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� After 30 years the waste rocks
showed Cu concentrations of up to
8000 mg kg�1.

� Within 30 years 7.2 tons of Cu were
emitted from the abandoned mine.

� Weathering and erosion govern Cu
emission to the environment.

� Copper from the mine contaminated
river water, sediments and
macroinvertebrates.
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This study aimed to estimate the impact of an abandoned copper (Cu) mine on ecosystem environmental
quality, using integrated ecological and biogeochemical analyses. Through a controlled experiment, the
amount of Cu released by waste rocks, Cu adsorbed in soils, Cu geochemical behaviour and its leached
amount were measured. Furthermore, to investigate the impacts of mine drainage on the adjacent
ecosystem, samples of sediments, water and aquatic macroinvertebrates were analysed. We found that
waste rocks still have high Cu concentration even after 30 years under weathering, ranging from 7782 to
8717 mg kg�1, associated mainly with carbonates, amorphous oxides and sulphides. It was estimated that
7.2 tonnes of Cu were released by waste rocks into the environment over last 30 years. The concentration
of Cu observed in Ubari stream water was (<dl to 90 mg L�1), in sediments (28.0e1185 mg kg�1) and in
macroinvertebrates (1.3e28.9 mg kg�1 d/w). The ecological indexes showed that near mine discharge a
significance decrease in the density of aquatic macroinvertebrates and a significance increase of Cu in
biological tissues occurs, causing disturbances in biodiversity. The results showed that, even after long
periods, the waste rocks from abandoned mines still contain high levels of metal, that are gradually
released into the environment through weathering and erosion, representing a potential source of
environmental pollution and a clear threat to the environmental quality of adjacent ecosystems.
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1. Introduction

The abandonment of mines is a problem that exists in several
countries worldwide, occurring for the most varied reasons such as
economic oscillations in the ore value, difficulties in complying
with mineral and/or environmental legislations, and technical is-
sues. However, a common characteristic to almost all cases is the
environmental footprint that is left behind, which can cause strong
environmental impacts in various ecosystem compartments such
as surface and groundwater contamination, air pollution, soil
degradation, as well as endangering the native fauna and flora.
(Laurence (2006).

Many studies have reported severe environmental impacts in
abandoned mines where great volumes of tailings and waste rock
(e.g. in piles, dams or mining pits) are present without a proper
disposal (Li et al., 2014; Morra et al., 2015; Abraham and Susan,
2017; Christou et al., 2017). In these places, these materials are
usually randomly dispersed at open pits without drainage control,
which favours the free weathering of metal-bearing minerals
potentially affecting soil, water and biota of adjacent ecosystems
(Bradshaw,1983; Simmons et al., 2008;Wang et al., 2017). Thus, the
disposal of metallic waste rocks and tailings frommining activities,
is critical for assuring the environmental safety of mining sites and
its vicinities. In the case of metallic waste rocks, the contact with
oxygen and rainwater may trigger several biogeochemical pro-
cesses, which may lead to alteration of minerals and the mobili-
zation of metals. The acidmine drainage (AMD), associated tometal
sulphide-bearing rocks, is one of the most emblematic examples
(Dinelli et al., 2001; Goh et al., 2006; Alakangas et al., 2010; Dold,
2017).

Despite the large number of studies that demonstrated the
environmental problems caused by abandoned mines, just a few
estimated the actual potential of waste rock piles to release metals
to the surrounding ecosystems (Stromberg and Banwart, 1999;
Jurjovec et al., 2002). These studies involved a detailed identifica-
tion of the geochemical composition of the mine wastes, as well as
their behaviour when in contact with water and soil (�Alvarez et al.,
2010, 2011; Otero et al., 2012). These factors define the amount of
metal that can be released by wastes and it also defines how the
leachates behave in contact with natural resources, which may
favour or hinder the metal bioavailability for living beings
(Langman et al., 2014).

Copper is a metal that at first is not a problem in the environ-
ment (soil, air and water) as it is a micronutrient, part of the
metabolism of living organisms (Bost et al., 2016) and can be
strongly adhered to the organic matter and soil clay (ATSDR, 2004).
However, when in high concentrations and in bioavailable form, i.e.
when the Cu ions is readily available to interact with organisms; it
can be a serious problem for public health and the environment. In
living beings copper can cause adverse effects by inhalation,
ingestion and contact (ATDSR, 2004), as well as environmental
impacts such as reduction in biodiversity and decreased in the
growth and enzymatic activity of organisms (Medina et al., 2005;
Stauber et al., 2005).

Copper was detected in Brazil for the first time in 1833 (Jost
et al., 2010) in our study site, Pedra Verde mine (Viçosa do Cear�a,
NE Brazil), where in the early 1980s, millions of tonnes of copper
ore were extracted from sulphide and oxidized minerals. After the
extraction, the tailings and waste rocks were discarded at open pit
in piles reaching over 10 m in height. In the late 1980s, the mine
was abandoned, and the wastes were arranged on terraces or
spread throughout the area. Previous studies have identified
heavily Cu-contaminated soils and plants in the Pedra Verde mine
(Perlatti et al., 2014; Oliveira et al., 2019). However, no study
assessed the total amount of Cu potentially released by these
wastes rock piles within the past 30 years, nor estimated the pre-
sent potential that these piles still have to release copper for the
environment.

