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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 sites
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A B S T R A C T

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 3604–9601 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.
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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 and Pastor,
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2008; Närhi 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 and Wiegleb, 2000; Nikolic et al., 2010); deteriorated
physical quality (Shrestha and Lal, 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
et al., 2000; Wu et al., 2011; Zornoza et al., 2012; Martínez-Sanchez
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 (autochtho-
nous flora) is extremely valuable for restoration programs
(Whiting et al., 2004; Pilon-Smits and Freeman, 2006), as well
for helping scientists to understand the ecological mechanisms
underlying adaptation to such environments (Boyd, 2004; Boojar
and 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 and 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 and
Baker, 2000; Dzantor and 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 used to classify
hyperaccumulator plants (Baker and 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
Fig. 1. Location of the 
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 and 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 bioavail-
ability 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-Calvino et al., 2009). The
Mehlich3 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 et al., 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 et al., 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 understand the response of plants to increase 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.
Pedra Verde mine.
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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 spontane-
ously 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.

2. Material and methods

2.1. Study area

The study was conducted in the “Serra da Ibiapaba” region of
northeastern Brazil (Fig. 1). The climate in the region is semi-arid
warm tropical in the regions of lower altitude (<300 m; where the
mine is located) and sub-humid warm tropical in the higher
regions (>300 m; at the top of the slopes and “Serra da Ibiapaba”
plateau). The average annual rainfall in Viçosa do Ceará (alt. 710 m)
is 1470 mm and in General Tibúrcio (alt. 220 m), 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
(<300 m alt.) (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 and
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
Fig. 2. Location of plant sampling and species identified. (A) Pityrogramma calomelano
(Fe2O3) as one of the main constituents, in addition to the
occasional presence of cuprite (Cu2O) (Collins and 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 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 and Loureiro, 1971).

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 (Fig. 2).

The waste rock from the mine is highly heterogeneous, ranging
from very fine material to boulders. It essentially comprises wall
rock material (gangue material), removed to gain access to the ore,
and processing waste generated by hydrometallurgical processing
of the ore (i.e. malachite, chalcopyrite and chalcocite).

2.2. Sampling and analytical procedures

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 Fig. 2.

Three specimens of each species were collected. Whole plants
of Pityrogramma calomelanos (Fig. 2A) and Bidens pilosa (Fig. 2B)
were collected and separated in the laboratory into leaves
(approximately 20 leaves of each individual) and roots. Ruellia
paniculata (Fig. 2C) and Combretum leprosum (Fig. 2D) produce
larger plants, and therefore approximately 20 leaves were removed
s L.; (B) Bidens pilosa L.; (C) Ruellia paniculata L. and (D) Combretum leprosum M.
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from each specimen to form a composite sample. Root samples
were collected after excavation of the samples at 0–20 cm depth.

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 h, 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 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 and 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 50 ml 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 h at room temperature;
the root samples were removed, rinsed three times with deionized
water, dried at 60� C for 48 h 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 h. Three mililiter 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 min at a controlled
temperature (200� C). The extracts were analysed (in triplicate) in
an atomic absorption spectrophotometer (Perkin Elmer model
2380). For quality control, certified reference material (N� 1547,
peach leaf – NIST) was also analysed; the recovery rate for Cu was
104 � 3%.

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
0–20 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 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 and Zazoski, 1994). Triplicate samples were collected.

Once the bulk and rhizosphere soil were separated, the samples
were dried at 40 �C for 72 h, 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
Table 1
Selected soil properties from bulk and rhizosphere soils (means � s.d.).

Plant species Soil locationa pH (H2O) TOC (

R. paniculata Rhizosphere 6.2 � 0.3 24.7 �
Bulk 6.3 3.18 

B. pilosa Rhizosphere 5.1 � 0.1 1.19 �
Bulk 5.0 0.89 

P. calomelanos Rhizosphere 5.9 � 0.2 2.24 �
Bulk 5.0 0.48 

C. leprosum Rhizosphere 5.6 � 0.2 13.3 �
Bulk 5.0 0.48 

TOC: total organic carbon; TIC: total inorganic carbon; TN: total nitrogen; TS: total sul
a Rhizosphere (n = 3), bulk (n = 1).
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 1 M MgCl2 at pH 7.0 (Cu–MgCl2). The potentially bioavailable
Cu was extracted with a Mehlich3 solution (2 M CH3COOH, 0.25 M
NH4NO3, 0.015 M NH4F, 0.013 M HNO3 and 0.001 M EDTA) (Cu–Me)
and the (pseudo) total Cu concentration was determined after
digestion in a microwave with aqua regia solution (HNO3 and HCl,
proportion 3:1) (Cu p-total).

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 analysed, and the percentage recovery of Cu was 108 � 6% and
98 � 7%, respectively. All extracts were analysed by flame atomic
absorption spectrometry (model Perkin Elmer 2380), and the
detection limit (d.l.) for Cu was 0.05 mg kg�1.

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 Minitab1 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 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,
2007).

3. Results and discussion

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 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.

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
%) TIC (%) TN (%) TS (%)

 3.43 0.56 � 0.10 1.54 � 0.14 0.13 � 0.01
0.30 0.23 0.03

 0.50 0.23 � 0.00 0.11 � 0.03 0.02 � 0.01
0.23 0.12 0.01

 1.48 0.25 � 0.02 0.16 � 0.10 0.13 � 0.06
0.37 0.02 0.05

 6.05 0.34 � 0.08 0.80 � 0.35 0.12 � 0.04
0.37 0.02 0.05

phur.



