programs (i.e. phytoextraction), as they can remove large amounts of 

contaminants by accumulating the elements in aboveground structures and then being 

removed from the site, and disposed at appropriate places (Reeves; Baker, 2000; 

Dzantor; Beauchamp, 2002; Pilon-Smits, 2005; Ernst, 2005).  

Contrastingly, plant species that accumulate metals in their roots, even at 

high levels, are not considered as metal accumulators according to the technical criteria 
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used to classify hyperaccumulator plants (Baker; Brooks, 1989; Reeves, 2006). 

However, these plants are still of great interest for the remediation of contaminated 

areas, since they may be useful in the immobilization and/or revegetation programs. 

These species can immobilize contaminants in belowground tissues and/or favour metal 

complexation in their rhizospheres preventing metal release and limiting the 

bioavailability of the metal to other species. By doing so, these plants may facilitate the 

regeneration and phytostabilization processes (Whiting et al., 2004; Pilon-Smits, 2005; 

Mendez; Maier, 2008). 

The specificity of the mechanisms that govern the forms of metals that plants 

absorb is still somewhat uncertain; however, in general, accumulation of an element in 

plant tissues is governed by the availability of the element in the soil solution, which is in 

turn determined by different variables, such as climatic, anthropogenic, biological and 

geochemical factors, and rhizosphere processes (Kabata-Pendias, 2004).  

Different methods have been used to determine the bioavailability of metals in 

soils, with the aim of predicting the fraction of metal in the soil that is actually absorbed 

by plants. The pseudo-total concentration, which is extracted by strong acids, may 

comprise forms of metals that are scarcely accessible to plants, such as crystalline 

forms of primary minerals or very stable organometallic complexes (Fernandez-Calviño 

et al., 2009). The Mehlich 3 extractant is widely used to extract the potentially 

bioavailable metal, as it extracts the readily bioavailable fraction plus the fractions that 

may be rendered readily available by small changes in soil conditions, such as those 

provided by the plant rhizosphere (Mehlich, 1984; Monterroso; Alvarez; Marcos, 1999; 

Otero et al., 2012). The metal extracted by a salt solution such as MgCl2 represents the 

fraction that is weakly adsorbed on soil surfaces and is therefore readily available to 

plants (Filgueiras; Lavilla; Bendicho, 2002). We propose that considering the different 

metal fractions extracted from bulk and rhizosphere soils, along with the metal levels 

absorbed and translocated by plants, may provide a more realistic approach to 

understanding the response of plants to increased metal concentrations in soil. This has 

implications for phytoremediation and/or restoration programs, as well as for elucidating 

the mechanisms that enable these plants to survive in highly contaminated 

environments. 
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The specific aims of this study were to: (i) determine the total, potentially 

bioavailable and readily bioavailable concentrations of Cu in bulk and rhizosphere soils 

under plants growing spontaneously in the area surrounding an abandoned copper 

mine; (ii) determine the  concentration of Cu in the leaves and roots of these plant 

species and, on the basis of the findings, (iii) identify the plant response to high 

concentrations of Cu in soil (accumulation/ immobilization/ exclusion) and thus evaluate 

their potential value for phytoremediation and restoration programs. 

 

4.2. Material and methods 

4.2.1. Study area 

The study was conducted in the “Serra da Ibiapaba” region of northeastern 

Brazil (Figure 4.1). The climate in the region is semi-arid warm tropical in the regions of 

lower altitude (<300m; where the mine is located) and sub-humid warm tropical in the 

higher regions (>300m; at the top of the slopes and “Serra da Ibiapaba” plateau). The 

average annual rainfall in Viçosa do Ceará (alt. 710m) is 1,470 mm and in General 

Tibúrcio (alt. 220m), 960.0 mm, and it is concentrated between January and May in both 

areas. The average annual temperature in both areas is between 22 and 24 °C 

(FUNCEME, 2014). 

The regional vegetation, which is directly affected by climate and altitude,  

consists of evergreen seasonal tropical forest on top of the plateau (Serra) and a dry 

tropical forest (locally known as “caatinga”) in the lower parts of the slopes and on the 

plains (<300m altitude) (IBGE, 2012). 

The Pedra Verde ore body is of supergene origin, and the Cu mineralized 

zone occurs in phyllites as sulphidic deposits and in an oxidized zone at the surface as 

carbonated outcrops (Collins; Loureiro, 1971). The Cu sulphide minerals in the ore body 

include chalcopyrite (CuFeS2), chalcocite (Cu2S), bornite (Cu5FeS4) and covellite (CuS). 

In the upper part of the mineralized horizon, iron oxides predominate at levels of up to 

0.1% Cu, with hematite (Fe2O3) as one of the main constituents, in addition to the 

occasional presence of cuprite (Cu2O) (Collins, Loureiro 1971). 

The oxidized zone at the surface is  mainly formed by Cu-carbonates in 

malachite (Cu2(CO3)(OH)2) impregnations and streaks, which are concentrated along a 
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distance of more than 100 m in a fracture zone, at a depth not exceeding 15 m. The 

presence of pseudomalachite (a copper phosphate mineral) was detected in the mine 

(Perlatti et al., 2014). The gangue minerals mainly comprise quartz, feldspar, muscovite, 

sericite, chlorite and calcite (Collins; Loureiro, 1971). 

 

 

Figure 4.1. Location of the Pedra Verde mine. 

 

The mine was exploited in the 1980s for the extraction (and processing) of Cu 

from sulphides (chalcopyrite and chalcocite) and carbonate (malachite) minerals. After 

the mine was closed in 1987, the processed minerals were piled on terraces constructed 

on the slope of the plateau and, as a result of the large amount of waste and the lack of 

maintenance of the terraces, some piles eroded, dispersing waste mine materials over 

distances of up to 1.5 km along the slope. 

The waste rock from the mine is highly heterogeneous, ranging from very fine 

material to boulders. It essentially comprises wall rock material (gangue material), 
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removed to gain access to the ore, and processing waste generated by 

hydrometallurgical processing of the ore (i.e. malachite, chalcopyrite and chalcocite). 

 

4.2.2. Sampling and analytical procedures 

4.2.2.1. Plants  

Few plant species were growing naturally in the area. For the study, only 

species growing directly on the waste-impacted area were selected; the species and 

sample locations are shown in Figure 4.2. 

Three specimens of each species were collected. Whole plants of 

Pityrogramma calomelanos (Figure 4.2A) and Bidens pilosa (Figure 4.2B) were 

collected and separated in the laboratory into leaves (approximately 20 leaves of each 

individual) and roots. Ruellia paniculata (Figure 4.2C) and Combretum leprosum (Figure 

4.2D) produce larger plants, and therefore approximately 20 leaves were removed from 

each specimen to form a composite sample. Root samples were collected after 

excavation of the samples at 0 - 20 cm depth. 

 

 

Figure 4.2. Location of plant sampling and species identified. (A) Pityrogramma 
calomelanos L.; (B) Bidens pilosa L.; (C) Ruellia paniculata L. and (D) Combretum 
leprosum M. 
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In the laboratory, the leaves and roots were processed by washing in tap 

water, rinsing three times with distilled water, drying in an oven at 60 °C for 48 hours, 

and milling in a ceramic mortar. The samples were then stored in a refrigerator prior to 

analysis. A subsample of the roots was pretreated with sodium dithionite and sodium 

citrate (DC) to eliminate any strongly adhered soil particles that may not have been 

removed by washing with water. This procedure is often applied to remove iron 

oxides/hydroxides attached to roots (Liu et al., 2004, 2006); the procedure used was 

adapted from the cold DCB extraction described by Taylor; Crowder (1983) which is 

usually applied in order to minimize possible structural damages to more fragile roots. 

For this purpose, 1.0 g of roots were placed in centrifuge tubes, to which 50ml 

of a solution containing 0.03 M sodium citrate (Na3C6H5O7.2H2O) and 0.8 g of sodium 

dithionite (Na2S2O4) was added. The tubes were then shaken for 16 hours at room 

temperature; the root samples were removed, rinsed three times with deionized water, 

dried at 60° C for 48 hours and stored in a refrigerator until analysis. 

To determine the concentration of copper in the plant tissues, the dry plant 

material was placed in Teflon tubes to which 9 ml of nitric acid (HNO3 65%) was then 

added, and the samples were digested at room temperature for 4 hours. Three ml of 

perchloric acid (HClO4) was added to the tubes, which were then left overnight. The 

tubes were placed in a microwave oven (Ethos Plus Microwave Labstation - Milestone) 

for 35 minutes at a controlled temperature (200° C). The extracts were analyzed (in 

triplicate) in an atomic absorption spectrophotometer (Perkin-Elmer model 2380). For 

quality control, certified reference material (Nº 1547, peach leaf - NIST) was also 

analyzed; the recovery rate for Cu was 104 ± 3%. 

 

4.2.2.2. Bulk and rhizosphere soils 

The bulk soil around plants was collected, at least 3 cm from the roots up to 

approximately 30 cm from the plants and at a depth of 0 to 20 cm. Care was taken to 

ensure that the sample did not include roots. Triplicate samples were collected and 

combined to make a composite sample of bulk soil. 

For rhizosphere soil samples, plant roots were collected and shaken to 

remove the loosely attached soil. The remaining soil, which was strongly attached to the 
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roots, was then removed by vigorous shaking and by brushing with a toothbrush within 

approximately 2.0 mm of the root surface (for more details see Chung; Zazoski, 1994). 

Triplicate samples were collected. 

Once the bulk and rhizosphere soil were separated, the samples were dried 

at 40 °C for 72 hours, passed through a 2 mm sieve and stored under refrigeration (4 

°C) before analysis. The pH was determined in water (soil/solution ratio, 1:2.5). Total S 

was measured in a LECO SC-144DR, and the total N (TN) and total C (TC) contents 

were measured in a LECO 2000-CNS element analyzer. Total organic carbon (TOC) 

and total inorganic carbon (TIC) were determined following the methods described by 

Cambardella et al. (2001). 

We used three extractants with the aim of obtaining different forms of Cu in 

soil. The readily bioavailable copper was extracted with 1M MgCl2 at pH 7.0 (Cu-MgCl2). 

The potentially bioavailable Cu was extracted with a Mehlich-3 solution (2M CH3COOH, 

0.25M NH4NO3, 0.015M NH4F, 0.013M HNO3 and 0.001M EDTA) (Cu-Me) and the 

(pseudo) total Cu concentration (Cu p-total) was determined after digestion in a 

microwave with aqua regia solution (HNO3 and HCl, proportion 3:1) (Cu-ptotal). 

Two samples of certified reference soils were included in the batch as 

analytical controls. Reference soils SO-2 and SO-3, from the Canadian Centre for 

Mineral and Energy Technology/Ontario were analyzed, and the percentage recovery of 

Cu was 108 ±6% and 98 ±7% respectively. All extracts were analyzed by flame atomic 

absorption spectrometry (model Perkin-Elmer 2380), and the detection limit (d.l.) for Cu 

was 0.05 mg kg-1. 

 

4.2.2.3. Statistics and data analysis 

Differences between rhizosphere and bulk soil samples were established by 

one-way ANOVA followed by a Tukey test, or Kruskal–Wallis One Way Analysis of 

Variance on Ranks for non-normally distributed data. The Minitab® statistical package, 

version 16.2.4 (Minitab Inc.), was used to calculate Spearman’s correlation coefficients 

to explore the relationships between different forms of Cu in soils and plants.  

The enrichment (EF) and translocation (TF) factors were calculated to 

evaluate the potential of plants to accumulate and translocate copper. The EF 
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represents the ratio between the concentrations of Cu in soil and leaves, and the TF is 

the ratio between the concentrations of Cu in roots and leaves (Branquinho et al., 2007). 