Based on the hypothesis that the waste rock piles from Pedra
Verde copper mine has undergone gradual weathering during the
past 30 years of abandonment, and that the exposed waste rocks
are still continuously releasing Cu2þ to the environment, this study
aimed to estimate the total amount of copper released by waste
rocks over 30 years, its bioavailability in soil and water in the sur-
rounding environments and its influence on aquatic macro-
invertebrates biodiversity. For this purpose, a greenhouse
experiment was done in order to quantify the amount of Cu leached
from waste rocks. Environmental analysis included the concentra-
tion and biogeochemistry forms of cooper in soil and sediments,
chemical parameters of stream water and aquatic macro-
invertebrates biodiversity.

2. Materials and methods

2.1. Study area

The Pedra Verde mine (latitude 3�2400300 S, longitude 41�0802100

W) is located in the northeast of Brazil, in themunicipality of Viçosa
do Cear�a/CE (Fig. 1A). The climate is tropical hot and semi-arid in
the lower altitude regions with a mean annual of 1531 mm (based
in the last 30 year records), mainly between January and May
(Fig. 1B), and mean annual temperatures varying from 22 to 24 �C
(FUNCEME, 2017). Local vegetation consists of tropical forest at the
top of the plateau and a tropical dry forest on the slopes and the
lower altitudes (IBGE, 2012).

The sulphide minerals in the ore body include pyrite (FeS2),
chalcopyrite (CuFeS2), chalcocite (Cu2S), bornite (Cu5FeS4) and
covellite (CuS), with arsenopyrite (FeAsS), galena (PbS) and sphal-
erite (ZnS) occurring in smaller proportions (Collins and Loureiro,
1971). In the upper portion, iron oxides (hematite - Fe2O3) and
copper oxides (cuprite - Cu2O) predominate. Additionally, copper
carbonate and copper phosphate are present as malachite
(Cu2(CO3) (OH)2) and pseudomalachite (Cu5(PO4)2(OH)4), respec-
tively (Perlatti et al., 2015).

The Ubari stream is a tributary of the Timonha River, his course
is intermittent with little flow and its largest volume of water oc-
curs during the rainy season (from December to June). Ubari stream
receives most of the waste rock drainage from Pedra Verde mine,
flowing over 50.1 km until the confluence with the Timonha River.
The Timonha River catchment, with 2049 km2, represents the main
drainage system of the area with a course of 99 km from upstream
to downstream when it reaches the Atlantic Ocean (Fig. 1A).
Throughout its extension, the Ubari stream is widely used for
fishing, shrimp farming and crop irrigation (Nascimento and Sassi,
2001).

2.2. Sampling procedures

This work was carried out in two stages. First, samples of waste
rocks and uncontaminated soils were collected for being used in a
laboratorial pot experiment. The purpose of that experiment was to
evaluate the Cu transfer potential from waste rocks to soil consid-
ering the local rainfall, as well as the geochemical behaviour of the
leached metal in the soil. The second stage of the fieldwork con-
sisted in analysing the impacts on water, sediments and aquatic
macroinvertebrates biodiversity in the Ubari stream, which re-
ceives the runoff from the waste rocks.

2.2.1. Waste rock sampling
Considering that the wastes at Pedra Verde mine have a great



Fig. 1. (A) Drainage basin from Timonha river and Pedra Verde mine location; (B) average and standard deviation of monthly rainfall in Viçosa do Cear�a/CE, Brazil; (C) waste rocks at
mine surface and (D) waste rock sampling points.
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spatial and physicochemical heterogeneity (Perlatti et al., 2014,
2015), samples of waste rock dispersed at the surface (Fig. 1C) were
randomly collected at 10 different sites (Fig. 1D). Approximately
2 kg of waste rock were collected at each site, which were ho-
mogenized to form a representative sample for the area, totalling
20 kg of waste rock. The waste rock was stored in plastic bags and
keep refrigerated until analysis.

2.2.2. Soil sampling
Samples from two uncontaminated soils were also used in the

pot experiment. In order to collect representative and uncontami-
nated soil, samples were collected from two different sites, located
in the surroundings of the mine (Soil 1: 3�32024,2000 S/41�8027,1000

W; Soil 2: 3�32024,0000 S/41�8028.5000 W) aiming to obtain soils with
different textures that naturally occur in the region. Soil 1 was
visually characterized by high organic matter content and sand
texture, while Soil 2 had a finer texture and lesser organic matter
content. At each site, three surface soil samples were collected, at a
depth of 0e20 cm by using a stainless steel shovel. The samples
were mixed to obtain a composite soil sample representative of
each site. After sampling, soils were stored in plastic bags and kept
refrigerated until analysis.

2.2.3. Sampling of stream sediments and water
Sediment samples from the Ubari stream bed were collected at

seven different sites, using a sampler for flooded sediments in PVC
tubes, with ~8 cm diameter and 50 cm length, at depths of 0e10
and 10e20 cm (Supplementary Material 1). After sampling, the
sediments cores were identified, hermetically sealed and kept
refrigerated during transportation to the laboratory. As the collec-
tion was carried out in the rainy season and there was water in the
stream bed, all sediment cores were kept wet and refrigerated until
analysis to avoid changes in the geochemical properties of the
sediments. These sampling sites are identified in the text from P1
(upstream, near spring) to P7 (downstream).

Water samples were collected in the same sites where the core
sediments were drilled (seven different sites). At each site, 3 water
samples were collected in sterile polyethylene bottles (300 ml),
identified and kept refrigerated during transportation. In labora-
tory, the samples were preserved with hydrochloric acid (HCl) and
stored in a refrigerator until analysis following Horowitz et al.
(1994). All samples were analysed in situ for temperature,
turbidity, pH and electrical conductivity using a YSI Pro Plus
Multiparameter Instrument.
2.2.4. Aquatic macroinvertebrates sampling
In order to obtain representative samples of the aquatic mac-

roinvertebrates biodiversity, the specimens were collected in the
same sites where water and sediments were collected in the
riverbed of Ubari stream showing different impacted conditions.
Sites 1 and 2 were considered as non-disturbed sites (control or
reference), once they were located upstream of the mine runoff,
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presenting a minimal mine influence. Site 3, represented the
confluence between mine wastes drainage and the stream, and
sites 4, 5, 6 and 7 were located downstream of the waste discharge,
representing the impacted area (Sup. Mat.1).

