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a b s t r a c t

The sulphide-rich mine wastes accumulated in tailing dumps of La Concordia Mine (Puna of Argentina)
have been exposed to the weathering action for more than 30 years. Since then, a series of redox re-
actions have triggered the generation of a highly acidic drainage -rich in dissolved metals-that drains into
the La Concordia creek. The extent of metal and acid release in the site was analysed through field
surveys and laboratory experiments. Static tests were conducted in order to predict the potential of the
sulphidic wastes to produce acid, while Cu-, Zn-, Fe- and Pb-bearing phases present in the wastes were
identified by XRD, SEM/EDS analysis and sequential extraction procedures. Finally, the release of these
metals during sediment-water interaction was assessed in batch experiments carried out in a period of
nearly two years. Field surveys indicate that the prolonged alteration of the mine wastes led to elevated
electrical conductivity, pH values lower than 4 and metal concentrations that exceed the guide values for
drinking water in the La Concordia stream regardless of the dominating hydrological conditions. The
highly soluble Fe and Mg (hydrous)sulphates that form salt crusts on the tailings surfaces and the
riverbed sediments play an important role in the control of metal mobility, as they rapidly dissolve in
contact with water releasing Fe, but also Cu and Zn which are scavenged by such minerals. Another
important proportion of the analysed metals is adsorbed onto Fe (hydr)oxides or form less soluble
hydroxysulfates. Metals present in these phases are released to water more slowly, thus representing a
potential long term source of heavy metal pollution. The obtained results are a contribution to the un-
derstanding of long term metal transformations and mobility in mine waste-impacted sites.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The Puna region in Argentina (22� - 27� S) is a high plateau with
altitudes that vary from 3500 to 4700m a.s.l, which is exposed to a
broad range of extreme climatic and environmental conditions
such as aridity, large thermal amplitude, hypersalinity, acid hot
springs and high levels of UV radiation. All these conditions
determined that the region has been nearly isolated from direct
human activity, with the exception of mining, which has been a
local activity even before the Spanish colonization (Alonso, 2000). A
number of small mines disseminated throughout the entire region
produced copper, silver, lead and zinc from high sulphidation veins.
Some of them have closed at the end of the twentieth century
e by Dr. Jorg Rinklebe.

arcía).
leaving their mine wastes exposed to the weathering action for
decades. Although the environmental impact of minewastes on the
nearby ecosystems is well known, only a few comprehensive
studies have been carried out in the region (e.g., Murray et al., 2014;
Nieva et al., 2016). The occurrence of abandoned mine wastes
derived frommetal-sulphide prospects is not a local problem, but a
regional environmental issue in the Andean region of Bolivia, Chile
and Peru (e.g., Oblasser and Chaparro, 2008), as well as in many
other regions of Argentina, such as in the central Andes (e.g.,
Chiavazza and Prieto, 2008), in the Pampean ranges (e.g., Lecomte
et al., 2017) and in Patagonia (e.g., Idaszkin et al., 2017).

La Concordia mine is an ancient mine that produced Pb, Ag and
Zn until 1986 when it closed. The mine wastes were abandoned in
the site without treatment, and remain accumulated in four tailing
dams constructed as a series of embankments along the narrow
valley of the Concordia Creek and in piles disposed near the ancient
mineral processing plant. The sediments accumulated in the tailing
dams were affected by the progressive oxidation of the gangue

mailto:gabriela.garcia@unc.edu.ar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2018.06.067&domain=pdf
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2018.06.067
https://doi.org/10.1016/j.envpol.2018.06.067
https://doi.org/10.1016/j.envpol.2018.06.067


N.E. Nieva et al. / Environmental Pollution 242 (2018) 264e276 265
sulphides (mostly pyrite and arsenopyrite), which resulted in the
formation of weathering profiles characterized by a succession of
layers that differ by color, consistency and textural features. The
oxidation of pyrite is complex and involves a series of redox
chemical and biological reactions that have been extensively
described (e.g., Descostes et al., 2004; Druschel and Borda, 2006).