Table 2
Readily bioavailable copper extracted with 1 M MgCl2 (Cu–MgCl2), potentially
bioavailable copper extractable with Mehlich3 solution (Cu–Me), and (pseudo) total
copper extracted with aqua regia (Cu p-total) in bulk and rhizosphere soils.

Plant species Type of soil
samplea

Cu–MgCl2
(mg kg�1)

Cu–Me
(mg kg�1)

Cu p-total
(mg kg�1)

R. paniculata Rhizosphere 20.7 � 9.57 358 � 25.0 6310 � 2248
Bulk 65.2 1281 9601

B. pilosa Rhizosphere 205 � 82.4 804 � 112 3143 � 555
Bulk 246 880 3601

P. calomelanos Rhizosphere 38.0 � 33.1 281 � 50.2 3701 � 456
Bulk 298 1081 41302

C. leprosum Rhizosphere 15.9 � 6.65 292 � 5.66 1180 � 450
Bulk 298 1081 4302

Phytotoxic
threshold

10.0b 40–60.0c 60–140d

a Rhizosphere (n = 3), bulk (n = 1).
b Yang et al. (2002).
c Monterroso et al. (1999).
d (CEC, 1986; CONAMA, 2009; Kabata-Pendias, 2010).
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soil. The TIC was lowest in the rhizosphere of P. calomelanos and
highest in the C. leprosum rhizosphere. The action of micro-
organisms 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 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 p-total, Cu–Me and Cu–MgCl2 in bulk
and rhizosphere soils are shown in Table 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.
Fig. 3. Distribution and concentration of copper in leaves and roots (roots H2O: w
dithionite + citrate).
The concentration of Cu p-total greatly exceeded those usually
considered as limits for toxicity or as a soil quality parameter
(range 60–140 mg kg �1) (CEC, 1986; CONAMA, 2009; Kabata-
Pendias, 2010), ranging between 3601 and 9601 in the bulk soils
and between 1180 and 6310 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 et al., 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.

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
Fig. 3 and the Enrichment (EF) and translocation (TF) factors are
summarized in Table 3.

Despite the high copper concentration in bulk and rhizosphere
soils, the concentration of metal in leaves was within the usual
range of 5.0–30.0 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
ashed only with water; roots DC: roots washed with water and treated with



Table 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 p-total

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.
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that occur in the physicochemical 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.

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 and 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 3).

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 et al., 2004;
Fernandez-Calvino et al., 2009).

As shown in Table 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 rhizo-
sphere of the plants studied, whereas for Cu p-total 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).
Table 4
Pearson correlation coefficient for copper in plants and soil properties.

Rhizosphere 

Cu–MgCl2 Cu–Me Cu p-total pH TOC TIC TS 

Cu leaves 0.875** 0.962** �0.076 �0.873** �0.566 �0541 �0
Cu roots (H2O) 0.720* 0.765** �0.119 �0.714* �0.733** �0.711* �0
Cu roots (DC) 0.712* 0.758** �0.171 �0.707* �0.739** �0.727* �0

* p < 0.05.
** p < 0.01.
We also considered the use of the bulk soil for calculating the EF.
As shown in Table 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 p-total in bulk soils and plants (Cu–
Me = �0.792 to �0.838, p < 0.01; Cu p-total = �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. Fig. 4
shows a 1:1 ratio between Cu-leaves and Cu–MgCl2 in the
rhizosphere soil. This may indicate that measurement of Cu–
MgCl2 in rhizosphere is a more realistic approach to measuring Cu
accumulation and concentration in aerial parts of plants.

Most of the copper absorbed by the plants under study was
accumulated in the roots (Fig. 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 et al. (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.

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). 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 (Fig. 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.

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 3).

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 physico-
chemical 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 between Cu
Bulk

Cu–MgCl2 Cu–Me Cu p-total pH TOC TIC TS

.702* 0.217 �0.838** �0.498 �0.349 �0.154 �0.849** �0.849**

.486 0.444 �0.792** �0.627* �0.533 �0.399 �0.500 �0.500

.528 0.456 �0.797** �0.637* �0.545 �0.412 �0.490 �0.490



Fig. 4. Correlation coefficients for Cu concentrations in leaves and readily bioavailable Cu in bulk and rhizosphere soils.
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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
Fig. 5. Concentration of copper accumulated in roots and the readily bioavailable
(Cu–MgCl2)/potentially bioavailable (Cu–Me) copper in the rhizosphere soil.

Table 5
Balance between Cu in bulk and rhizosphere soil and that taken up by plants (leaves +

Plant species Total Cu in bulk soil [A]
(mg kg�1)

Total Cu in rhizosphere soil [B
(mg kg�1)

R. paniculata 9601 6310 

B. pilosa 3601 3143 

P. calomelanos 4302 3701 

C. leprosum 4302 1180 

a Copper in bulk soil less copper in rhizosphere soil.
b Leaves + roots (dry weight).
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 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 phytoreme-
diation programs, as they will concentrate the metal in their
biomass, thus making it less available to other organisms.
 roots) in mg kg�1.

] Mobilized Cua [C] (A–B)
(mg kg�1)

Cu in plantsb

[D]
(mg kg�1)

Balance [E] (C–D)
(mg kg�1)

3291 254 +3037
458 3053 �595
601 2431 �1830

3122 266 +2857
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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 concen-
trations 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. >1000 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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