 

4.3. Results and Discussion 

4.3.1. General properties and Cu contents of bulk and rhizosphere soils 

The general characteristics of the bulk and rhizosphere soils are shown in 

Table 4.1. The pH of the soil under R. paniculata was close to neutral, with no difference 

between bulk and rhizosphere soils. The concentrations of organic and inorganic 

carbon, nitrogen and sulphur were higher in the rhizosphere than in the bulk soil. For B. 

pilosa, there were no significant differences in the parameters measured in the bulk and 

rhizosphere soils. 

 
Table 4.1. Selected soil properties from bulk and rhizosphere soils (means ± s.d.). 

Plant species Soil location* 
pH TOC TIC TN TS 

(H2O) (%) 

R. paniculata rhizosphere 6.2 ±0.3 24.7 ±3.43 0.56 ±0.10 1.54 ±0.14 0.13 ±0.01 

 bulk 6.3 3.18 0.30 0.23 0.03 

       

B. pilosa rhizosphere 5.1 ±0.1 1.19 ±0.50 0.23 ±0.00 0.11 ±0.03 0.02 ±0.01 

 bulk 5.0 0.89 0.23 0.12 0.01 

       

P. calomelanos rhizosphere 5.9 ±0.2 2.24 ±1.48 0.25 ±0.02 0.16 ±0.10 0.13 ±0.06 

 bulk 5.0 0.48 0.37 0.02 0.05 

       

C. leprosum rhizosphere 5.6 ±0.2 13.3 ±6.05 0.34 ±0.08 0.80 ±0.35 0.12 ±0.04 

  bulk 5.0 0.48 0.37 0.02 0.05 

*rhizosphere (n=3), bulk (n=1). TOC: Total organic carbon; TIC: Total inorganic carbon; TN: Total 

nitrogen; TS: Total sulphur. 

 

Some differences were observed between the bulk and rhizosphere soils of 

P. calomelanos and C. leprosum. The TOC, TN and TS contents were higher in the 

rhizosphere than in the bulk soil. The TIC was lowest in the rhizosphere of P. 

calomelanos and highest in the C. leprosum rhizosphere. The action of microorganisms 

and the biological activity of roots may considerably alter the soil properties under its 

influences (Hisinger et al., 2009), with direct consequences for the nutrient and metal 
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dynamics. Soil pH and TOC are key factors in copper dynamics (Brun et al., 1998; Song 

et al., 2004; Bravin et al., 2012). 

The data show that for R. paniculata and B. pilosa there were no differences 

in pH, but that for P. calomelanos and C. leprosum, the pH was higher in the 

rhizosphere than in the bulk soil. The presence of carbonates in waste rock (i.e. 

malachite and calcite) may have increased the pH, as the action of microorganism or 

roots exudates may enhance the dissolution of carbonates, which would, in turn, release 

HCO3- and OH- ions, thus buffering the acidity produced by rhizosphere processes 

(Bravin et al., 2009). 

The concentration of Cu-ptotal, Cu-Me and Cu-MgCl2 in bulk and rhizosphere 

soils are shown in Table 4.2 and indicate a high degree of soil contamination. In general, 

the concentration of Cu in the rhizosphere soil was lower than the concentrations of Cu 

in the bulk soils. 

 
Table 4.2. Readily bioavailable copper extracted with 1 M MgCl2 (Cu-MgCl2), potentially 
bioavailable copper extractable with Mehlich-3 solution (Cu-Me), and (pseudo) total 
copper extracted with aqua regia (Cu-ptotal) in bulk and rhizosphere soils. 

Plant species 
Type of soil 

sample
*
 

Cu-MgCl2 Cu-Me Cu-ptotal  

mg.kg
-1

 

R. paniculata rhizosphere 20.7 ±9.57 358 ±25.0 6,310 ±2,248 

 bulk 65.2 1,281 9,601 
     

B. pilosa rhizosphere 205 ±82.4 804 ±112 3,143 ±555 

 bulk 246 880 3,601 
     

P. calomelanos rhizosphere 38.0 ±33.1 281 ±50.2 3,701 ±456 

 bulk 298 1,081 4,302 
     

C. leprosum rhizosphere 15.9 ±6.65 292 ±5.66 1,180 ±450 

  bulk 298 1,081 4,302 
     

Phytotoxic threshold 10.0
a
 40-60.0

b
 60-140

c
 

* rhizosphere (n=3), bulk (n=1). 
a
Yang et al., (2002); 

b
Monterroso et al., (1999); 

c
(CEC, 1986; CONAMA, 

2009; Kabata-Pendias, 2010). 

 

The concentration of Cu-ptotal greatly exceeded those usually considered as 

limits for toxicity or as a soil quality parameter (range 60 - 140 mg.kg -1) (CEC, 1986; 
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CONAMA, 2009; Kabata-Pendias, 2010), ranging between 3,601 to 9,601 in the bulk 

soils and between 1,180 and 6,310 mg.kg-1 in the rhizosphere soils.  

The concentrations of potentially bioavailable Cu were also higher than those 

considered in the literature as the phytotoxic threshold. For example, Monterroso et al. 

(1999) reported that phytotoxic levels of Cu-Me range between 40.0 and 60.0 mg.kg-1. 

Although the levels of potentially bioavailable Cu are lower in the rhizosphere soil of all 

plant species considered, the Cu values were higher than the phytotoxic limits in both 

bulk and rhizosphere soils. This was also reflected in the levels of Cu-MgCl2, which were 

similar to those of Cu-Me, with a decrease in the concentration in the rhizosphere soil, 

but with values exceeding phytotoxic levels. Yang et al. (2002) showed that 

concentrations higher than 10 mg Cu L-1 of Cu in solution were sufficient to significantly 

inhibit the shoot growth of various plant species. 

The concentrations of Cu were generally lower in the rhizosphere than in the 

bulk soil. This may indicate that plants mobilize copper in the rhizosphere zone, either 

through the action of microorganisms, or via the biological activity of the plants 

themselves (respiration, exudates, etc.). In fact,  mobilization of metals in the 

rhizosphere has been demonstrated in several studies (Tao et al., 2003; Martínez-

Alcalá; Walker; Bernal, 2010) and may represent a risk to ecosystems, because if the 

plants do not take up the same amount of metal that has been mobilized, the excess 

metal may be transferred to the environment.  

 

4.3.2. Copper concentration in plants, enrichment and translocation factors and 

correlation with bulk/rhizosphere soils properties. 
The average copper content in leaves and roots are shown in Figure 4.3 and 

the Enrichment (EF) and translocation (TF) factors are summarized in Table 4.3. 

Despite the high copper concentration in bulk and rhizosphere soils, the 

concentration of metal in leaves was within the usual range of 5.0 to 30.0 mg.kg-1 

(Kabata-Pendias, 2010), except in B. pilosa. By contrast, the mean concentration of Cu 

in the leaves of B. pilosa was 234 mg.kg-1, which is almost eight times higher than the 

usual concentration reported for plant leaves. Contrasting Cu uptakes by plants are 

probably related with the different changes that occur in the physicochemical 
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characteristics of the soil under their rhizospheres, which may directly influence copper 

mobility and consequently the amount of metal available to plants. Another point is the 

physiological characteristics of each plant species and the forms in which they take up 

and translocate nutrients/metals (e.g. diffusion or mass flow), a point that should be 

further investigated in future studies. 

 

 

Figure 4.3. Distribution and concentration of copper in leaves and roots (Roots H2O: 
washed only with water; Roots DC: roots washed with water and treated with 
dithionite+citrate).  
 

Nonetheless, the levels of Cu in above-ground tissue of studied species was 

not sufficient for the plants be considered as a hyperaccumulator, as it does not reach 

the minimum requirement of accumulating at least 1.000 mg.kg
-1

 of Cu in dry leaf tissue 

(Baker; Brooks, 1989). Another requirement usually applied in the identification of 

hyperaccumulator species is the ratio of  metal in the plant tissue and the soil, also 

referred to as the enrichment factor (EF), which must be greater than 1 to indicate that 

there is more metal in the plant than in the soil (Branquinho et al., 2007). In this case, if 

we consider the readily bioavailable Cu in soils, the EF values for all species are higher 

than 1, while for potentially bioavailable and pseudo-total Cu, the EF values are below 1 

(Table 4.3). 
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Table 4.3. Mean values (±standard deviation) of the enrichment factor (EF) and 
translocation factor (TF) in the plant species under study. 

Plant species 
Enrichment Factor 

Translocation Factor  
Cu-MgCl2 Cu-Me  Cu-ptotal 

R. paniculata 1.17 ±0.46 0.06 ±0.01 0.004 ±0.002 0.096 ±0.016 

B. pilosa 1.57 ±0.65 0.28 ±0.02 0.071 ±0.009 0.084 ±0.007 

P. calomelanos 1.33 ±0.82 0.14 ±0.07 0.043 ±0.031 0.031 ±0.021 

C. leprosum 1.11 ±0.77 0.04 ±0.01 0.009 ±0.001 0.055 ±0.034 

E.F. = Cu shoots/Cu rhizosphere soil; T.F. = shoots/roots  

 

Use of pseudo-total concentrations of metal in soils to calculate the EF may 

not be the best approach. The pseudo-total contents, which are extracted by strong 

acids such as HNO3 and HClO4, do not represent metal that can be accessed by plants, 

as these techniques may extract Cu that is scarcely available to plants, such as those 

occluded in crystalline forms of primary minerals or forming stable organometallic 

complexes (Adriano, 2004; Fernandez-Calviño et al., 2009). 

As shown in Table 4.4, the concentration of Cu in leaves was significantly 

correlated with the concentration of Cu-MgCl2 (r=0.875 p>0.01) and Cu-Me (r=0.962 

p<0.01) in the rhizosphere of the plants studied, whereas for Cu-ptotal no significant 

correlation was observed. The study findings suggest that the readily bioavailable 

(MgCl2) or potentially bioavailable (Mehlich3) fractions of Cu in soil are more appropriate 

for calculating the EF; this represents a more realistic approach as the plants can 

access these forms of Cu (Adriano et al., 2004). 

We also considered the use of the bulk soil for calculating the EF. As shown 

in Table 4.4, there was no correlation between the concentrations of Cu in bulk soils and 

plants. However, significant and negative correlations were found between the 

concentrations of both Cu-Me and Cu-ptotal in bulk soils and plants (CuMe = -0.792 to -

0.838 p<0.01; Cu-ptotal = -0.627 to -0.637 p<0.05). These results clearly showed that 

the use of Cu levels in bulk soils should not be used as a parameter to assess the ability 

of a plant to accumulate metals, as it can lead to misinterpretation. 

In addition, the concentration of Cu in leaves was more similar to Cu-MgCl2 in 

rhizosphere than to Cu-MgCl2 in bulk soil.  Figure 4.4 shows a 1:1 ratio between Cu-

leaves and Cu-MgCl2 in the rhizosphere soil. This may indicate that measurement of Cu-
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MgCl2 in rhizosphere is a more realistic approach to measuring Cu accumulation and 

concentration in aerial parts of plants. 

 

 

Figure 4.4. Correlation coefficients for Cu concentrations in leaves and readily 
bioavailable Cu in bulk and rhizosphere soils.  
 
 

Most of the copper absorbed by the plants under study was accumulated in 

the roots (Figure 4.3). Treatment with sodium citrate and sodium dithionite revealed that 

even after repeated washing with water, soil particles may still remain attached to the 

root surface, and thus the metal concentration in that part of the plants may be  

overestimated (to some extent). In fact, Cook; McGonigle; Inouye, (2009) showed that is 

very difficult to remove all of the soil adhered to roots. 