At each site three samples were collected, within 3-min in-
tervals to minimize variability. Aquatic macroinvertebrates were
captured with an aquatic sweep net 0.025 mm mesh size, 50 cm of
diameter and 15 cm net depth (Nessimian et al., 2008; Hamada
et al., 2014). After being collected they were fixed in alcohol 70%.
At the laboratory all samples were screened and the specimens
were stored in 5.0ml tubes (ependorffs type) with alcohol 70% until
identification. The aquatic macroinvertebrates were identified to
the lowest possible taxonomic level and counted using binocular
stereomicroscope following the methodology described in
Sharifinia et al. (2016).

2.3. Greenhouse experimental design

Five pots were prepared with each collected soil and with waste
rocks at the top layer, by triplicate, totalling 30 pots (1 kg of soil per
potþ 200 g of homogenizedwaste rocks). At the bottom of the pots,
under the soil, a shading canvas (80%) was placed to avoid soil/
sediment loss and to allow the flow of the leached solution. Be-
tween the soil and the wastes, another layer of shading canvas was
used, in order to facilitate the collection of soil samples after the
end of the experiment.

Artificial rainwater was applied to pots. The amount of water
added as artificial rain was calculated to reach the average rainfall
recorded for Viçosa do Cear�a city, considering the months of
February, March and April, since these are the rainiest months in
the region. Rainfall data were obtained based on the historical re-
cord of precipitation for the last 30-year history in the city (Fig. 1B)
(FUNCEME, 2017). Based on the historical data, 328 ml of water
were added to the pots over the course of 3 months, by means of
weekly watering. The experiment was conducted for three months
in a greenhouse.

2.4. Sampling of soils and leached solution from pots

The leachates from each pot were collected weekly, after the
third week of the experiment, which was the time required for soil
saturation. The leachate samples were collected in 50 ml plastic
bottles, preserved with hydrochloric acid (HCl) and kept refriger-
ated until analysis. At the end of the three-month experiment,
three soil samples were randomly collected from each pot,
considering different depths. These samples were mixed to make a
composite sample, air dried, passed in a 2 mm sieve and stored in
plastic bags for analysis.

2.5. Waste rock, sediments and soil analysis

The uncontaminated soils were analysed before the pot exper-
iment to determine the grain size distribution (Gee and Bauder,
1986), pH (1:1 water), electrical conductivity (EC), total carbon
(Walkley and Black, 1934), Kjeldahl nitrogen (Bremner, 1996) and
total Cu concentration (according to USEPA, 3050). Determinations
of Ca2þ, Mg2þ and phosphorus were also performed in sediment
samples. The extraction of calcium and magnesiumwas performed
with KCl solution (1 M) and concentrations were determined by
atomic absorption spectrometry - AAS (PerkinElmer 1100 B).
Phosphorus quantification was performed with Mehlich I solution
and the determination by the ascorbic acid method (Watanabe and
Olsen, 1965).

The sequential extraction of Cu was performed in soils samples
(soil 1 n ¼ 10 and soil 2 n ¼ 10) (5 before and 5 after the pot
experiment for each soil), waste rock (in triplicate) and sediments
from the stream in order to determine metal concentration in the
different geochemical fractions, by using the method described in
Perlatti et al. (2014). Due to the existence of very coarse fractions,
before analysis, the waste rocks were processed in a mill agate
(<0.2 mm) and soils and sediments were passed through a 2 mm
sieve.

The following extractions were performed in 1 g of soils/waste
rock samples:

� F1 e Exchangeable Cu e extracted with 1 M MgCl2, at pH 7.0,
with shaking for 1 h at room temperature. The extract was
centrifuged at 3000 rpm for 15 min and filtered by 0.45 mm (the
centrifugation and filtered processes was applied to all other
extractions above);

� F2e Cu associated with carbonatese extracted with 1 M NaOAc
at pH 5.0, with 5 h of shaking at room temperature;

� F3 e Cu associated with organic matter e extracted with 6%
NaOCl, at pH 8.0, and shaking for 6 h at 25 �C. This procedure
was repeated three times;

� F4 e Cu associated with amorphous iron oxides e extracted
with 0.2 M oxalic acid 0.2 M þ 0.2 M ammonium oxalate, at pH
3, with shaking for 2 h in the dark;

� F5 e Cu associated with crystalline iron oxides e extracted with
0.25 M sodium citrate þ0.11 M sodium bicarbonate þ sodium
dithionite, shaking for 30 min at 75 �C;

� F6e Cu associated with sulphidese extracted with 4MHNO3 in
a water bath for 16 h at 80 �C, with occasional shaking;

� F7e Residual Cu e extracted with a solution of 65% HNO3 þ 37%
HCl þ 1 M HF in a microwave for 35 min at a controlled tem-
perature (200 �C). After extraction, boric acid 5% þ 1 M HF was
added and the mixture was heated again in a microwave for
15 min at 160 �C. The extract was transferred to plastic re-
cipients and the volume made up to 50 ml with ultrapure water.