In a previous work, Nieva et al. (2016) determined that the
oxidation of metal sulphides in La Concordia mine generated a
highly acidic solution, rich in arsenic, dissolvedmetals and sulphate
that drains into the creek and yields elevated concentrations of
dissolved metals, high salinity and low pH values in the stretch
impacted by the wastes. In addition, the intense evaporation trig-
gers the precipitation of mineral salts in the form of saline crusts
that cover the tailing's surface and the Concordia riverbed. These
salts and some other oxidation by products such as Fe (hydr)oxides
and hydroxysulphates may temporally scavenge dissolved metals
and metalloids depending on the solubility of the host minerals or
the type of bonding between the metals and the substrate. In the
Concordia mine, the partitioning between the aqueous and solid
phases has been specifically analysed for As, one of the most haz-
ardous pollutants measured in the stream waters (i.e., Nieva et al.,
2016). However the extent of the acid generation as well as the
sources and dynamics of heavymetals have not been determined so
far in the impacted site. Therefore, a detailed chemical and
mineralogical characterization of these residues coupled with lab-
oratory tests was carried out in order to determine the Cu, Zn, Fe
and Pb phase associations as well as to evaluate the capacity for
metal release over time of the mine wastes. In addition, the static
tests ABA and NAGwere conducted in order to determine their acid
generating potential. Our goal is to assess the extent of acid gen-
eration as well as the sources and dynamics of heavy metals in
sediments accumulated in the abandoned tailing dams in the
Concordia mine. The obtained results are a contribution to the
understanding of long term metal transformations and mobility in
mine-impacted sites located in high altitude and arid
environments.
2. Methodology

2.1. Study area

During the Middle Miocene, an important back-arc volcanism
affected the Puna region (Matteini et al., 2002) and produced sig-
nificant volcanic complexes and calderas associated with poly-
metallic mineralization (i.e., Oyarzun et al., 2000; Riller et al., 2001).
This mineralization was typically hydrothermal and spatially and
temporally associated with calco-alkaline magmatism (Hedenquist
and Lowenstern, 1994).

The polymetallic hydrothermal mineralization that was under
production in La Concordia mine, along with other mineral ores
such as La Poma and El Queva, is associated with the volcanic
complex of El Quevar (6130m a.s.l., 24�1803100S; 66�4305000W). This
epithermal deposit (high sulphidation) comprises two cycles of
mineralization, the first one during the Upper Miocene age pro-
duced the Pb-Ag (Zn) mineralization and the second one during the
Pliocene produced Sb-Au mineralization (Zappettini, 1990). The
mining district was discontinuously mined since 1900 until the
middle 19800s, when it was definitively closed without executing
appropriate practices of site remediation.

La Concordia mine is located in the Puna region of Salta prov-
ince, NWArgentina (24º120 S y 66� 24’ W; 4200m a.s.l.), 15 km NW
the village of San Antonio de los Cobres (Fig. 1). The main geological
and climatic characteristics of the study area have been described
elsewhere (i.e., Nieva et al., 2016).
2.2. Field sampling and sample preparation

Mine wastes samples were collected in June 2014 from exposed
weathering profiles in the tailings I and IV (Fig. 1). The sedimen-
tological characteristics of these profiles are described in Nieva
et al. (2016). Briefly, the depth profile in tailing I (Fig. 1a) consists
of a ~200 cm depth succession of clayed silt and sandy layers, that
have been divided into five layers. The two uppermost layers TI-A
and TI-B are unsaturated and completely oxidized. A laterally
discontinuous thin layer (TI-H) acts as a hardpan barrier that sep-
arates the uppermost unsaturated oxidized zone from the bottom
sediments. Below the hardpan level, sediments in layers TI-C and
TI-D are dark and show signs of predominantly reductive condi-
tions. Only the bottom layer TI-D was completely saturated at the
moment of sampling, while the layer TI-C showed some hydro-
morphic features that suggest periodic waterlogged conditions.
Depth profile in tailing IV (Fig. 1b) consists of a ~210 cm depth
succession of coarse to fine sands that were completely dry at the
moment of sampling. Three layers (TIV-A, TIV-B, and TIV-C) were
distinguished in this profile by their color, consistency and grain-
size characteristics. Tailing IV was the first one built nearly 120
year ago. Since then, the accumulated sediments have suffered
intense erosion and washing. Therefore, layer TIV-A represents the
altered remnant portion of the original tailing, while layers TIV-B
and TIV-C correspond to the red conglomerates of the Pirgua sub-
group (Kirschbaum et al., 2012) that cover the creek valley and
underlie the tailings. Unlike the tailing I, a hardpan level has not
been observed in tailing IV, which allowed the oxidation of the
remnant wastes of layer TIV-A.