In comparison with roots washed only with water, treatment with 

dithionite+citrate (DC) removed, on average, 37% of Cu from R. paniculata roots, 27% 

from B. pilosa, 23% from P. calomelanos and 29% from C. leprosum. The values 

obtained for roots treated with DC were used to calculate the TF. This approach appears 

to be better because the treatment removes strongly adhered soil particles from the 

roots, thus minimizing overestimation of the Cu content, which would affect the values of 

the translocation factor.  
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Table 4.4. Pearson correlation coefficient for copper in plants and soil properties 

  Rhizosphere   Bulk 

  Cu-MgCl2 Cu-Me Cu-ptotal pH TOC TIC TS   Cu-MgCl2 Cu-Me Cu-ptotal pH TOC TIC TS 

Cu leaves 0.875** 0.962** -0.076 -0.873** -0.566 -0,541 -0.702* 
 

0.217 -0.838** -0.498 -0.349 -0.154 -0.849** -0.849** 

 
Cu roots 

0.720* 0.765** -0.119 -0.714* -0.733** -0.711* -0.486 
 

0.444 -0.792** -0.627* -0.533 -0.399 -0.500 -0.500 
(H2O) 

 
Cu roots  

0.712* 0.758** -0.171 -0.707* -0.739** -0.727* -0.528 
 

0.456 -0.797** -0.637* -0.545 -0.412 -0.490 -0.490 
(DC)   

 **p <0.01; *p <0.05  
               

 
 

 

 

 

 

 

 

 

 

 

 

1
1
2
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As observed for leaves, the concentrations of bioavailable and potentially 

bioavailable Cu in rhizosphere correlated significantly with the concentration of Cu in 

roots (r=0.712, p<0.05 for MgCl2 and r=0.758 p<0.01 for Cu-Me) (Table 4.4). However, 

the concentration of Cu was higher in B. pilosa and P. calomelanos roots than the 

concentration of potentially bioavailable Cu in the rhizosphere soils (Figure 4.5). This 

may indicate that these species can absorb greater amounts of Cu, even by extracting 

more stable forms of Cu from the soil (i.e. Cu associated with oxides and sulphides), 

which are not readily extracted with Mehlich3 solution. 

 

 

Figure 4.5. Concentration of copper accumulated in roots and the readily bioavailable 
(Cu-MgCl2) / potentially bioavailable (Cu-Me) copper in the rhizosphere soil. 

 

Because of the high concentration of Cu in the roots of all species, the values 

of the translocation factor were lower than the value indicating hyperaccumulator 

species, i.e. >1 (Table 4.3). 

 

4.3.3. Balance between Cu mobilized in the rhizosphere and uptake by plants: 

consequences for mine site restoration. 

For a practical demonstration of how the changes in physicochemical 

properties that occur in the rhizosphere alter the Cu dynamics; and also to assess the 

consequences that this may have for the restoration of the affected areas, the balance 
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between Cu mobilized in the rhizosphere, Cu uptake by plants and the amount of Cu 

that is "lost" in these process was calculated, by applying the same principles used to 

calculate the enrichment and translocation factors. 

The balance between mobilized copper in the rhizosphere and copper 

absorbed by plants is very important, because if plants mobilize more copper than they 

are able to take up, part of the copper maybe lost by leaching, thus increasing the risk of 

contamination of soils and water bodies and transfer to the food chain. In this case, soil 

constituents are also very important as the mobilized copper may be re-adsorbed (i.e. by 

carbonates, oxides and organic matter). 

However, plants that can accumulate more copper than mobilized by their 

roots are of interest for remediation purposes; as the copper may be immobilized in their 

tissues and be unavailable to other organisms, thus minimizing the risk of environmental 

contamination if removed from the area before decompose. 

Table 4.5 highlights the case of the species from Pedra Verde mine. Both R. 

paniculata and C. leprosum display a positive balance between Cu mobilized in the 

rhizosphere (C) and Cu absorbed by plants (D), indicating that the plants add labile 

copper to the system; if the excess is not re-adsorbed by other soil constituents, it may 

be lost by leaching, increasing the risk of  the contamination spreading to adjacent 

areas. By contrast, B. pilosa and P. calomelanos display a negative balance (E) 

between mobilized and absorbed Cu, indicating that they can take up and accumulate 

all labile Cu forms. These species are therefore potentially valuable for phytoremediation 

programs, as they will concentrate the metal in their biomass, thus making it less 

available to other organisms. 

 

Table 4.5. Balance between Cu in bulk and rhizosphere soil and that taken up by plants 
(leaves+roots) in mg.kg-1. 

Plant Species 
Total Cu in bulk 

soil [A] 

Total Cu in 
rhizosphere 

soil [B] 

Mobilized Cu 1 

[C] (A-B) 
Cu in plants 

2
 

[D] 

Balance 
[E] (C-D) 

 mg.kg-1 

R. paniculata 9,601 6,310 3,291 254 +3,037 

B. pilosa 3,601 3,143 458 3,053 -2,595 

P. calomelanos 4,302 3,701 601 2,431 -1,830 

C. leprosum 4,302 1,180 3,122 266 +2,857 
1 
copper in bulk soil less copper in rhizosphere soil; 

2
 leaves + roots (dry weight). 
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4.4. Conclusions 

Given the complex geochemical interaction between Cu ions and different soil 

components, the use of total (or pseudo-total) metal concentrations in soils should be 

used with caution especially when used as a parameter for calculating the capacity of 

plants to accumulate metal. On the basis of our findings, the levels of the readily (MgCl2-

extracted) or potentially (Mehlich3-extracted) bioavailable metal in soil appears to be a 

more realistic approach. Given the significant differences between the concentrations of 

Cu in the bulk and the rhizosphere soils, the use of the latter proved to be more suitable 

for such assessments, since the rhizospheric soil reflects the specific biogeochemical 

environment where plants grow. Changes caused by the activity of roots may alter many 

soil properties, such as pH and organic carbon contents, which in turn, will directly affect 

Cu mobility.  

None of the studied plant species fulfilled the requirements for a classification 

as hyperaccumulator species (i.e. >1,000 mg kg
-1

 Cu in shoots or ratio between Cu in 

leaves and soil >1). Both R. paniculata and C. leprosum showed the characteristics of 

excluder species, because although growing in highly Cu contaminated soils, they did 

not contain high levels of metal in their tissues. However, these species showed some 

undesirable characteristics, as they were not able to absorb the Cu that was mobilized in 

their rhizospheres, which may extend the risk of metal release to adjacent areas and/or 

watercourses, as indicated by the positive balance between the amount of copper 

mobilized in their rhizospheres and the amount of Cu accumulated in their tissues. 

On the other hand, P. calomelanos and B. pilosa showed the characteristics 

of immobilizing species, since the ratio between the mobilized Cu in the rhizosphere and 

the Cu accumulated in their tissues was negative, indicating that these species can 

uptake more Cu than that is mobilized by their rhizospheric processes, decreasing the 

amount of bioavailable or potentially bioavailable copper in the environment. These 

plants may, therefore, be suitable for remediation and/or revegetation of Cu-

contaminated areas. 
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Resumo 
 
Este estudo avaliou os processos biogeoquímicos que ocorrem na rizosfera de 
diferentes espécies de plantas nativas que crescem espontaneamente em solos 
altamente contaminados por cobre em uma mina abandonada no nordeste do Brasil. 
Além disso, foram avaliadas as consequências desses processos na mobilidade e 
toxicidade do cobre e as possíveis aptidões dessas plantas para serem usadas como 
espécies pioneiras em programas de restauração. Foram determinadas as 
propriedades químicas (pH, macronutrientes, % de Carbono orgânico e inorgânico 
totais) e mineralógicas (DRX), além da extração sequencial de cobre  tanto no solo 
rizosférico como no solo adjacente as plantas (bulk soil). Os resultados mostram que as 
plantas alteraram drasticamente as características físico-químicas do solo sob 
influência de suas raízes. Cada espécie atua através de diferentes processos, alterando 
várias propriedades do solo, o que afeta os ciclos biogeoquímicos tanto dos nutrientes 
essenciais como do cobre. Essas alterações que ocorrem nas características físico-
químicas da rizosfera influenciou a dinâmica do cobre, principalmente pela diminuição 
na concentração dos teores potencialmente biodisponíveis de Cu, evidenciada por uma 
redução significante no cobre trocável e associado aos carbonatos. Os resultados 
também mostram um aumento nos teores de Cu associado a óxidos amorfos de Fe, 
aumentando sua imobilização no solo e provavelmente, minimizando os riscos 
associados a mobilidade e toxicidade na rizosfera. Os processos biogeoquímicos 
observados na rizosfera das espécies estudadas parecem indicar que essas plantas 
podem promover a fitoestabilização de Cu em sua zona radicular, e portanto, 
apresentando características desejadas, visando sua utilização em programas de 
fitoremediação. 
 
Palavras-chave: Método da extração sequencial, fitoremediação, biodisponibilidade, 
restauração ambiental, metais traço. 
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Abstract 

We evaluated the biogeochemical processes occurring in the rhizosphere of different 
native plants growing spontaneously in a Cu-contaminated soil in an abandoned mine 
site in NE Brazil. We also assessed the effects that these processes have on copper 
mobility and toxicity and discuss the potential use of the plants as pioneer species in 
restoration programmes. For these purposes, we determined chemical (pH, 
macronutrients, % TOC and % TIC) and mineralogical (XRD) properties in both 
rhizosphere and non-rhizosphere soils (bulk soil), and we used the sequential extraction 
method (SEM) to extract Cu from both fractions. The study findings show that the plants 
have greatly altered the physicochemical characteristics of the soil that is directly 
influenced by their roots. Different plant species appear to act through different 
processes, thus altering various soil components and affecting the biogeodynamic 
cycling of essential nutrients and copper. The changes in the physical-chemical 
characteristics of the rhizosphere affected copper dynamics, mainly manifested as 
significantlyl ower concentrations of potentially bioavailable Cu, i.e. exchangeable and 
carbonate-associated Cu, in this soil fraction. The concentration of Cu associated with 
amorphous Fe oxides was also higher in the rhizosphere, thus enhancing Cu 
immobilization and probably minimizing the risks of Cu toxicity and mobility. The 
biogeochemical processes observed in the rhizosphere of the species under study seem 
to indicate that the plants promote phytostabilization of Cu in their rhizosphere zone, and 
they thus show desirable characteristics for use in phytoremediation programmes. 
 

Keywords: Sequential extraction method, phytoremediation, bioavailability, 
environmental restoration, trace metal. 
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5.1. Introduction 

The interactions that occur at the soil-plant interface play a vital role in the 

functioning of terrestrial ecosystems. Such interactions occur in a thin layer of soil, 

called the rhizosphere, which is directly influenced by plant roots. In this unique soil 

zone, the biological activity of roots and the associated microorganisms can significantly 

alter the  physical and chemical characteristics of soil (Fageria; Stone, 2006; Moore et 

al., 2007; Hisinger et al., 2009). The changes, which include acidification (Hisinger et al., 

2003), alkalinization (Bravin, 2009), increased soil organic carbon content (Ahmad et al., 

2013) and mineral weathering (Hisinger et al., 1993; Calvaruso et al., 2006; Bonneville 

et al., 2011; Houben et al., 2012; Bakhshandeh et al., 2013), may increase or decrease 

the mobility of essential nutrients (Calvaruso et al., 2006; Badalucco; Nannipieri, 2007) 

and soil contaminants (Assadian; Fenn, 2001; Lin et al., 2010; Cervantes et al., 2011). 