Between each extraction step, the residual soil/waste rock was
washedwith ultrapurewater, and themixture stirredmanually and
centrifuged at 3000 rpm for 15min. The supernatant was discarded
to prevent interference of the previous reagent from subsequent
extraction. All samples were analysed in triplicate and a sample of
certified reference soil SRM 2709a (NIST, USA) was included in the
batch to ensure analytical efficiency (96 ± 7%). All extracts were
analysed by AAS (PerkinElmer 1100 B) and the detection limit (d.l.)
for Cu was 0.01 mg kg�1.
2.6. Leached solutions and water samples analysis

The water used to simulate the rain and the leachates obtained
from the pot experiment were analysed for pH, electric conduc-
tivity (EC) and total Cu concentration. The pH and EC values were
determined in triplicate by a Digimed DM-22 pHmeter, the total Cu
contents were analysed by AAS (PerkinElmer 1100 B). The leachates
were carefully filtered through 0.45 mm filters before all analytical
procedures. The same analyses were performed in the water
collected from the stream.
2.7. Copper content in benthic macroinvertebrates tissues

To determine copper accumulated in macroinvertebrates tis-
sues, the organisms were dried, macerated in an agate mortar and
digested at 90 �C in a water bath with a HNO3 þ HClO4 solution for
75 min. The solution was filtered and analysed by AAS - Perki-
nElmer 1100 B (Welz and Sperling, 1999).
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2.8. Statistical analysis

Differences between the means of copper contents in the
different fractions before and after experiment and the differences
in Cu contents between the sampling sites in water and sediments
from Ubari stream were established by one-way ANOVA followed
by a Tukey test or Kruskal-Wallis one-way analysis of variance for
non-normally distributed data. All statistical analyses were per-
formed using Minitab, version 16.2.4 (Minitab Inc.).

Ecological indexes were used to express species richness,
abundance, frequency, density and diversity of macroinvertebrates
families, according to Magurran (2004). The used indexes were:
average density (number of species per specified sampling area),
relative frequency (number of sampling in which a specie occurs),
relative abundance (proportion of the species to total community),
species richness (number of species per specified number of in-
dividuals) and Shannon (H0) (degree of evenness in species
abundance).
3. Results and discussion

3.1. Pot experiment

3.1.1. Copper fractionation in the waste rock
The sequential extraction performed revealed that, even after 30

years of exposure and weathering, the waste rock dispersed in the
abandoned Cumine still have high copper concentration, compared
to the usual concentration of this metal in sedimentary and
metamorphic rocks (Thornton, 1995), ranging between 7782 and
8717 mg kg�1 (Supplementary Material 2).

Most of the copper in the waste rocks was associated with
carbonates, (41.9% from total on average), amorphous iron oxides
(47.5%) and sulphides (9.0%) (Sup. Mat.2). That is in accordancewith
previous geological surveys, which indicated that the main sources
of Cu in the ore body are related to carbonates (i.e. malachite
(Cu2(CO3) (OH)2)); oxides (i.e. cuprite (Cu2O)) and sulphides (i.e.
chalcopyrite (CuFeS2)) (Collins and Loureiro,1971). The oxidation of
sulphides (CuFeS2 and Cu3FeS4) due to atmospheric exposure
(contact with water and oxygen) promoted the release of Cu2þ and
the precipitation Fe-oxy-hydroxides. This process seems to explain
the high Cu concentration associated with Fe-amorphous oxides,
since those oxy-hydroxides have high sorption capacity for Cu ions
(Perlatti et al., 2014).
3.1.2. Soil characteristics before the pot experiment
The soils had different textures and organicmatter contents. Soil

1 is sandier (sand¼ 72%, silt¼ 18% and clay¼ 10%), while soil 2 had
more clay and silt (sand¼ 53%, silt¼ 20% and clay¼ 27%). Soil 1 had
higher C and N contents (13.9 and 1.5 g kg�1, respectively) than soil
2 (8.0 and 0.8 g kg�1), due to the higher levels of organic matter.
However, the C/N ratio was similar in both soils with 9.3 in soil 1
and 9.6 in soil 2. Both soils showed an acidic reaction, with pH ~4.9.
Total Cu in soil 1 reached 36.15mg kg�1 and 40.66mg kg�1 in soil 2,
corroborating that both soils were unpolluted with respect to Cu
content, according to the threshold values for intervention in Brazil
(60 mg kg�1; CONAMA 420/09).

Copper partitioning evidenced more Cu associated to organic
matter in soil 1; in accordance with its higher organic carbon
contents. Soil 2 showed the highest copper contents associated
with iron oxides (both amorphous and crystalline) followed by
sulphides and the residual fraction (SupplementaryMaterial 3). The
higher contents associated to iron oxides are in agreement with the
finer texture of that soil.
3.1.3. Copper in soils after the pot experiment
Total copper concentration in soil 1 significantly increased about

21% (p < 5%) from the beginning of the pot experiment
(36.15 mg kg�1) to its end after three months (43.66 mg kg�1). The
results evidence an increase in 21% of total Cu content (Fig. 2A). The
highest proportional increases of Cu concentrations were observed
in the exchangeable (F1) and amorphous Fe-oxides (F4) fractions,
with a proportional decrease in Cu associated with F3 (organic
matter) and F5 (crystalline Fe oxides) fractions (Fig. 2B). However,
the only significant difference (p < 5%) was found in the F4 fraction,
which showed an increase from 3.1 mg kg�1 to 6.1 mg kg�1 after 3
months of experiment. This increase may be related with the
geochemical form in which Cu was found in the waste rock, where
the majority of Cu is associated with amorphous Fe oxides.