All samples were collected using a Teflon shovel in order to
avoid metal contamination, double bagged in sealed low O2 diffu-
sion plastic bags and transported to the laboratory at 4 �C. Before
analysis, samples were air-dried and sieved through a 230 mesh;
the fraction <63 mm was used for all determinations and experi-
ments carried out in this work.

Five streamwater samples were collected from the Concordia
Creek, in the stretch affected by the minewastes (ALC 1e4,6), while
one sample (ALC-5) was taken from a small tributary, a few meters
upstream from its confluence with La Concordia creek (Fig. 1). The
streamwater samples were collected in June 2014 when baseflow
conditions prevailed, and in April 2016 just at the end of the wet
period. Thus, sampling is representative of the extreme hydrolog-
ical conditions predominating at the site (Fall-winter mean pre-
cipitation: 3mm; spring-summer mean precipitation: 149mm
(Bianchi and Yanez, 1992)).

Field determinations consisted of pH, electrical conductivity
(EC), total dissolved solids (TDS), temperature, oxidation reduction
potential (ORP), and alkalinity measurements. The pH was
measured using a Metrohm 827 portable pH-meter with a com-
bined electrode and integrated NTC temperature sensor for auto-
matic temperature compensation. The ORP was determined with a
Combined Pt-ring electrode that contains a Ag/AgCl internal
reference electrode. The ORP values were adjusted with respect to
hydrogen electrode and expressed as Eh. Electrical conductivity
(EC) was measured using a Hach portable conductivity meter, and
alkalinity was determined in 100ml samples by titration using
0.16 N H2SO4 and bromocresol green-methyl red as end point in-
dicator (Hach Co).

Immediately after collection, samples were filtered in situ
through 0.22 mm cellulose acetate membrane filters (Millipore
Corp.) and divided into two aliquots. The filtration equipment was
repeatedly rinsed with sample water prior to filtration. Aliquots
used for major cations and trace elements determination (15ml)
were acidified to pH< 2 with ultrapure HNO3 (>99.999%, redis-
tilled) and stored in pre-cleaned polyethylene bottles. The



Fig. 1. Map of La Concordia mine site showing the location of water and sediment sampling points; the insets a) and b) show the main sedimentological characteristics of the
weathering profiles formed in tailings I and IV respectively.
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remaining 20ml aliquot was stored in polyethylene bottles,
without acidifying, at 4 �C for the determination of major anions.
2.3. Acid-generating potential tests

The pH was measured in a paste prepared with ~10 g of sample
and 5ml of MilliQ water, using a Thermo Scientific Orion ROSS®

electrode (Pope et al., 2010). This value indicates whether the



N.E. Nieva et al. / Environmental Pollution 242 (2018) 264e276 267
sample contains readily available acidity or alkalinity. A paste pH
above 7 suggests the presence of reactive carbonate; while a paste
pH below 5 suggests that the material contains acidity from prior
acid generation.

Static tests are empirical procedures usually conducted to pre-
dict the potential of sulphidic wastes to produce acid. The most
common static test is the Acid Base Accounting (ABA; Ferguson and
Erickson, 1988), which is based on the determination of three main
components: 1) acid production; 2) acid consumption; and 3)
calculation of net acid production or consumption using 1) and 2)
(Lottermoser, 2010).

The ABA test involves a determination of the acid-producing
potential and the neutralization capacity of a sample. A common
form of expressing the result is to calculate the Net Acid-Producing
Potential (NAPP) by simple subtraction of the two chemically
determined values:

NAPP¼MPA e ANC (1)

Where MPA is the Maximum Potential Acidity, and ANC is the Acid
Neutralization Capacity. If MPA>ANC, the resulting value for NAPP
will be positive, thus indicating that the sample will be acid
generating; conversely, if MPA< ANC, the NAPP will be negative
indicating that the sample should have some acid-neutralizing
capacity. Occasionally, the Neutralization Potential Ratio
(NPR¼ ANC/MPA) is used to express the results of the ABA test
(Price et al., 1997; Skousen et al., 2002). Values of NPR less than 1
indicate that the sample will eventually lead to acidic conditions
(Sherlock et al., 1995), while a ratio greater than 1 is indicative that
the sample will not produce acid upon weathering.