The presence of plants in soils containing high amounts of metals, such as 

copper, may produce antagonistic results. Plants can immobilize metals in the root zone, 

via the formation of very stable organometallic complexes (Strawn; Baker, 2009; Soler-

Rovira et al., 2010) or by precipitation with other soil components (Austruy et al., 2014). 

By contrast, plants can also increase metal mobility,  through acidification (Chaignon et 

al., 2009), thus increasing the risk of dispersion of the metal to adjacent ecosystems. 

There is growing interest in using plants to remediate contaminated soils, and 

many studies have been carried out to identify the suitability of different plants in 

phytoremediation programmes (Dickinson et al., 2009). However, such studies have 

mainly focused on measuring the concentrations of metals accumulated in above-

ground and/or below-ground biomass, usually without considering the soil geochemical 

processes that control the mechanisms of accumulation. Investigating the 

biogeochemical interactions involved in the metal-soil-plant system can help provide 

more precise information about the ability of plants to survive in contaminated 

environments, as well as the consequences of their use in revegetation programmes 

(Kiers, 2008; Hisinger et al., 2009). 

The sequential extraction method (SEM) has been used to provide a better 

understanding of the mechanisms controlling the mobility and the bioavailability of 

metals in soils and to study the biogeochemical behavior of metals in soils (Mossop; 



125 

 

Davidson, 2003; Cuong; Obbard, 2006). Despite its known limitations, the SEM provides 

a more complete and realistic  evaluation of the biogeochemical behaviour of  metals in 

soils than  provided by other techniques. The SEM enables more accurate interpretation 

of the potential damage that metals may cause to ecosystems and thus enables the 

adoption of more efficient remediation techniques (Filgueiras et al., 2002). 

In this  study, we aimed to investigate the bulk and rhizosphere soils under 

four plants species growing spontaneously in a Cu-contaminated soil in an abandoned 

mine site (NE Brazil). We also aimed to identify the main changes in rhizosphere 

biogeochemical processes and their possible effects on copper mobility. 

 

5.2. Material and methods 

5.2.1. Description of the study area 

The study was conducted in an abandoned copper mine in Viçosa do Ceará, 

NE Brazil (Figure 5.1). The climate in the area is sub-humid, warm and tropical, and the 

average annual rainfall is 1,500mm, mostly concentrated between January and May. 

The average annual temperature ranges between 22 and 24° C (FUNCEME, 2013), and 

the regional vegetation consists of evergreen seasonal tropical forest at the top of the 

plateau - contrasting with a dry tropical forest on the slopes (IBGE, 2012). 

The mine was exploited in the 1980s for the extraction of Cu from sulphide 

(chalcopyrite and chalcocite) and carbonate (malachite) minerals and subsequent 

processing of the Cu. After the mine’s closure in 1987, the processed minerals were 

dumped in piles on terraces on the slope of the plateau. As a result of the large amount 

of waste generated and the lack of maintenance, the terraces eroded, spreading waste 

rock over the slope and leading to severe contamination of the soil with copper. At some 

sites, the total Cu content in the soil was found to exceed 11,000 mg.kg-1 (Perlatti et al., 

2014). This level of contamination substantially limited plant growth and the natural 

restoration of the area. 
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Figure 5.1. Location of the Pedra Verde mine and rhizosphere/bulk soil sampling points. 

 

The Pedra Verde ore body is of supergene origin, and the Cu mineralized 

zone occurs in phyllites. The sulfide minerals present in the ore body include pyrite 

(FeS2), chalcopyrite (CuFeS2), chalcocite (Cu2S), bornite (Cu5FeS4) and covellite (CuS). 

Arsenopyrite (FeAsS), galena (PbS) and sphalerite (ZnS) were also detected in smaller 

proportions. In the upper portion of the mineralized horizon, iron oxides (hematite - 

Fe2O3) predominate in addition to the occasional presence of cuprite (Cu2O) (Collins; 

Loureiro, 1971). 

An oxidized ore zone occurs in the superficies, formed by Cu carbonates 

(malachite (Cu2(CO3)(OH)2)), concentrated in an area of more than 100 m, at a depth 

not exceeding 15 meters. The sterile minerals (gangue) are mainly composed of quartz, 

feldspar, carbonate, muscovite, sericite, chlorite, dolomite and calcite (Collins; Loureiro, 

1971). 

 

5.2.2. Sampling and general analytical procedures 

There were few plant species growing on the mine wastes and the identified 

species were: Pityrogramma calomelanos L., Biden pilosa L., Ruellia paniculata L. and 

Combretum leprosum M. (Figure 5.2). 
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For each plant species, one sample of bulk soil and of each of two types of 

rhizosphere soil (rhizo I and rhizo II, see below) were collected. The bulk soil around 

plants was collected at a depth of 0 to 20 cm and a distance of between 3 cm and 30 cm 

from the plant roots. For each species, bulk soil samples were collected in triplicate and 

combined to make a composite sample. The rhizosphere soil samples were obtained by 

the method described by Otero et al. (2012), in which two types of  rhizosphere were 

considered, according to the distance from roots.  

 

 

Figure 5.2. Plant species collected: (A) Pityrogramma calomelanos; (B) Bidens pilosa; 
(C) Ruellia paniculata and (D) Combretum leprosum. 

 

Rhizo II is the soil material that is separated by shaking the roots previously 

separated from the bulk soil, and thus represents the soil loosely adhered to roots 

(approximately 2.0 to 30.0 mm from the root surface). By contrast, rhizo I is the soil 

material that remains adhered to the roots after extraction of rhizo II. The material was 

removed by vigorous shaking and by brushing roots with a toothbrush. Rhizo I thus 

represents the soil that is firmly adhered to roots, at a distance of approximately 0.0 to 

2.0 mm from the root surface. All samples were collected from three individual plants of 

each species, in triplicate. 

The bulk, rhizo I and rhizo II soil samples were separated and then dried at 

40°C for 72 hours and passed through a 2 mm sieve before analysis. The pH was 

determined in water (soil/solution ratio, 1:2.5). Total S was measured in a Leco sulfur 

and carbon analyzer (SC-144DR), and total N and C contents were measured in a Leco 
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TruSpec CHN analyzer. The contents of total organic (TOC) and inorganic (TIC) carbon 

were determined following the method described by Cambardella et al. (2001). 

Potentially bioavailable nutrients (P, K, Ca and Mg) and Cu were extracted 

using Mehlich-3 solution (2M CH3COOH, 0.25M NH4NO3, 0.015M NH4F, 0.013M HNO3 

and 0.001M EDTA). Total phosphorus was determined calorimetrically at 880nm in a 

spectrophotometer (model V-630 Jasco). Potassium was determined by flame emission 

spectroscopy (Perkin-Elmer, model 2380), and calcium, magnesium, and copper were 

determined by atomic absorption spectroscopy (Perkin-Elmer 2380). 

 

5.2.3. Mineralogical analysis of bulk and rhizosphere soils of B. pilosa and P. 

calomelanos. 

The mineralogical composition of the clay minerals in bulk and rhizospheric 

soils was identified by X-ray diffraction (XRD). Given the small amount of rhizosphere 

soil available, the rhizosphere considered in the XRD analysis was a composite sample 

of the rhizo I and rhizo II. Clay samples were prepared according to the method of 

Jackson (1969). The diffraction patterns were obtained with oriented samples in a 

diffractometer Philips PW1820/00, using CuKα (0.15406 nm) radiation, with read speed 

of 1s/step and step 0.02º2θ. 

 

5.2.4. Sequential extraction of copper in the bulk and rhizosphere soils. 

The sequential extraction was performed using 1,0 g of soil. A combination of 

methods described in Gimeno-García et al. (1995); Siregar et al. (2005) and Silveira et 

al. (2006) was used. This method allows the differentiation of seven operational 

fractions, defined as: 

• F1 - Exchangeable Cu - extracted with 8 ml of MgCl2 1M, at pH 7.0, with 

agitation for 1 hour at room temperature and centrifugation at 3,000 rpm for 15 minutes 

(in all the following fractions, the centrifugation was made under the same conditions); 

• F2 – Cu associated with carbonates - extracted with 30 ml of NaOAc 1M 

solution at pH 5.0, with 5 hours of agitation at room temperature and centrifugation; 
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• F3 – Cu associated with organic matter - extracted with 10 ml of NaOCl 6%, 

at pH 8.0, agitation for 6 hours at 25 ° C, centrifugation, and filtration. The procedure 

was repeated three times; 

• F4 – Cu associated with amorphous iron oxides - extracted with 30 ml of 

oxalic acid 0.2 M + ammonium oxalate 0.2M, at pH 3, agitation for 2 hours in the dark 

and centrifugation; 

• F5 – Cu associated with crystalline iron oxides - extracted with a solution of 

sodium citrate 0.25M + sodium bicarbonate 0.11M + sodium dithionite (3 grams), 

agitation for 30 minutes at 75 ° C and centrifugation;  

• F6 – Cu associated with sulfides - extracted with HNO3 4M in water bath for 

16 hours at 80° C, with occasional agitation, centrifugation; 

• F7 – Residual Cu - extracted with a solution of 9 mL of HNO3 65 % + 3 ml of  

HCl 37 % + 2 ml HF 1M. Samples were digested in a microwave for 35 minutes at a 

controlled temperature (200° C). After the extraction, 5 ml of boric acid 5% + 1 ml HF 1M 

were added and processed again in a microwave for 15 minutes at 160 ° C. The extract 

was transferred to plastic flasks and the volume completed to 50 ml with ultrapure water. 

Between each extraction, the residual soil was washed with 20ml of ultrapure 

water previously bubbled with N2, manually shaken and centrifuged at 3,000 rpm for 15 

minutes. The supernatant was discarded to prevent interferences from the previous 

reagent in the subsequent extraction. 

All samples were analyzed in duplicate and the reference soils SO2 and SO3, 

from the Canadian Center for Mineral and Energy Technology, Ontario, were used to 

ensure the analytical efficiency. The percentages of Cu recovery after the seven steps 

were 108% and 98%, respectively. All extracts were analyzed by a flame atomic 

absorption spectrometry (Perkin-Elmer 2380). 

 

5.2.5. Statistical Analysis 

The differences between samples were established by one-way ANOVA 

followed by a Tukey test or Kruskal–Wallis One Way Analysis of Variance on Ranks test, 

when the normality test failed. The relationships between elements were determined by 
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calculating Spearman's coefficients of correlation. The statistical analysis was performed 

using the Minitab ® statistical program, version 16.2.4 (Minitab Inc.). 

 

5.3. Results 

5.3.1. General differences between rhizosphere and bulk soils 

The general characteristics of the rhizo-I and rhizo-II soil fractions under all 

plant species did not differ significantly. However, significant differences were observed 

in the general characteristics of the rhizosphere and bulk soil samples (except for B. 

pilosa) (Figure 5.3). 

The pH of the rhizo-I and rhizo-II soil of R. paniculata (6.3 ±0.2 and 6.0 ±0.3, 

respectively) and B. pilosa (5.1 ±0.1 and 5.2 ±0.1) did not differ significantly from those 

of their respective bulk soils (6.25 and 5.0 respectively). However, for P. calomelanos 

(5.8 ±0.2 and 5.9 ±0.3) and C. leprosum (5.5 ±0.1 and 5.8 ±0.1), the pH of the rhizo I 

and II was higher than the pH of the bulk soils (4.9 for both). These findings indicate 

slight alkalization in the rhizosphere of these species. 