Soil 2 showed a significant increase (p < 5%) in copper during
the pot experiment (39%; from 40.66 to 56.73 mg kg�1) (Fig. 3A).
The highest proportional increases were observed for fractions F1,
F2 and F4, but with significant increase for the last one (p < 5%). On
the other hand, therewas a proportional decrease in the contents of
Cu associated with the fractions F5, F6 and F7, with a significance
decrease (p < 5%) occurring only in the residual fraction (Fig. 3B).

The results showed that the amorphous iron oxy-hydroxides
play a key role in the process of copper transfer and immobiliza-
tion fromwaste rock to soil in the Pedra Verdemine. The increase of
Cu associated in this fraction of the soil can occur by two main
processes. First by physical transfer of these Fe-oxides already
enriched with Cu ions from waste rocks to soil by nano or micro
particles (Wang et al., 2017; Langman and Moberly, 2018) and
second, by the solubilisation of Cu carbonates (malaquite) or
oxidation of Cu oxides (cuprite) and sulphides (chalcopyrite and
chalcocite), followed by its translocation in soil solution and sub-
sequent sorption onto the Fe oxides in the soil (Goh et al., 2006;
Kom�arek et al., 2013). All of these minerals was previous described
in the area (see Perlatti et al., 2015).

3.1.4. Copper in leachates
Copper concentration was significantly higher (p < 5%) in the

leachates from soil 1 (sandy) after 3 months of pot experiment than
from soil 2 (clayey) (Fig. 4). As expected, the soil with more clay
accumulated more copper than the sandy, and minimize copper
leaching. The sandy soils were less susceptible to retain metals and
allowed a greater leaching, even considering higher levels of
organic matter in soil 1 (Figs. 2 and 3). Previous mineralogical
studies carried out with these soils, point out the predominance of
illite, kaolinite, and smectite, as clay minerals (Perlatti et al., 2016).

Nevertheless, Cu concentration in all of the leachates was below
the threshold limit for groundwater (2 mg L�1; CONAMA, 2009). In
fact, N�emeth et al. (2011), demonstrated the strong affinity be-
tween copper and clay minerals, indicating that most of the copper
adsorbed in these minerals (e.g. vermiculite) is stable, and occurs
mainly in the interlayer space. Ferhat et al. (2016) also showed the
high affinity between copper and bentonite, indicating the high
sorption capacity of this mineral. This indicates that clayey soils
tend to be more efficient in immobilizing metals, protecting the
groundwater.

3.1.5. Total Cu released by waste rock
The total copper released by thewastes in potswas calculated by

the sum of the copper accumulated in soils and the leached Cu
(Supplementary Material 4). As expected, there was a very large
variation in the contents of Cu accumulated in each pot. This is due
to the heterogeneity of the wastes, already described in other
works on the site (Perlatti et al., 2014).

Considering the copper increase in both soils, combined with
the amounts of Cu in leachates, it was verified that, on average, the



Fig. 2. (A) Copper concentration in the fractions of soil 1 (sand) before and after the experiment; (B) Relative distribution (%) of Cu between fractions. * Mean values indicated by
same letters in same fraction do not differ according to the Tukey 5% test.
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wastes emitted in three months 12.26 mg Cu (328 ml of water in
200 g of wastes, on pots of 0.02 m2).

In order to estimate the total copper leached fromwastes during
the 30 years following the mine abandonment, we used the mean
annual rainfall for Viçosa da Cear�a (1,531 mm; Fig. 1D), as well as
the area inwhich the rock wastes are scattered on themine surface,
based on local satellite image. The area covered by wastes corre-
sponds to 83,887 m2 with a perimeter of 2.3 km. Therefore, based
on the pot experiment results, an area of 83,887 m2 would emit
51,422 mg Cu. Based on an annual rainfall of 1531 ml, it can be
estimated that annually the waste rock emit ~2.4.108 mg Cu, which
represents an annual emission of 240 kg Cu per year.

Finally, for a period of exposure of 30 years, the abandonedmine
may have emitted to the surroundings environment about 7.2 tons
of Cu, representing an impressive amount. We must highlight that
our calculations are probably underestimated since only the su-
perficial area of the wastes rock piles was considered. Considering
also that the waste rocks are arranged on steep slopes, it is esti-
mated that most of the copper has been leached and transported by
the runoff.

In a similar study, Egli et al. (2017), showed that even after 1000
years of abandonment, mining tailings can still be sources of
pollution. According to these authors, during the first 200 years
more intense reaction occurs, diminishing gradually over the cen-
turies. Our results indicate a high environmental risk associated
with waste rock at Pedra Verde mine, once these wastes will still
continue releasing copper.
3.2. Environmental quality of Ubari stream

3.2.1. General characteristic and Cu content in water from Ubari
stream

There were significant changes on temperature, turbidity, pH
and electrical conductivity of water in the sampling sites, but
without a clear influence of mine discharge, which occurs at P3
(Table 1).

There is a tendency to increase the temperature of water in the
downstream direction, probably influenced by the atmospheric
temperature, since P1 is near the spring. This data is of particular
interest, since the dissolution of malachite present in large quan-
tities in the rock wastes increases significantly with increasing
temperature (Symes and Kester, 1984). This was not the case
observed in this study, since there was no correlation between
temperature and Cu in water. The increase of only 3 �C in the water
temperature was not enough to increase the dissolution of mala-
chite, under the observed conditions. However, attention should be
paid to the temperature in downstream sections, since if there are
significant increases in water temperature, there may be increased
dissolution of the mineral, with consequent increase in Cu con-
centration in water. The changes in turbidity were statistically
correlated with the depth of water column (p < 0.05), since the
depths at stream vary from 10 to 20 cm. In the shallower places
(P1¼12 cm and P6¼ 10 cm) the turbidity was lower, and in deeper
sites (P2 ¼ 20 cm and P7 ¼ 17 cm) the turbidity was higher.