The MPA corresponds to the maximum amount of H2SO4 pro-
duced by sulphidic wastes and can be calculated directly from total
sulphur (expressed in wt%) multiplied by 31.25 (to convert to Kg
CaCO3 t�1). This calculation assumes that the measured sulphur
content occurs as pyrite (FeS2) which reacts under oxidizing con-
ditions to generate acid, which can then be associated with the
mass of CaCO3 required to neutralize the acid through eq. (2):

2 CaCO3 þ H2SO4 / 2 Ca2þ þ 2 HCO3
� þ SO4

2� (2)

The use of the total sulphur to estimate the MPA is a conser-
vative approach because some sulphur may occur in forms other
than pyrite. Sulphate-sulphur and native sulphur, for example, are
non-acid generating sulphur forms, while some other metal sul-
phides (e.g. covellite, chalcocite, sphalerite, galena) yield less
acidity than pyrite when oxidized. In consequence, in sulphate rich
systems, sulphide-sulphur contents should be better used in MPA
calculations rather than total S (MEND, 1991).

The ANC was determined following the methodology described
in MEND (1991). A known volume of 0.05M HCl was added to
~2.0 g of dried sample. The suspensionwas heated to nearly boiling
and then, a volume of deionized water was added in order to
complete a final volume of 125ml. The obtained suspension was
boiled for 1min and then cooled to room temperature before being
back-titratedwith 0.48MNaOH to pH 7.0. The ANC is reported as kg
CaCO3 t�1.

In addition, the Net Acid Generation (NAG) test directly evalu-
ates the generation of sulphuric acid by the accelerated oxidation of
sulphides present in the samples. A final NAG pH greater than or
equal to 4.5 classifies the sample as non-acid forming. A final NAG
pH less than 4.5 confirms that sulphide oxidation generates an
excess of acidity and classifies the material as higher risk (Schafer,
2000; Liao et al., 2007).

To perform the NAG test, 250ml of 15% H2O2was added to ~2.5 g
of pulverized sample; the suspension was placed inside a fume
hood for 24 h and then boiled for 1 h. After cooling to room tem-
perature, the final pH (NAGpH) was recorded.

2.4. Acid mine-drainage index

The acid mine-drainage index (AMDI) proposed by Gray (1996)
was calculated in order to compare the impact of AMD in the study
area with other AMD-impacted sites around the world. For calcu-
lation, seven parameters (qi) considered as the most indicative of
AMD contamination (i.e. low pH, high sulphate and associated
cations) and their respective weightings (wi) are used (Table SF-1).
Weighting express the relative indicator value of each parameter,
estimated by consideration of (a) the concentration of parameters
in raw and diluted AMD, (b) their sorption properties, (c) the effect
of neutralization on concentration, (d) the relevance of concen-
tration to AMD formation, and (e) detection limits of the analytical
procedures used. The AMDI score is calculated using equation (3):

AMDI¼ [
P

(qiwi)]2 / 100 (3)

Where qiwi are the water quality ratings of the parameter listed in
Table SF-1. The AMDI values range from 0 to 100, with values closer
to 0 corresponding to raw AMD or to highly contaminated waters
(Table SF-2).

2.5. Chemical analysis

2.5.1. Bulk chemical composition and density of sediments
The near-total chemical composition of the tailing's layers was

determined in sediment extracts obtained after acid digestion.
Briefly, a 0.25 g split is heated in HNO3-HClO4-HF to fuming and
taken to dryness. The residue is dissolved in HCl and solutions are
analysed by ICP-OES (Spectro e model Arcos). The accuracy of the
results for major, minor, and trace elements was checked against
measurement of OREAS25A-4 A and OREAS45E standards, which
were carried out along with sample analysis.