The results for total inorganic carbon (TIC) did not show any clear patterns. 

There were no significant differences (p>0.05) between rhizo I, rhizo-II and bulk soil of 

B. pilosa (0.23%, 0.23% and 0.23%) and C. leprosum (0.35%, 0.33% and 0.37%) (rhizo 

I, rhizo II and bulk, respectively). The TIC contents of the rhizo I and rhizo II of R. 

paniculata (0.50% and 0.62%) were significantly (p>0.05) higher than those of the bulk 

soil (0.30%). By contrast, for P. calomelanos the TIC contents were significantly lower in 

the rhizosphere than in the bulk soil (0.25%, 0.25% and 0.37%).  

The TOC contents were higher in rhizo I and rhizo II when compared to the 

bulk soils of all species (p<0.05). With the exception of B. pilosa, where the percentages 

of TOC were 1.4%, 1.0% and 0.89% (rhizo I, rhizo II and bulk respectively). In the 

rhizosphere of P. calomelanos (rhizo I 2.7% and rhizo II 1.2%) and especially in R. 

paniculata (rhizo I 23.3% and rhizo II 26.1%) and C. leprosum (rhizo I 15.7% and rhizo II 

11.0%) the TOC contents were significantly higher (p<0.05) when compared to their bulk 

soils (0.11%, 3.2% and 0.11%, respectively). Similar results were obtained for the TN 

contents, and the correlation between TN and TOC values (r= 0.996, p<0.01) indicates 

the organic origin of nitrogen. 
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Figure 5.3. General characteristics of rhizosphere and bulk soil of the studied species. 
Values are average ± s.d and * indicates a significance difference (p<0.05; n=3). 
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For all species, TS was higher in the rhizosphere than in the bulk soils. In R. 

paniculata, the TS contents (rhizo I, 0.13%, rhizo II, 0.14% and bulk 0.03%) and C. 

leprosum (rhizo I, 0.13%, rhizo II, 0.11% and bulk 0.03%) were significantly different 

(p<0.05) from those in the bulk soils.   

 

5.3.2. Concentration of potentially bioavailable macronutrients in the rhizosphere and 

bulk soils.  

Regarding the concentration of macronutrients, significant differences were 

observed between rhizosphere and bulk soils (Table 5.1). 

The concentration of potentially bioavailable phosphorus (PMehlich) was lower 

in the rhizosphere than in the bulk soil. The concentrations of PMehlich were significantly 

lower (p<0.05) in rhizo I and rhizo II of R. paniculata and C. leprosum than in the 

corresponding bulk soils. However, in P. calomelanos, despite the lower concentration 

of PMehlich in the rhizosphere, the differences were not statistically significant. The 

opposite was observed in the rhizo II of B. Pilosa, in which the concentration of PMehlich 

was significantly higher than in the bulk soil sample. 

The concentration of bioavailable potassium (KMehlich) was higher in the 

rhizosphere, although the differences were not significant for most species (except  P. 

calomelanos, in which the  concentrations of KMehlich were higher in the bulk soil).  

The concentration of CaMehlich was significant higher in the rhizosphere than 

bulk soil in all plants, except B. pilosa. On average, the concentration of Ca in the 

rhizosphere of R. paniculata was 4.6 times higher than in the bulk soil. In P. 

calomelanos and C. leprosum, the concentrations of Ca were respectively 55 and 118 

times higher in the rhizosphere than in the bulk soil. 

As observed for other nutrients, the differences in MgMehlich concentrations 

between rhizosphere and bulk soils did not follow any clear pattern. No significant 

differences were found between the rhizosphere and bulk soil of B. pilosa. The 

concentration of MgMehlich  was significantly lower (p<0.05) in the rhizosphere of P. 

calomelanos than in the bulk soil. In contrast, the concentration of MgMehlich was 

significantly higher in the rhizosphere of C. leprosum, and especially R. paniculata,  than 

in the bulk soil (Table 5.1). 
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Table 5.1. Concentrations of macronutrients extracted with Mehlich3 reagent from the rhizosphere and bulk soils. 

Plant species 
    P (mg.kg

-1
)   K (mg.kg

-1
)   Ca (mg.kg

-1
)   Mg (mg.kg

-1
) 

    mean ± s.d.    mean ± s.d.    mean ± s.d.    mean ± s.d.  

  
rhizo I 

 
134 a ± 100 

 
440 a ± 185 

 
14,666 a ± 3,716 

 
940 a ± 120 

Ruellia Paniculata rhizo II 

 
155 a ± 70.8 

 
431 a ± 104 

 
15,666 a ± 3494 

 
1,100 a ± 156 

  
bulk 

 
318 b 

 
191 a 

 
3,300 b 

 
185 b 

               

  
rhizo I 

 
82.0 a ± 1.61 

 
214 a ± 48.7 

 
352 a ± 35.4  

 
84.3 a ± 13.1 

Bidens pilosa rhizo II 
 

96.2 b ± 9.61 
 

166 a ± 43.7 
 

289 a ± 40.7 
 

65.7 a ± 5.86 

  
bulk 

 
80.0 a 

 
152 a 

 
353 a 

 
75.0 a 

               

  
rhizo I 

 
125 a ± 84.3 

 
214 a ± 31.2 

 
5,200 a ± 1,900 

 
60.0 a ± 22.9 

Pityrograma calomelanos rhizo II 
 

127 a ± 123 
 

138 b ± 40.9 
 

3,225 a ± 1,513 
 

40.0 a ± 10.0 

  
bulk 

 
287 a 

 
349 c 

 
76.0 b 

 
103 b 

               

  
rhizo I 

 
189 ab ± 25.4 

 
657 a ± 163 

 
8,890 a ± 2,110 

 
335 a ± 90.0 

Combretum leprosum rhizo II 

 
157 a ± 38.7 

 
458 a ± 151 

 
9,050 a ± 1,550 

 
320 a ± 165 

    bulk   287 b   349 a   76.0 b   103 b 
Different letters within same species and element differ by Tukey (p<0.05). For rhizo-I and rhizo-II n=3, bulk soils n=1. 
 

 

 

 

 

 

 

 

 

1
3
3
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5.3.3. Mineralogical composition of rhizosphere and bulk soil 

The diffraction patterns obtained by chemical and physical processing of 

oriented samples are shown in Figure 5.4. 

 

 

Figure 5.4. XRD analysis of the rhizosphere and bulk soils of P. calomelanos and B. 
pilosa. (Sm: smectite; Il: illite; K: kaolinite; Qz: quartz). 

 

The data demonstrate a similarity in the mineralogical assembly of XRD for 

both bulk and the rhizospheric soils.  Only clay minerals were identified in the samples, 

with the exception of quartz, with a predominance of illite, kaolinite, and smectite as an 

expansive mineral in smaller quantities. The kaolinite diffraction were observed at the 

angles 12.30 e 25.05 o2θ while the illite diffraction planes were mainly identified at 

angles of 8.79 and 17.77 o2θ. 
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5.3.4. Total concentration and partitioning of copper in the rhizosphere and bulk soils 

The distribution of copper was very different in the rhizosphere and bulk soils. 

In general, the concentration of total Cu (sum of the seven fractions) was higher in bulk 

soils than in the rhizosphere soils, except those under B. pilosa. In the R. paniculata 

rhizo I, rhizo II and bulk soils, the mean total concentrations of Cu were respectively 

5.079, 5,098 and 6,388 mg.kg-1. The respective concentrations were 2.951, 2.530 and 

3.050 mg.kg-1 for B. pilosa, 2,835; 2,680 and 4,747 mg.kg-1 for P. calomelanos and 

1,547; 1,320 and 4,747 mg.kg-1 for C. leprosum. There were no significant differences in 

the total concentrations Cu in rhizo I and rhizo II soils associated with any of the plant 

species.  

The distribution of Cu in soil fractions varied in the different plant species and 

followed some general patterns (Figs. 5.5, 5.6, 5.7 and 5.8). In the bulk soil, the Cu was 

mainly distributed in three fractions: carbonates (F2), amorphous Fe oxides (F4) and 

sulfides (F6). Although the  distribution Cu was different in the rhizosphere,  no general 

pattern was observed. These results appear to indicate that each plant species 

responds differently to the high Cu levels in the soil. 

The only species that did not show any major differences in the distribution of 

Cu between the rhizosphere and bulk soil was B. pilosa. In this case, the total 

concentrations of Cu were slightly lower in rhizo-II than in the other soil fractions. The 

most notable differences were in the rhizosphere of R. paniculata and C. leprosum. In 

these species, the concentrations of the more labile Cu form (F1- Exchangeable Cu) 

and also the Cu associated with carbonates (F2) were significantly lower in the 

rhizosphere soil than in the bulk soil.   

In R. paniculata, the concentration of exchangeable Cu (F1) in bulk soil was 

65.2 mg.kg-1 (1.0% of the total Cu). In rhizo I and rhizo II, the concentrations were 

respectively 21.4 (0.4% of the total Cu) and 20.0 (0.4% of the total Cu) mg.kg-1. The 

concentration of Cu associated with carbonates (F2) in the bulk soil associated with this 

species was 2,580 mg.kg-1 (40.4% of the total Cu), whereas in rhizo I and rhizo II the 

concentrations were 373.5 (7.3% of the total Cu) and 281.5 (5.5% of the total Cu) mg.kg-

1, respectively. 
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Figure 5.5. (a) Distribution of copper in soil fractions (in mg.kg-1), (b) levels of potentially 
bioavailable copper extracted by Mehlich 3 and (c) percentage of copper in each fraction 
in rhizosphere and bulk soils from R. paniculata. 

 

 
Figure 5.6. (a) Distribution of copper in soil fractions (in mg.kg-1), (b) levels of potentially 
bioavailable copper extracted by Mehlich 3 and (c) percentage of copper in each fraction 
in rhizosphere and bulk soils from B. pilosa. 
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Figure 5.7. (a) Distribution of copper in soil fractions (in mg.kg-1), (b) levels of potentially 
bioavailable copper extracted by Mehlich 3 and (c) percentage of copper in each fraction 
in rhizosphere and bulk soils from P. calomelanos. 
 

 
Figure 5.8. (a) Distribution of copper in soil fractions (in mg.kg-1), (b) levels of potentially 
bioavailable copper extracted by Mehlich 3 and (c) percentage of copper in each fraction 
in rhizosphere and bulk soils from C. leprosum. 
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In the bulk soil around C. leprosum, the concentration of exchangeable Cu 

(F1) reached 298.0 mg.kg-1 (6.3% of the total Cu). In rhizo I and rhizo II, the values were 

18.5 (1.2% of the total Cu) and 13.3 mg.kg-1 (1.0% of the total Cu). Regarding the Cu 

associated with carbonates (F2), the concentration in the bulk soil was 1,290 mg.kg-1 

(27.2% of the total Cu), decreasing to 63.0 mg.kg-1 (4.1% of the total Cu) in rhizo I and 

65.3 mg.kg-1 (4.9% of the total Cu) in rhizo II. 

Another similar response was observed in both species (R. paniculata and C. 

leprosum): a sharp increase in the concentrations of Cu associated with amorphous iron 

oxides (F4) in the rhizosphere. In R. paniculata, the concentration of Cu associated with 

amorphous iron oxides in the bulk soil was 1,890 mg.kg-1 (29.6% of the total Cu). In 

rhizo I and rhizo II, the concentrations were 3,620 (71.2% of the total Cu) and 3,855 

(75.6% of the total Cu) mg.kg-1, respectively. For C. leprosum, the concentration of Cu 

associated with amorphous iron oxides reached 1,425 mg.kg-1 (30.0% of the total Cu) in 

the bulk soils. In rhizo I and rhizo II, the concentrations were respectively 1,132 mg.kg
-1

 

(73.2% of the total Cu) and 951.0 mg.kg-1 (72.0% of the total Cu). 