At the sampling sites upstream of the mine discharge, Cu was



Fig. 3. (A) Copper concentration in the fractions of soil 2 (clay) before and after the experiment; (B) Relative distribution (%) of Cu between fractions. * Mean values indicated by
same letters in same fraction do not differ according to the Tukey 5% test.

Fig. 4. Concentration of copper in leachates over time. Values are the average accumulated copper in leachates from five pots by treatment. * Mean values indicated by same letters
do not differ according to the Tukey 5% test.
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Table 1
General characteristics and total copper content in water from Ubari stream.

Temperature (�C) ** Turbidity (NTU) ** pH
*

E.C. (mS/cm) ** Cu (mg l�1) **

P1 23.6 ± 0.3 c 29.3 ± 22 c 8.2 ± 0.3 a 291 ± 24 a < d.l.
P2 24.3 ± 0.3 bc 147 ± 31 a 7.5 ± 0.2 ab 164 ± 9.0 de < d.l.
P3 24.6 ± 0.3 abc 103 ± 30 ab 7.3 ± 0.1 ab 194 ± 3.8 cd 87 ± 11 a
P4 22.1 ± 0.7 d 133 ± 6.1 ab 7.2 ± 0.1 b 189 ± 11 cd 23 ± 5.7 bc
P5 24.6 ± 0.4 abc 100 ± 5.9 ab 7.8 ± 0.5 ab 206 ± 3.6 c 26 ± 5.7 bc
P6 25.0 ± 0.2 ab 87.1 ± 11 b 7.7 ± 0.6 ab 239 ± 9.0 b 40 ± 10 b
P7 25.4 ± 0.3 a 141 ± 18 ab 7.3 ± 0.1 ab 150 ± 4.7 e 16 ± 11 bc

Same letters indicate that at the significance indicated there is no difference between means by the Tukey test *5%, **1%. Sample sites P1 and P2 are upstreammine drainage;
sample site 3 is the mine discharge point in the stream; and sample P4 to P7 are downstream mine drainage. D.l. < 10 mg L�1.
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below detection limit for AAS, while at the site of discharge (P3) the
highest value was observed, decreasing at subsequent points
probably by the dilution of the element in the water of the Ubari
stream. However, it is clear the copper enrichment of the water
after the point of mine discharge.

Iwasaki and Ormerod (2012) considered bioavailable copper
below 6.6 mg L�1 as safe concentration for biota. Joachim et al.
(2017), in a controlled study, showed that macroinvertebrates
communities were severely affected when Cu concentrations in
water surpassed 25 mg L�1, with some taxa being more sensitive
and others more tolerant. Majumdar and Gupta (2012) indicated
that values above 1.0 mg L�1 were sufficient to manifest negative
effects on the development of Chironomus ramosus larvae. Charles
et al. (2014) reported that copper contents between 91 and
196 mg L�1, represented the toxic levels LC10 and LC50, respectively,
for Gammarus pulex (L.). Therefore, the Cu concentrations observed
in the Ubari stream water, from the waste rock drainage to down-
stream, have potential to cause negative effects in several macro-
invertebrate species.

The bioavailability and toxicity of metals in aquatic environ-
ments are influenced by many factors such as pH, hardness, dis-
solved carbon, type of metal-sediment bond among others
(Magalh~aes et al., 2015). Considering the methodology used in this
study, Cu content obtained in the water of the Ubari stream
(Table 1) can be considered readily bioavailable, since it has not
undergone any previous treatment. In this sense, at all analysed
samples after mine discharge, Cu levels were above the established
by Brazilian and international limits, and at the point of discharge
the contents were ten times above this threshold. Thus, Cu contents
in the water of Ubari stream after the point of mine discharge can
be considered potentially dangerous to the river biota.

3.2.2. Total copper contents and partitioning in sediments from the
Ubari stream

The general physical-chemical data of Ubari stream sediments
evidence no differences between depths (0e10 � 10e20 cm)
(Table 2). The sediments texture was predominantly sandy at all
sites. The pH remained neutral, varying between 6.0 and 6.9, and is
related to the presence of copper carbonates in the rock wastes,
which buffer the acidic reaction. However, significant differences
for phosphorous, calcium and magnesiumwere detected along the
stream.

The oscillation in Ca, P and Mg contents are directly related to
the mineral composition of waste rock, mainly due to the presence
of carbonates and phosphates. These minerals are being preferably
weathered by the surface water during rainy seasons and the dis-
solved elements (e.g. Ca, P and Cu) transported to the stream bed by
the mine runoff. The high correlation (r ¼ 0.945, p < 0.0001) be-
tween copper and phosphorus contents in the sediments support
this hypothesis, which is also corroborated by the presence of
pseudomalachite in the wastes and the ore body surface (see
Perlatti et al., 2015). Abraham and Susan (2017) also showed that
piles of wastes can transport metals to water courses, and pointed
out two main mechanisms: erosion, where tailings particles are
physically transported to the river bed, as well as by the leaching of
the tailings pile, where dissolved elements can be carried by water
or adsorbed/precipitated in the sediments.