Sulphide-sulphur was determined by adding 50ml of 30% H2O2
to ~2 g of the sieved samples; the obtained suspensions were
placed inside a fume hood for 24 h and then boiled for 1 h. Then, the
suspensions were centrifuged at 5000 rpm for 15min and then
filtered through a 0.22 mm cellulose membrane filter for the anal-
ysis of S as SO4

2� by ion chromatography.
The density of sediments accumulated in the study tailings was

determined following the pycnometer method based on Blake and
Hartge (1986) and Flint and Flint (2002).

2.5.2. Chemical composition of streamwater
Anions (Cl�, F�, NO3

�, and SO4
2�) in streamwater samples were

determined by chemically suppressed ion chromatography with
conductivity detection (Thermo Scientific™Constametric 3500),
while cations and trace elements were measured by ICP-MS (Agi-
lent 7500cx). Deionized water (18MUcm MilliQ, Millipore Corp.)
was used for all solutions and dilutions. Detection limits were 0.16,
0.15, 0.17 and 0.07mg L�1 for Cl�, F�, NO3

�, and SO4
2� respectively.

For all elemental determinations performed by ICP-MS, cali-
bration curves were run before and after each sample series (8e10
samples including blanks and in-between calibration checks). The
calibration solutions covered the range of concentration in the
samples and were prepared in ultrapure 2% HNO3 from certified
stock solutions. Sample blanks were run to correct background
effects on instrument response. Metal concentrations in samples
were calculated using the ChemStation spectrometer software.
Detection limits were calculated as three times the instrumental
standard deviation obtained after 10 replicates of blank solutions.
Detection limit was 10.0, 0.3, 1.0, and 0.5 mg L�1 for Fe, Cu, Zn, and
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Pb respectively.

2.6. Sequential extractions

The procedure of sequential extractions proposed by Dold
(2003) specifically for sulphide mine wastes, was conducted in
order to identify metal's associations with the following phases: 1)
water soluble; 2) weakly adsorbed elements; 3) Fe (III) oxy-
hydroxides (i.e., ferrihydrite; schwertmannite, etc); 4) Fe (III) ox-
ides (goethite, hematite, jarosite, etc); 5) primary sulphides. The
details of the procedure are shown in Table SF-3. The metal content
that remained in the residual fractionwas calculated as: [metal]near-
total e S[metal]steps1-5. After each extraction, samples were centri-
fuged at 4000 rpm for 15min. The obtained supernatants were
filtered using 0.22 mm cellulose membranes and the chemical
composition was determined by ICP-OES. Detection limit was 10.0,
2.0, 5.0, and 10.0 mg L�1 for Fe, Cu, Zn, and Pb respectively.

2.7. Batch leaching experiments

Batch experiments were performed in order to evaluate the
release of metals throughout time in milliQ water. The experiments
were carried out by suspending ~1.0 g of dry sample in 50mL of
milliQ water (pH 6.5) and continuously shaking with a rotator
shaker. The suspensions were completely withdrawn after 1, 2, 5,
and 10 h and 1, 3, 8, 15, 30, 84, 125, 176, 216, 306,366, 456, 576, and
666 days of the start of the experiments, centrifuged at 5000 rpm
for 15min and then filtered through a 0.22 mm cellulose membrane
filter for chemical analysis. The pH of the suspensions at the end of
each step was measured before separating the supernatant. In all
cases, the final pH dropped to <4.0. After each extraction step, the
residue was re-suspended in 50mL of milliQ water (pH 6.5) and the
procedure was repeated until the end of the experiment. Trace el-
ements were analysed in acidified dilutions (1% HNO3) by ICP-MS.
Detection limit was 10.0, 0.3, 1.0, and 0.5 mg L�1 for Fe, Cu, Zn, and
Pb respectively.

2.8. X-ray diffraction and SEM/EDS

Minerals in the <63 mm size-fraction of the samples were
identified by X-ray diffraction (XRD) and scanning electron
microscopy/energy-dispersive X-ray spectroscopy (SEM/EDS)
measures. The XRD analysis was performed with a PANalytical
X'Pert Pro diffractometer operating at 40 kV and 40mAusing Cu-Ka
radiation. The XRD data were obtained for random samples in the
2q range from 5 to 70� (step size: 0.02; 3 s/step) with a detection
limit of 1%. Phase identification was carried out using the X'Pert
High Score Plus v3.0e software package by PANalytical.