In P. calomelanos, the concentration of exchangeable copper (F1) was also 

much lower in the rhizosphere (bulk = 298.0 mg.kg-1 (6.3%); rhizo I = 38.8 mg.kg-1; rhizo 

II = 37.2 mg.kg-1 (~1.4% of the total Cu)). However, despite the lower concentrations of 

Cu associated with carbonates in the rhizosphere (F2) of this species (bulk = 1,290 

mg.kg-1 (27.2% of the total Cu); rhizo I = 907.2 mg.kg-1 (32.0% of the total Cu); rhizo II = 

1,049 mg.kg-1 (39.1% of the total Cu)), the Cu associated with carbonates was 

(proportionally) higher in the rhizosphere, due to the decrease in the concentration of 

total Cu in the rhizosphere.  

This was also be observed in the concentration of Cu associated with 

amorphous iron oxides (F4) in P. calomelanos. The concentration of Cu in the bulk soil 

was 1,425 mg.kg-1, representing 30.0% of the total of Cu. In the rhizosphere, the 

concentrations were slightly lower (1,420 and 1,089 mg.kg-1 in rhizo I and rhizo II, 

respectively). However, due to the lower concentrations of total Cu in the rhizosphere, 

these values represented 40.6% (rhizo I) and 50.1% (rhizo II) of the total Cu.  

An unexpected result was found for Cu associated with the organic fraction 

(F3). Although the contents of TOC were significantly higher in the rhizosphere soils 
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(Figure 5.3), the Cu associated with this fraction was only higher in B. pilosa, C. 

leprosum and P. calomelanos. The opposite was found for R. paniculata in which the 

TOC contents were higher in the rhizosphere. 

The Cu associated with sulphides (F6) showed different patterns in the 

different species. In B. pilosa and R. paniculata, there were no significant differences 

between the rhizosphere and bulk soils. In C. leprosum and P. calomelanos, the 

concentration of this fraction was significantly lower in the rhizosphere soils than in the 

bulk soils. 

The concentration of Cu associated with the residual fraction (F7) was low in 

all species (representing between 0.84% and 3.1% of the total Cu), with no significant 

differences between the rhizosphere and bulk soils. 

 

5.4. Discussion 

The general soil properties and the Cu SEM fractions did not differ 

significantly between the two types of rhizosphere soil (rhizo I and rhizo II). This 

indicates that different sites within the rhizosphere are not easily distinguished. 

However, the soil fractions loosely (rhizo II) and firmly (rhizo I) adhered to the roots were 

both greatly altered by the roots and showed clear differences relative to the bulk soils.  

 

5.4.1 Influence of plants on soil properties 

The absence of acidification in the rhizosphere of the plant species under 

study may be related to the high presence of Cu and Ca carbonates in the area. The 

former was explored as a metal ore (malachite (Cu2 (CO3) (OH) 2)). The latter is reported 

to be one of the main gangue materials (calcite; CaCO3) in the mine (Collins; Loureiro, 

1971). When exposed to the action of microorganisms and root exudates, and thus to 

more acidic conditions, the dissolution rates of these minerals tends to increase. This 

may buffer the acidification commonly observed in the rhizosphere (Morse; Arvidson, 

2002; Davis et al., 2007; Uroz et al., 2009; Sonnet; Houben, 2012). 

A slight degree of alkalization was observed in the C. leprosum and P. 

calomelanos rhizospheres, with significantly higher pH values in the root zone (Figure 

5.3). This result also supports the hypothesis of buffering by carbonates. In P. 
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calomelanos, a significant decrease in the inorganic carbon contents (TIC) in the 

rhizosphere may explain the degree of alkalization, probably due to the dissolution of 

carbonates and the consequent release of OH- and HCO3
-. However, in C. leprosum, the 

TIC contents of the rhizosphere and bulk soil did not differ significantly. In fact, some 

ruderal species show a physiological mechanism that may promote alkalization, mainly 

via nitrate consumption and HCO3
- release, which may increase the soil pH. 

The highest total organic carbon (TOC) contents in the  rhizosphere soils 

under study are consistent with the findings of other studies demonstrating an increase 

in organic C contents in this soil zone. Higher TOC contents are usually due to 

rhizodeposition of organic compounds and a greater presence of microorganisms 

(Martínez-Alcalá et al., 2010; Oram et al., 2011). Also in response to these factors, the 

increase in the concentration of total nitrogen (TN) in the rhizosphere soil was related to 

an increase in TOC. This is demonstrated by the high positive correlation between TOC 

and TN (Figure 5.9). 

 

 

Figure 5.9. Correlation between TOC and TN in bulk and rhizosphere soils. 

 

5.4.2. Dynamics of macronutrients in the rhizosphere  
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Regarding the macronutrients under study, significant differences between 

the rhizosphere and bulk soils were observed. The decrease in PMehlich in the 

rhizosphere soils of most species (Table 5.1) was related to an increase in the 

dissolution of phosphates in the rhizosphere. This occurs either by the action of organic 

acids exuded by roots, such as citrate and oxalate (Palomo et al., 2006), or by enzymes 

secreted by microorganisms, such as phytase and phosphatase (Tarafdar; Marschner 

1994; Salamanca-Garcia et al., 2012). 

The P mobilized from phosphate rocks in the rhizosphere can either be taken 

up by plants or react with other soil minerals (i.e. Fe and Al oxides). It may also 

precipitate as calcium phosphate (Ma et al., 2009), causing depletion of bioavailable P 

close to roots. Thus, although P solubilization may be enhanced in the rhizosphere of 

the plant species (probably by the dissolution of pseudo-malachite in the study site ; 

see: Perlatti et al., 2014), this did not increase the P bioavailable concentrations.  

The geochemical dynamics of P affected by the action of plant roots is quite 

complex, as previously demonstrated (Hisinger, 2001). The main factors influencing P 

mobility are pH, the concentration of cations (Ca, Fe and Al) and competition with other 

anions. The physiology and nutritional status of the plants may also affect P dynamics.  

Within the same species, but for different genotypes, different strategies have been 

observed regarding the acquisition of P, leading to different concentrations of labile P in 

the rhizosphere (Liu et al., 2004).  

In most of the plant species under study, the Ca concentrations were 

significantly higher in the rhizosphere than in the bulk soils (Table 5.1). Accumulation of 

Ca in the rhizosphere is commonly reported in the literature and mainly occurs at higher 

rates of carbonate dissolution in the rhizosphere zone (Gobran; Clegg, 1996). 

In the present study, the rate of dissolution of calcite and malachite (present 

in the mine as gangue and ore minerals, respectively) may have been higher in the 

rhizosphere, leading to higher concentrations of CaMehlich. The higher concentrations of 

Ca are also consistent with the higher pH values registered in the rhizosphere of some 

plant species (Fig.5. 3) and to the CaCO3 dissolution process also revealed by the SEM 

data (Figs. 5.5 to 5.8). 
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The concentrations of magnesium and potassium varied and were higher in 

the R. paniculata and C. leprosum rhizosphere than in the bulk soil and lower in P. 

calomelanos rhizosphere than in the bulk soil. As for calcite, the dissolution of dolomite 

(also present at the site; CaMg(CO3)2) may also have been enhanced in the presence of 

microorganisms and as a result of the action of roots exudates (Davis et al., 2007). This 

process may increase Mg concentrations in the rhizosphere. 

The same mechanism may explain the potassium concentrations. In this case 

the organic acids may act on the dissolution of K-bearing minerals (Hisinger et al., 1993; 

Wang et al., 2000) such as illite (a potassium-containing 2:1 clay, registered in all XRD 

patterns; Fig. 5.4). 

Nevertheless, the concentrations of both Mg and K in the rhizospheres would 

also be influenced by uptake by plants. As each species has a different nutritional 

requirement, the balance between the concentration of nutrients mobilized in the soil 

solution and the rate of plant uptake would determine the nutrient concentration in the 

rhizospheres. 

 

5.4.3. Biogeochemical dynamics of Cu in plant rhizospheres 

The mean total Cu concentrations in bulk soils around the plants were high, 

ranging from 3,050 to 6,358 mg.kg-1. These concentrations exceeded the reference 

values for soil quality used by the current environmental legislation in Brazil (60.0 mg.kg-

1 for Cu; CONAMA, 2009) and in the European Union (140 mg.kg-1) (CEC, 1986). The 

values were also at least 75 times higher than the threshold for phytotoxicity (40 mg.kg-

1) (Kabata-Pendias, 2010). 

However, each plant showed different responses regarding the 

biogeochemical distribution of Cu forms in the rhizosphere. Nonetheless, a general 

pattern of decreasing concentrations of the more labile Cu forms in the rhizosphere was 

observed. The main response regarding Cu dynamics in the rhizosphere was a 

decrease in exchangeable and carbonate associated Cu, followed by an increase in the 

concentration of Cu associated with amorphous iron oxides (a more stable Cu form in 

soils). In this case, the plants under study seemed to provide some phytostabilization of 

Cu, as the concentration of the most toxic copper forms decreased. 
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Among the studied species, the rhizosphere of B. pilosa was the only one that 

did not differ relative to the bulk soil. This was also the only species in which the general 

characteristics of the rhizosphere (pH, %TIC, %TOC, %TS% and %N) did not differ from 

those of the bulk soil (Fig. 5.3). Moreover, the XRD analysis of these soils (Fig. 5.4) 

showed that no significant changes have occurred in the more stable soil phases, such 

as clay minerals, between bulk and rhizosphere soils. The lack of differences in the 

chemical and physical characteristics of the rhizosphere and bulk soil indicates that the 

species probably did not experience any metabolic stress due to the high concentration 

of Cu in soil. 

In fact, Sun et al. (2009) have shown that B. pilosa can tolerate and 

accumulate high levels of metals (i.e. Cd). However, several physiological 

characteristics of the plant were altered under conditions with high levels of metals in the 

soil (i.e. chlorophyll content and enzymatic activities). Future studies should assess the 

physiological changes in B. pilosa in response to the high concentrations of Cu and 

elucidate the mechanisms of adaptation to this type of stress. More data are required to 

explain why there were no changes in the physical-chemical characteristics of the 

rhizosphere soil and how this species can tolerate high Cu levels. 

Similar changes were observed in the rhizosphere of R. paniculata and 

C.leprosum. The levels of exchangeable (F1) and carbonate associated (F2) copper 

were significantly lower in the rhizosphere soil than in the bulk soil. The sum of these  

fractions was significantly and positively correlated (r2= 0.940; p<0.01; Fig. 10) with the  

Cu extracted with Mehlich 3, which represents the potentially bioavailable Cu 

(Monterroso, 1999). This correlation confirms the decrease in the most labile forms of 

Cu in the rhizosphere of these species.  

In fact, the rate of carbonates dissolution seemed to increase in the 

rhizosphere, which may reflected in a lower concentrations of Cu associated with 

carbonates (F2) in the rhizosphere. In this case, the Cu dissolved from carbonates 

(calcite, dolomite, and malachite) would be mobilized to the soil solution and adsorbed 

onto iron oxides. We hypothesize that, given the action of microorganisms and organic 

acids in the rhizosphere, the dissolution of Cu carbonates/phosphates 

(malachite/pseudomalachite) may have mobilized copper ions (Cu2+) to the soil solution. 
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The released Cu would either be uptake by plants or adsorbed onto iron oxides 

(Cerqueira et al., 2011). Both mechanisms would reduce the metal mobility, in response 

to the higher stability of iron oxides relative to that of carbonates. 