The results obtained by the sequential extraction of the sedi-
ments fromUbari stream bed are showed in Fig. 5. In sampling sites
1 and 2 (upstream of the mine discharge), total Cu is low and its
distribution is mostly associated with crystalline oxides and sul-
phides (F5 and F6), and represent the natural condition. From the
point of discharge P3 to P6, there is a strong change in content and
distribution of Cu, with the metal being associated with three
fractions, carbonates (F2), amorphous Fe oxy-hydroxides (F4) and
sulphides (F6).

A gradual decrease in the proportion of Cu associated with the
carbonates between the sites P3 and P6 can be observed, while
there was an increase in the proportion of Cu associated with the
Fe-oxides (Fig. 5). This occurs mainly due to the faster dissolution of
the carbonates in water, while they would be adsorbed by amor-
phous oxides, by the same mechanism of transference discussed in
item 3.1.3. On the other hand, on the sampling site P7, the con-
centration and distribution of copper in sediments is similar to the
non-impacted points, with Cu associated mainly on crystalline Fe-
oxides and sulphides.

Costello et al. (2015) in a controlled experiment shows that with
aging, the partitioning of Cu in sediments associated with amor-
phous Fe oxy-hydroxides decrease, while Cu associated with crys-
talline Fe oxy-hydroxides increase. As consequence, the levels of Cu
in the porewater decrease, because the remaining Cu associated
with crystalline oxides are less susceptible to dissolution. The
geochemical behaviour of copper in an aquatic environment is
directly related to the properties of the sediment to which it is
associated (Campana et al., 2012). Our data suggest that amorphous
Fe oxides in sediments of Ubari stream act as both a sink for dis-
solved copper from carbonates and/or phosphate, and as well as a
source of copper emission, since may transfer free Cu2þ ions into
the water with aging or by reductive dissolution processes.

Our results showed that the section between sites P3 and P6
(approximately 2 km in length) presents the highest ecotoxico-
logical risks for macroinvertebrates, since the total concentration of
Cuwere above the threshold values in Brazil (60 mg kg�1; CONAMA
420/09), and even worst, because in the present study Cu was
associated with labile fractions (F1, F3, F4) that is more susceptible
to dissolution processes.

Jeppe et al. (2016) reports that total Cu values in sediments
representing the EC50 for the Chrinomodae Family ranged from
89 mg kg�1 for the most sensitive species (Paratanytarsus) to
681 mg kg�1 for the most tolerant (Procladius). These authors also
point out that total Cu values above 60 mg kg�1 in sediments
induce changes, such as gene expression and abundance of



Table 2
General characteristics of sediments from Ubari stream.

Samples pH H þ Al O.M. P Na K Ca Mg sand silt clay Total Cu

KCl mmolc kg�1 g kg�1 mg kg�1 mmolc kg�1 mmolc kg�1 mmolc kg�1 mmolc kg�1 g kg�1 g kg�1 g kg�1 mg kg�1

P1 0e10 6.5 5.0 9.0 11 c 1.0 0.8 21 b 8.0 b 827 73 10 31
10e20 6.0 3.0 3.0 10 c 0.7 0.6 20 b 5.2 b 35

P2 0e10 6.9 13 9.0 8.8 c 0.7 0.7 11 b 6.1 b 877 49 74 24
10e20 6.6 24 34 8.3 c 1.3 1.0 21 b 11 ab 28

P3 0e10 6.7 7.0 6.0 53 a 0.4 0.9 37 ab 4.4 b 878 22 100 1199
10e20 6.4 20 45 59 a 0.8 1.4 25 ab 7.2 b 1185

P4 0e10 6.5 26 38 27 b 1.3 1.1 33 ab 12 ab 781 69 151 426
10e20 6.7 17 24 35 b 1.0 1.2 35 ab 11 ab 755

P5 0e10 6.4 13 19 18 c 1.0 1.0 32 ab 6.0 b 879 46 75 468
10e20 6.2 48 56 17 c 1.5 1.7 25 ab 13 ab 490

P6 0e10 6.6 10 30 32 b 1.5 1.2 49 b 17 a 791 61 148 1020
10e20

P7 0e10 6.9 4.0 5.0 7.7 c 0.5 0.5 33 ab 2.6 b 922 16 63 19
10e20 6.3 22 16 13 c 1.1 1.1 16 ab 3.8 b 31

Same letters indicate that there is no difference between means by the Tukey test *5%.
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metabolites as specific responses to metal contact/ingestion in
Chironomids. In a study to evaluate the effect of Cu on the com-
munity of macroinvertebrates in sediments of tropical reservoirs,
Beghelli et al. (2016) described that values above 13mg kg�1 of total
Cu in the sediments can cause bioaccumulation and adverse effects
on the macroinvertebrates community, whereas values above
58.6 mg kg�1 are enough to cause observable effects in 50% of the
Chironomidae larvae.

Therefore, the Cu concentrations observed in the Ubari stream
sediments from the mine discharge point up to 2 km downstream,
are above most of the values reported in the literature, and as such
are toxic to macroinvertebrates.
3.2.3. Diversity indexes and copper content in macroinvertebrates
A total of 342 individuals were collected, belonging to 39 fam-

ilies of aquatic macroinvertebrates. The order Diptera had the most
abundant families on the sites: Chironomidae, Psychodidae and
Ceratopogodidae (Supplementary Material 5). Chironomidae Fam-
ily was the only one present in all sampling sites, showing the
highest relative abundance in six of the seven observed sites. The
high abundance of Diptera: Chironomidae associated with the low
abundance of Ephemeroptera and Trichoptera and the total
absence of Plecoptera indicated that Ubari stream is not a preserved
stream (Pereira et al., 2016). Chironomidae is one the most abun-
dant aquatic macroinvertebrates families in impacted streams, in
Ubari stream the high abundance of Chironomidae is probably
related to the resistance of this family to metal (Batty et al., 2010),
which favours its dominance in the stream.