SEM/EDS analysis was performed with a Carl Zeiss Sigma FE-
Scanning Electron Microscope. Samples (gently disaggregated
with a pestle and mortar) were mixed with Epofix resin and
hardener. The samples were left within a pressure vessel for
approximately 12 h before being backfilled with araldite resin, and
cured in a drying oven (50 �C, �4 h). Once set, the sample was
polished and subsequently carbon coated before being measured.
In addition, SEMwas coupled with focused energy dispersive X-Ray
analysis (EDS, AZTec. Oxford) in order to perform the elemental
semi-quantification.

3. Results and discussion

3.1. Acid-generating potential

Statics tests (paste pH, ABA and NAG) were conducted in order
to define the potential acidity generated by the mine wastes
accumulated in tailings I and IV. The obtained results are shown in
Table 1.

Paste pH varied between 1.4 and 3.7 in all layers of tailings I and
IV, revealing the elevated acidity of the system. In general, paste
pHs increase with depth in both tailing profiles.

Due to the high proportion of sulphate minerals identified in the
uppermost layers of both tailings (Nieva et al., 2016) calculations
using the total S content lead to significantly overestimated MPA
values. In order to overcome this, the MPA values shown in Table 1
were calculated on the basis of the sulphide percentages. The ob-
tained results reveal thatMPAvalues increasewith depth in tailing I
from 12.5 to 96.9 kg CaCO3 t�1, while in tailing IV these values are
markedly lower and vary from 0.9 to 1.6 kg CaCO3 t�1. The values of
the ANC are negative in both tailings (Table 1), which is in accor-
dance with the complete absence of acid-neutralizing minerals
such as calcite in the sediments. Negative ANC values, thus deter-
mine highly positive values of NAPP (ec. 1).

When the corresponding values in Table 1 are expressed in
terms of the amount of generated H2SO4 (Kg H2SO4 t�1¼ %S(II) x
30.6), the results suggest that the oxidation of sulphides in sedi-
ments of tailing I may release from ~32.7 to nearly 171 kg H2SO4 t�1.
The amount of acidity generated by sulphide oxidation in Tailing IV
is much lower and varies from 6 to ~9 kg H2SO4 t�1.

The total amount of CaCO3 required to neutralize the H2SO4 that
could be potentially generated by sulphide oxidation in the studied
tailings can be constrained on the basis of the ABA results, the di-
mensions of each layer in tailings I and IV and their corresponding
densities. Table SF-4 summarizes the data used for this calculation
and the obtained results reveal that the estimated amount of
acidity (expressed in terms of tons of CaCO3) generated by La
Concordia wastes is about 375 t just considering the impact of
tailings I and IV. Because tailing II and tailing III (not described in
this work) have characteristics similar to those of tailing I, it could
be reasonably to estimate that the acidity potentially generated by
these wastes may account for about 1100 t of CaCO3.

Results of the NAG test are in agreement with those of the ABA
test. The pH values recorded at the end of the test (final NAGpH) are
lower than 4.5 in all samples (Table 1) indicating that these sedi-
ments are acid-producers.

The geochemical classification plot proposed by Smart et al.
(2002), combines NAG and NAPP values to evaluate the potential
of a sample to generate acid (Figure SF-1). According to this, the
studied wastes classify as potentially acid forming (PAF field),
indicating that they are likely to generate acidic drainage when
exposed to atmospheric conditions.

3.2. Metal concentrations and phase associations

The bulk chemical composition of the layers described in tail-
ings I and IV has been previously reported (Nieva et al., 2016), while
the near-total concentration of Fe, Cu, Zn and Pb are reported in
Table SF-5. Most elements in tailing TI are enriched in layers TI-B
and TI-H (Fig. 2a), while they are markedly depleted in the layer
located just beneath the hardpan (TI-C).