 

 

Figure 5.10. Pearson coefficient correlation between the sum of Cu concentration in 
exchangeable (F1) and carbonate-associated (F2) fractions and Cu concentration 
extract by Mehlich-3 in bulk/rhizosphere soils. 
 

In R. paniculata there were no clear differences in the total  concentrations of 

Cu in rhizosphere and bulk soils; however, the total Cu was significanly lower in the C. 

leprosum rhizosphere (Figures 5.5 and 5.8). In the former case, most of the Cu 

associated with carbonates and mobilized in the rhizosphere of R. paniculata, seemed 

to have been adsorbed onto the Fe oxides. By contrast, almost half of the Cu mobilized 

in the rhizosphere of C. leprosum appears to have been lost. In this case, it may have 

been mobilized outside of the rhizosphere zone and then immobilized in the bulk soil or 

lost by leaching. In the latter case, the Cu loss may have led to contamination of 

adjacent areas. 
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Regarding the Cu associated with organic matter, mixed patterns were again 

observed. The highest increases in TOC in the rhizosphere relative to the bulk soil 

occurred in R. paniculata (Figure 5.3). However, this was the only species in which a 

decrease in the Cu associated with organic matter (F3) was observed in the 

rhizosphere. For the other three plant species under study, the concentration of this Cu 

fraction was higher in the rhizosphere soils. 

In fact, the association between Cu ions and organic matter is well know. 

However the organic matter comprises many different compounds that may (or may not) 

adsorb and form stable Cu complexes (Strawn; Baker, 2009). In the case of the 

rhizosphere, this complexity is even greater due to the presence of microorganisms and 

root exudates, which may cause temporal geochemical variations in response to the 

physiological and nutritional status of the plant. 

Thus, the increase in TOC levels in the rhizosphere may indicate a greater 

presence of microorganisms, dead root cells and other organic compounds that will not 

necessarily complex Cu ions. The presence of other reactive mineral compounds, such 

as less crystalline Fe oxyhydroxides and expandable 2:1 clays (i.e. the smectite clay 

identified in the XRD patterns; Figure 5.4) may have reduced the presence of Cu 

associated with organic matter. 

The concentration of copper associated with crystalline iron oxides (F5), was 

higher in the rhizosphere than in the bulk soil, although the difference was not 

significant. In addition, different results were obtained for the Cu associated with 

sulphides (F6) depending on the plant species considered. In R. paniculata and B. 

pilosa, the concentration of the Cu fraction did not differ significantly in the rhizosphere 

and bulk soil. In contrast, in C. leprosum and P. calomelanos, the concentration of this 

Cu form was significantly lower in the rhizosphere than in the bulk soil, probably due to 

more oxidizing conditions in the rhizosphere.   

In this case, the oxidation of Cu sulfides would lead to the formation of 

amorphous iron oxides with the release of Cu2+ and sulfate, as shown in equations 1 

and 2 (Faure, 1991). These reactions may also explain the increase in Cu associated 

with amorphous oxides in the rhizosphere as the Cu mobilized from the sulfides may 

also be re-adsorbed onto iron oxides. 



146 

 

CuFeS2 + 15/4O2 + 7/2H2O  Fe(OH)3 + 2SO4
= + Cu2+ + 4H+  reaction 1 

Cu3FeS4 + 31/4O2 + 7/2H2O Fe(OH)3 + 4SO4
= + 3Cu2+ + 4H+  reaction 2 

 

The residual Cu fraction (F7) did not seem to have been greatly affected by 

rhizosphere biogeochemical processes as this fraction did not differ significantly in bulk 

and rhizosphere soils. The Cu associated with this fraction is probably related to more 

stable silicates (Dold, 2003). These minerals are dissolved by attack from stronger 

acids, such as those used in the sequential extraction, and are scarcely altered by 

organic acids produced in the rhizosphere. 

The XRD patterns of B. pilosa and P. calomelanos soils (Fig. 5.4) showed 

that the most stable phases (phyllosilicates and clays) did not differ between the 

rhizosphere and the bulk soil. The high crystallinity of the identified clay minerals, 

registered by the narrow width at half peak height, confirms the high resistance of these 

minerals to weathering.  

Carbonates, oxides, and sulphides were not identified in the XRD patterns 

probably because they were removed during the pre-treatment for analysis (see 

Jackson, 1969). This reinforces the importance of the sequential extraction method in 

studying mineral alterations and geochemical dynamics, especially when dealing with 

more labile, and thus more dynamic, mineral phases. 

 

5.5. Conclusions 

The study findings clearly demonstrate that plants alter the physicochemical 

conditions of soil via the influence of their roots. Different species act in different ways, 

by changing various soil components, which will, in turn, determine the biogeochemical 

cycling of essential nutrients and contaminants.  

The observed changes in the rhizosphere have influenced the geochemical 

dynamics of copper. The most significant pattern observed was the great reduction in 

the proportion of the more labile (and toxic) forms of copper, such as the exchangeable 

Cu and Cu associated with the carbonates (malachite) in the rhizosphere. This response 

is mainly associated with the immobilization of Cu via adsorption, mostly onto the 
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amorphous iron oxides, resulting in a decrease in the concentration of potentially 

bioavailable Cu in the rhizosphere and a consequent decrease in its phytotoxicity. 

This behaviour indicates that, despite the different changes that occurred in 

the rhizosphere of each species, most of the plants (with the exception of B. pilosa) 

were able to promote the phytostabilization of Cu in their rhizospheres and should thus 

be suitable as pioneer species for use in the restoration of Cu contaminated areas. 
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CHAPTER 6 

 

Adsorption and sequential extraction of copper in technosols prepared from 
unconsolidated wastes rich in organic matter, carbonates and bentonite 
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Resumo: Nesse estudo foi avaliada a capacidade de quatro diferentes tecnosolos, 
elaborados a partir de resíduos, em adsorver e imobilizar íons de cobre. Os tecnosolos 
foram elaborados a partir de misturas de carbonatos, matéria orgânica e bentonita em 
diferentes proporções. O método experimental utilizado foi o “batch”, onde o solo ficou 
em contato com uma solução rica em cobre por 24 horas, e posteriormente foram 
avaliados os teores totais de cobre adsorvidos, bem como a extração sequencial dos 
tecnosolos em sete frações. Os resultados demostram que os tecnosolos apresentaram 
alta eficiência em imobilizar íons de cobre da solução, sendo que a porcentagem de 
adsorção variou entre 87 e 99%. A extração sequencial constatou que os materiais 
utilizados na elaboração dos tecnosolos demostraram afinidade com o metal, sendo 
que os carbonatos e matéria orgânica adsorveram entre 14-16% e 10-16% 
respectivamente do total de Cu adicionado via solução. Entretanto, a maior parte do Cu 
adsorvido foi detectada na fração residual (entre 50 e 64%), que representa dentre 
todas as frações avaliadas, a forma menos lábil de Cu. Esse resultado demostra que 
além de adsorver grande parte do Cu adicionado via solução, os tecnosolos 
demostraram capacidade em imobilizar de forma altamente estável o Cu, representado 
uma ótima opção para serem utilizados na restauração de áreas contaminadas pelo 
metal. Entretanto, mais estudos devem ser desenvolvidos com esses solos, visando 
identificar em quais componentes específicos da fração residual o cobre encontra-se, 
além de estudos com colunas de lixiviação, que demostrem ao longo do tempo além do 
comportamento de sorção, o comportamento de dessorção do Cu nesses solos, 
visando dar maior clareza ao comportamento geoquímico dos tecnosolos. 
 
Palavras-chave: Contaminação do solo, restauração ecológica, mineração, argila, 
biodisponibilidade. 
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Abstract: In this study we evaluated the ability of four different technosols, prepared 
from wastes in adsorb and immobilize copper ions. The technosols were made from 
mixtures of carbonates, organic matter and bentonite, in different proportions. The 
experimental method used was the "batch", where the soil was in contact with a solution 
rich in copper for 24 hours. Total concentration of adsorbed copper and the sequential 
extraction of Cu in the technosols were evaluated. The results show that the technosols 
have high efficiency to immobilize copper ions in the solution, and the percent of 
adsorption varied between 87 and 99%. The sequential extraction show that the 
materials used in the preparation of technosols demonstrated high affinity for the metal, 
with carbonates and organic matter adsorbing between 14-16% and 10-16% 
respectively of total Cu added via solution. However, most of the adsorbed Cu was 
detected in the residual fraction (between 50 and 64%), which is among all the fractions 
studied, the less labile form of Cu. This result demonstrates that in addition to adsorb 
great part of the Cu added via solution, the technosols demonstrated ability to 
immobilize Cu in a highly stable form, representing a great option in the restoration of 
contaminated-Cu areas. However, more studies are needed with these soils in order to 
identify which specific components of the residual fraction copper lies, coupled with 
leaching columns studies, which show over the time, in addition to the sorption 
behaviour, the desorption behaviour of Cu in these soils, aiming to provide more clarity 
to the geochemical dynamic of technosols. 
 
 
Keywords: Soil contamination, ecological restoration, mining, clay, bioavailability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



155 

 

6.1. Introduction 

Technosols are soils of anthropogenic origin and comprising a new group of 

soils from the World Reference Base for Soil Resources - FAO, which combine "soils 

whose properties and pedogenesis are dominated by their technical origin and include 

among others, soils derived from wastes originated by human activities "(IUSS Working 

Group WRB, 2006). These soils are technically prepared from the mixture of 

unconsolidated wastes, and aim to neutralize the negative environmental impacts 

generated by human activities; while gives a useful destination to wastes that would also 

be problems in other areas. 

These soils are prepared to solve specific problems, such as mining areas 

with acid drainage or excess of metals in soil and/or water (Fandiño et al., 2008) and 

may; through biogeochemical interactions; minimize or eliminate the toxic effects of 

metals/acidity (YAO et al., 2009a b), while promote the recycling of essential nutrients 

and stabilization of organic matter, favouring the development and recovery of the 

affected ecosystems (Camps-Arbestain et al., 2008). Usually they have high ability to 

retain trace elements; however, its composition should be carefully studied, since they 

can also be sources of contamination, depending on the materials used (YAO et al., 

2009a). 

Wastes from copper mines often have high levels of metals, especially Cu. 

This metal is known to form stable complexes with carbonates, iron oxides, clay 

minerals and organic matter. Thus, the use of wastes containing these materials, 

emerges with great potential for development of technosols to be used in remediation of 

copper mining areas, and can thereby neutralize the toxic effects of this metal, making 

them unavailable to plants, decreasing the risks of contamination to the food chain 

(Rodrigues-Rubio et al., 2003, Illera et al., 2004). 

Among the soil constituents, the organic matter has recognized affinity with 

Cu, by forming very stable organometallic complexes. Therefore, the addition of organic 

compounds in the soil tends to decrease bioavailability of copper (Soler-Rovira et al., 

2010). 

Another material that has great potential to immobilize copper in soil is the 

bentonite, which is a kind of clay mineral composed essentially of smectite of the 
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montmorillonite group. The montmorillonite has excellent adsorption properties and 

possesses adsorption sites available within its interlayer space as well as on the outer 

surface and edges. Montmorillonite has a 2:1 layer structure, composed of two 

tetrahedral sheets of silicon ions surrounding a sandwiched octahedral sheet of 

aluminium ions (Erdem et al., 2009; Zhirong et al., 2011). Given its high cation exchange 

capacity - CEC, bentonite are widely used to study the adsorption of metals (Karapinar; 

Donat, 2009), and  considering its relative low cost , this clay mineral has great potential 

to be used in the composition of technosols. 