Copper contents in macroinvertebrates showed a significant
increase at the mine discharge point (Fig. 6A), however, in the
downstream sites they returned to levels similar to those found in
the upstream sections. The concentration of Cu in the macro-
invertebrates tissue showed a significant positive correlation with
the Cu contents in water (r ¼ 0.900, p < 0.0001) and with the Cu
contents associated with the carbonates (F2) in the sediments
(r ¼ 0.890, p < 0.0001), suggesting that the transfer of Cu from the
abiotic medium (sediments) to the biotic is related to the contact of
the organisms with the metal in the water than its sediments
ingestion.

In fact, dissolved Cu is readily bioavailable, whereas copper
associated with carbonates, especially when exposed to the action
of water, appear to be easily dissolved, becoming bioavailable,
explaining the correlations found. These high levels of Cu in the
macroinvertebrates, may represent a great risk to the ecosystem,
since these organisms are the base of the food chain of several other
animals, particularly fishes (Wallace and Webster, 1996).
Regarding the ecological indexes, a significant decrease in the

average density of individuals was observed near tomine discharge
(sites 3 and 4), returning to normal levels at site 5, and again
decreasing in site 6. The increase in average density at site 5 can be
explained by the return of water quality to pre-discharge levels,
whereas its subsequent decrease at site 6 onwards may be related
to the increase in Cu content in water as well as by the significant
increase in Cu content in the sediments (Fig. 5).

The richness of the families also presented similar behaviour,
with a significant decrease in the number of families in site 4, with
an increase in site 5 followed by a decrease at site 6. With this, the
biological diversity index presented variations, and unexpectedly
presented its greatest value at the point where the discharge of the
tailings occurs. However, also unexpectedly, when distancing from
the point where the discharge of the tailings occurs, the biodiver-
sity index decreases (Fig. 6B).

In fact, the Shannon index is greatly influenced by the species
richness in the sample. It measures the degree of uncertainty in
predicting which species will belong to a randomly chosen indi-
vidual from a sample with S species and N individuals. As lower are
the values of the Shannon index, lower is the degree of uncertainty
and, therefore, the sample diversity is low (Magurran, 2004). In this
case, in site 3 there was a decrease in the average density of in-
dividuals, but the richness of species remained unaffected, which
explains the increase in biodiversity.

The specific resistance of each species to the high levels of Cu is
what will determine its survival and reproduction capacity, and
consequently its dominance in a given environment. Sroda and
Cossu-Leguille (2010) demonstrated in a comparative study be-
tween species of Gammarids Crustacea: Amphipoda subjected to
different doses of Cu, that the specie Dikerogammarus villosus had
specific physiological properties that allow it to cope better with
the elevated doses of copper than the specie Gammarus roeseli,
which make D. villosus a better competitor and consequently
dominant in Cu contaminated environments.

The resistance of Chironomidae Family is probably favouring it
in the competition with the other species inhabiting the Ubari
stream where Cu contents are high. Chironomidae family is found
in almost every freshwater habitat (Oliver, 1971), being used as
indicators of water quality (De Bisthoven et al., 1998; Carew et al.,
2007) since they are tolerant to low oxygen availability and some
species are very tolerant to several types of pollution, such as heavy
metals (Pinder, 1986; Timmermans et al., 1992; De Bisthoven et al.,
1998). In Ubari stream species of Chironomidae are probably the



Fig. 5. Total and geochemical distribution of Cu in sediments from different samples sites of Ubari stream.
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most resistant in the community, which justify its high abundance
in relation to other insect taxa such as Ephemeroptera, Plecoptera
and Trichoptera known as bioindicators of pristine aquatic streams
(Nessimian et al., 2008). However, there is no specific patterns in
community behaviour, but what is observed is that between sites 3
and 6; the most affected by rock wastes; there is a disturbance in
the ecological equilibrium, resulting in a declining trend in biodi-
versity of the macroinvertebrates in Ubari stream.

4. Conclusions

This study demonstrates that the abandonment of mines with
waste rocks disposed at open-pit poses a serious environmental
risk to adjacent ecosystems even after decades of abandonment.

The disposed waste rock at open pit of Pedra Verde mine still
contains high levels of copper even after 30 years of exposure, with
Cu mainly associated with carbonates, oxides and sulphides. The
process of Cu transference from the waste rocks to the soil has been
occurring by chemical weathering and erosion. Erosion carries
minerals from the waste rocks, such cuprite (Cu2O) and hematite
(Fe2O3), as well as carbonates and phosphates, the main fractions of
Cu in soils. Chemical weathering acts mostly in the dissolution of
carbonates and phosphates and the oxidation of sulphides,
releasing bioavailable Cu to the soil, which is transported by water
or adsorbed by soil colloids (i.e. in organic matter and oxides). The
amount of Cu released into the environment may have reached
values of 7.2 tons over the last 30 years. This emission had a
negative impact on the Ubari stream quality due to a clear
enrichment of copper in water, sediments and biota, leading to a
loss of biodiversity of the aquatic invertebrates. These results are
even more relevant considering that there are thousands of aban-
doned mines around the world with metallic waste rocks/tailing



Fig. 6. (A) Average density, species richness and Cu concentration in macroinvertebrates tissues and (B) Shannon index in the seven sites sampled in Ubari stream.
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inadequately disposed. These areas are definitely potential sources
of environmental pollution and should be properly monitored and
managed by companies and/or competent government authorities.
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