Cu and Zn are mainly associated with the soluble fraction. The
proportions of these soluble phases are rather constant throughout
the profile (Table SF-3) with values that vary from ~62 to 69% and
from ~64 to 73% of Cu and Zn, respectively. However, the soluble Cu
and Zn phases account for just 21% and 15% of the near-total con-
centration respectively in the hardpan layer (TI-H), where these
two elements remain preferentially associated with the residual
fraction (~76 and ~82% of the near total concentrations of Cu and Zn
respectively). Acid soluble Cu/Zn hydroxysulfates minerals,
commonly associated with sulphidic mine wastes (Hammarstrom
et al., 2005) may account for the metal concentrations measured



Table 1
Paste pH and results of acid base accounting (ABA) and NAGpH tests performed in samples of tailings I and IV. (*) Calculated on the basis of S(II) contents.

Sample ABA NAG

Depth Paste pH S S(II) MPA (*) ANC NAPP NAGpH

(cm) (%) (%) (Kg CaCO3 t�1)

Tailing I
TI-A 0e60 1.88 2.1 0.4 12.5 �20.4 32.9 2.2
TI-B 60e80 1.49 5.1 0.4 12.5 �24.8 37.3 2.3
TI-H 80e90 1.40 5.8 2.0 62.5 �104.2 166.7 2.1
TI-C 90e116 2.02 1.6 1.6 50.0 �63.6 113.6 2.6
TI-D 116e189 2.34 3.1 3.1 96.9 �76.3 173.1 2.4
Tailing IV
TIV-A 0e60 2.47 0.8 0.05 1.6 �5.94 7.5 2.6
TIV-B 60e105 2.98 1.6 0.05 1.6 �4.62 6.2 2.9
TIV-C 105e205 3.68 0.7 0.03 0.9 �8.34 9.3 2.6
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in this fraction. In the remaining layers, the residual Cu/Zn phases
are the next more important after the water soluble fraction.

The associations of Fe with the extracted fractions are slightly
different to the ones described for Cu and Zn. The proportion of Fe
associated with the water-soluble fraction is not dominant as in the
case of Cu and Zn, but still important. The concentrations of the
water-soluble Fe phases are likely derived from the dissolution of
the highly soluble salts rozenite and melanterite, already identified
by XRD in the uppermost layers of tailing I (Nieva et al., 2016).
Although the proportion of the soluble fraction slightly decreases
with depth, the highest accumulation of Fe-soluble phases occurs
at ~60 cm depth, in the layer TI-B. This is likely associated with the
mechanisms that control the precipitation of salts by evaporation in
the study area. Bea et al. (2010) have modeled this process in tail-
ings accumulated in an arid region of Chile and suggest that the low
relative humidity during the summer causes evaporation, making
water flow upwards. Solute concentrations in the upflowing water
are dramatically increased, triggering the precipitation of salts and
the formation of efflorescent crusts. Progressive evaporation leads
to reduced pore-water content and thus prevents upward fluxes.
Therefore, the evaporation front is slightly displaced downwards,
where efflorescences continue to grow within the pore volume.

The presence of amorphous and crystalline Fe (hydr)oxides and
Fe(III) hydroxysulfates throughout the profile determines the
elevated proportions of Fe associated with the oxidizing fractions
(Fig. 2a; Table SF-5). These amorphous and crystalline oxides are
common products of the pyrite oxidation (e.g., Lottermoser, 2010).
Finally, a minor proportion of Fe is associated with primary sul-
phides identified by SEM/EDS as sub-euhedral crystals of pyrite and
arsenian pyrite throughout the profile and with silicates such as
biotite and amphiboles derived from the weathering of the dacite
dome, one of the host rocks of the mineralized vein.

Unlike Cu, Zn and Fe, bulk Pb concentrations show little varia-
tion in the tailing I sequence, with the exception of layers TI-A and
TI-C where this element is moderately depleted (Fig. 2a). Lead oc-
curs mostly as a weakly adsorbed species along the weathering
profile, except in layer TI-B where residual Pb dominates (Table SF-
3). This in consonance with a number of XAFS studies of Pb2þ in
mine wastes that have found clear evidence for significant Pb2þ

adsorption onto Fe and Mn (hydr)oxides as well as on humic ma-
terials (e.g., Hesterberg et al., 1997; O'Day et al., 1998, 2000). Pb-
bearing salts, such as anglesite (Fig. 3a) are sparingly soluble in
water and therefore, the association of this element with the sol-
uble fraction is low and nearly constant throughout the profile (~6%
of the near total Pb concentration, Table SF-3). The proportion of Pb
associated with primary sulfides increases in depth, where crystals
of galena have been frequently observed (Fig. 3b). The high pro-
portion of Pb in the residual fraction is in agreement with the
limited mobility of this element and its capacity of being included
as an impurity within the structure of silicates such as zircon
(Watson et al., 1997) and feldspars (Cherniak, 1995).