Carbonates have also recognized affinity with Cu, and the addition of this 

material into soil tends to reduce the metal mobility. There are two principals 

mechanisms in which carbonates can reduce the mobility of Cu in soils. First, because 

the addition of carbonates tends to increase the soils pH, which decreases the mobility 

of Cu by the increase of negative charges on soil colloids, moreover, they have good 

sorption capacity of Cu, which usually is retained by precipitation (Rodriguez-Rubio et al. 

2003; Illera et al., 2004). 

Thus, the aim of this study was to prepare four types of technosols with 

different types of wastes (carbonate, organic residues and bentonite), in different 

proportions, to evaluate the ability of these soils to adsorb and immobilize copper. For 

this, a batch experiment was conducted, and the total amount of Cu adsorbed by the 

technosols and the sequential extraction of Cu in seven soils fractions were analysed. 

 

6.2. Material and methods  

6.2.1. Composition of technosols 

For the experiment were prepared four technosols with three kinds of wastes. 

Carbonates wastes from a limestone mine in the region of Rio Claro / SP (Irati 

formation), organic compost made from trees pruning residues and bentonite clay 

originating from a mine in the state of Pernambuco/Brazil. 

The proportions by volume of the mixtures that formed the technosols were 

as follows: 

-Technosol A: 33,3% Organic compost; 33,3% (Bentonite + sand)*; 33,3% limestone 

waste; 
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-Technosol B: 25% Organic compost; 25% (Bentonite + sand); 50% limestone waste; 

-Technosol C: 50% Organic compost; 25% (Bentonite + sand); 25% limestone waste; 

-Technosol D: 25% Organic compost; 50% (Bentonite + sand); 25% limestone waste. 

*A mistura (Bentonita+ Areia) constitui-se de 20% bentonita e 80% de areia, em volume. 

 

6.2.2. “Batch” experiment 

After mixing and homogenization of technosols, 2 grams of each soil was 

placed in polyethylene tubes, and thirty millilitres of a solution of CuSO4.5H2O, pH 4.2, 

containing known concentration of 500mg/L Cu-1 were added. The resulting suspensions 

were shaken at 180rpm for 24 hours. The material was centrifuged at 3,000 rpm for 15 

minutes and filtered. The supernatant was collected and stored in a refrigerator until 

analysis.   

After filtering, 1 gram of residual soil was collected for sequential extraction 

analysis. The sequential extraction used an adapted methodology described in Perlatti 

et al. (2014), allowing differentiation into 7 fractions: 

  

• F1 - Exchangeable Cu - extracted with 8 ml of MgCl2 1M, at pH 7.0, with 

shaking for 1 h at room temperature. In this and the following steps, the extract was 

centrifuged at 3000 rpm for 15 min and filtered; 

• F2 - Cu associated with carbonates - extracted with 30 ml of a solution of 

1M NaOAc at pH 5.0, with 5 hours of shaking at room temperature; 

• F3 - Cu associated with organic matter - extracted with 10 ml of 6%NaOCl , 

at pH 8.0, and shaking for 6 hours at 25 °C. This procedure was repeated three times; 

• F4 - Cu associated with amorphous iron oxides - extracted with 30 ml of 

oxalic acid 0.2 M + ammonium oxalate 0.2M, at pH 3, with shaking for 2 hours in the 

dark; 

• F5 - Cu associated with crystalline iron oxides - extracted with a solution of 

0.25M sodium citrate + 0.11M sodium bicarbonate + sodium dithionite (3 grams), 

shaking for 30 minutes at 75 °C; 

• F6 - Cu associated with sulfides - extracted with 4M HNO3 in a water bath 

for 16 hours at 80 °C, with occasional shaking; 
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• F7 - Residual - calculated by subtracting the total amount of Cu added via 

solution (500ppm) by the values obtained in the previous 6 fractions + Cu content 

obtained in the supernatant.  

Between each extraction step, the residual soil were washed with ± 20 ml of 

ultrapure water, stirred manually and centrifuged at 3000 rpm for 15 minutes. All 

samples were analyzed in triplicate.  

It was also performed in triplicate, the sequential extraction of all technosols 

before coming into contact with the Cu solution, in order to obtain the original values of 

Cu in the mixtures. These amounts were deducted when calculating the Cu 

concentration adsorbed by technosols. 

 

6.2.3. Statistical analysis 

Differences between technosols were established by one-way ANOVA 

followed by a Tukey test, or Kruskal–Wallis One Way Analysis of Variance on Ranks for 

non-normally distributed data with the Minitab statistical package, version 16.2.4 

(Minitab Inc.).  

 

6.3. Results and discussion 

6.3.1. Total contents of Cu in technosols 

The results show that the technosols demonstrated great capacity to adsorb 

copper (Figure 6.1). Considering the 500mg/L-1 added via CuSO4 solution, the technosol 

A adsorbed 473,07 mg/kg-1, representing 95% of total Cu added. The technosol B 

accumulate 488,93 mg/kg-1 of Cu (98%), technosol C 495,95 mg/kg-1 (99%) and 

technosol D 433,77mg/kg-1 (87%). 

The technosols A, B and C shows significant (p>0.05) higher amounts of Cu 

adsorbed, however, even the technosol D, which has adsorbed the smaller amounts of 

Cu presents great result, once have removed more than 433 mg/kg-1 of copper from 

solution.  
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Figure 6.1. Mean concentration and percentage of total copper adsorbed by technosols. 

 

6.3.2. Sequential extraction 

Regarding the distribution of copper in different fractions of technosols, the 

results show that the materials used in the preparation of the soil, demonstrated good 

affinity and high capacity for adsorbing Cu ions added via solution (Figure 6.2).  

The concentration of Cu that was not adsorbed by the soils (which remained 

in solution), range from 0,74% to 13,25%. The proportion of Cu in the exchangeable 

fraction (F1) represent a small fraction of the total Cu in the technosols, ranging from 

0,43% to 9,40%. The fraction F2 which represents the Cu adsorbed by carbonates 

represented between 14.18% and 16.66% of the Cu adsorbed in the soils, while the 

proportion of Cu associated to organic fraction (F3) ranged from 10.31% to 15.80 % 

(Figure 2). 

The concentration of Cu adsorbed by oxides and sulphides were relatively 

low. These results were expected since the technosols did not have these elements in 

its composition. However, it was observed that most of the Cu adsorbed by the 

technosols lies in the residual fraction (F7), which represents the least bioavailable form 

of Cu. The metal associated with this fraction is unlikely to be bioavailable to plants and 

other organisms, by process that occur naturally. 
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Figure 2. % of copper adsorbed in each soil fraction. *Different letters in the same 
fraction differ by Tukey (p>0,05) in comparison between technosols. 
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In this study, it can be seen that the technosol B composed with 50% of 

carbonates, showed the lowest proportion of Cu in the exchangeable fraction (F1), 

probably by the increase in soil pH and formation of precipitates. In fact, carbonates may 

immobilize copper by precipitation, and thought increasing soil pH, decreasing its 

bioavailability by increasing the negative charge of the soil colloids (Zhizhaev; 

Merkulova; Bragin, 2007).  

The soil organic matter is perhaps one of the constituents with greater affinity 

for Cu (Covelo; Vega; Andrade, 2008). The interaction between Cu and organic matter, 

often forming organometallic complexes of high stability, thought strong covalent 

chemical bonds, which immobilizes the metal making it unavailable to plants and other 

organisms (Strawn; Baker, 2009). In fact, the technosol C, which has a 50% of organic 

compound in its composition, presented the highest proportion of Cu associated with 

this fraction (F3). 

Generally, metals associated with residual fraction (F7) are found in covalent 

chemical bonds forming inner sphere links, associated with silicates and/or at crystalline 

structure of minerals (Dold, 2003). Also could be found in highly stable organometallic 

compounds, and desorption in this case, will only occur through weathering or extreme 

environmental changes. 

A plausible hypothesis is that the bentonite may have formed covalent bonds 

with Cu in its inner structure, preventing desorption of Cu by reagents used in the 

sequential extraction. Qunaibit; Mekhemer; Zaghloul (2005) suggest that the strong link 

between Cu and bentonite is because the Cu2+ ions are strongly sorbed mainly by 

layered silicate surface. Thus, besides the ability to adsorb almost all of Cu in solution, 

the technosols evaluated, were able to immobilize in a way almost irreversible under 

natural conditions. 

 

6.4. Conclusions 

The technosols under study showed high capacity and efficient adsorption of 

Cu ions. Furthermore, in all technosols most of the Cu was immobilized in the fraction 

F7, which represents the fraction of low bioavailability. 
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Considering the total amounts of Cu adsorbed by the technosols, the soils A, 

B and C were significantly (P> 0.05) more efficient in the adsorption of copper. However, 

even the technosol D, which showed the lowest capacity to adsorb Cu, produces a 

satisfactory results, since it removed more than 85% of the labile Cu in solution. 

Considering the efficiency in immobilizing Cu, and that the F7 fraction is 

where the Cu are found in its less bioavailable form, it can be conclude that the 

efficiency scale of the evaluated technosols was from the most efficient tor the less 

efficient: Technosol B > C = D > A. 

However, since the Cu adsorbed on the fraction F7 may be related to various 

components such as bentonite, organic matter, or have precipitated in other ways, 

studies with the specific unfolding of F7 fraction, designed to further detail this fraction 

can provide information about the specific components that have a higher affinity for Cu, 

which can be used to further increase the efficiency of the technosols on copper 

immobilization. 
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7. MAIN CONCLUSIONS 

 Summarizing, in this section are mentioned as final considerations the 
answers to the hypotheses described and listed in the introduction. These 
considerations represent a junction of individual information and findings, and can be 
seen in more detail in the chapters (2 to 6). 

 
The first hypothesis was that: "copper sulphide mining wastes disposed at open 

pit, may generate acid mine drainage and emit Cu and other trace elements to the soil in 
high concentrations and toxic forms affecting the ecosystem resilience". 

Based on the results it can be conclude that among the trace elements present in 
the wastes that could be causing soil contamination, only the Cu is in high levels, being 
the main limiting factor for natural regeneration of the ecosystem. Furthermore, acid 
mine drainage was not observed in Pedra Verde, mainly by the buffering action caused 
by the dissolution of carbonates against the oxidation of sulphides. 

 
The second hypothesis deals with the survival strategy of the few plant species 

that resist on mine site, and was postulated as follow: "the plants survive in areas 
directly impacted by waste due to two possible mechanisms: Immobilization of metals in 
the roots/rhizosphere and; tolerance and/or hyperaccumulation of metals in the shoots, 
and in this case, can be used for reforestation/remediation programmes". 

It can be concluded that the plants that survive at the mine site not accumulate 
high contents of Cu in their above-ground tissues; they act by immobilizing metal in the 
roots and rhizosphere zone and can be considered as an interesting option for the 
restoration of the Pedra Verde mine. 

 
The third hypothesis assumed that: "techniques based on geochemical processes 

(technosols) can neutralize the toxic effects of trace elements by reducing their 
mobility/bioavailability". 

In fact, the results show that the technosols tested in this study, prepared based 
on the biogeochemical principles of affinity between copper ions and soils contituents, in 
addition to immobilize a large amount of Cu, immobilizes the metal in the more 
recalcitrant form as possible, since most of the metal has been immobilized in the 
residual fraction and can be considered as an excellent alternative for remediation of 
copper contaminated soils.  
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ANNEX 1.  Results of ED-XRF equipment calibration, % of recovery factors, detection limits for each element and 

identification of certified reference materials used.  
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