The profile sampled in tailing IV shows the transition between
the mine waste sediments accumulated at the bottom of the dam
and the coarse sands and conglomerates of the Pirgua subgroup
that underlies the tailing's dams. Therefore, metal concentrations
and solid speciation across this profile may reveal the dispersion of
metals that result from the interaction between infiltrating water
and the basal sediments of the site.

The near-total concentrations of Cu, Zn and Pb in the tailing IV
profile are about one order of magnitude lower than the corre-
sponding concentrations determined in tailing I, whereas the Fe
near-total concentrations are in the same range in both tailings
(Fig. 2b). Lower metal concentrations in layer TIV-A than those
measured in tailing I indicate that wastes in tailing IV have been
more intensively leached out. The in-depth distribution of bulk
metal concentrations and the solid associations shown in Fig. 2b
suggest that metals released to the infiltrating water as a conse-
quence of the alteration of the mine wastes in layer TIV-A are likely
transported downward in solution and retained in the sediments of
the Pirgua subgroup by precipitation and/or adsorption onto clay
minerals or Fe (hydr)oxides.

Although the proportion of soluble Cu and Zn phases are
important throughout profile IV, they are not dominant as in the
case of tailing I (Fig. 2b, Table SF-5). Soluble salts of Cu and Zn have
been observed by SEM/EDS and consist mostly of Cu and Zn sul-
fates. Interestingly, these soluble salts accumulate in the bottom
layer TIV-C, located just above the water table level. On the other
hand, Cu seems to be highly scavenged by clays and amorphous and
crystalline Fe oxides, particularly in the finest grain-sized sedi-
ments of the Pirgua subgroup (layer TIV-B) while the proportion of
Zn associated with these phases is less important across the profile.
A dominant proportion of Zn is associated with the reducible
fraction in layer TIV-A, which suggests that Zn sulphides are in
some extent more resistant to weathering than Cu sulphides.
Finally, the proportions of Cu and Zn associated with the residual
fraction could be assigned to acid soluble hydroxysulfates and some
other resistant minerals present in the regional rocks.

A major proportion of Fe remains associated with the residual
fraction in tailing IV and therefore, it is mostly present in the rock-
forming minerals of the dacite dome such as biotite, hornblende
and pyroxenes. The next more abundant Fe phase corresponds to
amorphous and crystalline (hydr)oxides that are frequently found
in the form of red coatings covering the tailings walls and precip-
itated onto mineral surfaces or rock fragments (inset, Fig. 1).
Plumbojarosite (PbFe3(SO4)4(OH)12) that has already been identi-
fied in all layers in tailing IV (Nieva et al., 2016) also accounts for Fe



Fig. 2. Distribution of the near total Cu, Zn, Fe and Pb concentrations and phase associations determined in the sequential extraction experiments along the profile of a) tailing I and
b) tailing IV.
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Fig. 3. SEM images and EDS spectra of some minerals identified in tailings sediments. a) subhedral crystal of anglesite; b) anhedral crystals of galena; c) cubic crystal of pyrite.
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associated with this fraction. Euhedral cubic crystals of pyrite
(Fig. 3c) frequently observed in these sediments account for the
proportion of Fe associated with primary sulphides indicated in
Fig. 2b. Finally, the proportion of Fe associated with soluble Fe salts
is the least abundant and it increases with depth.

The proportion of water soluble Pb accounts for ~5% of the near-
total Pb concentration in the uppermost layer of tailing IV, while it
is nearly negligible in the bottom layers (Table SF-5). This suggests
that Pb released after the oxidation of galena and/or some other
polymetallic sulphides in layer TIV-A is rapidly scavenged by
adsorption onto Fe (hydr)oxides during the downward movement
of water. Another important proportion of Pb is associated with the
residual fraction indicating that this element is present as an im-
purity in the regional rock-forming minerals.
3.3. Release of metals with time

Figs. 4 and 5 illustrate the results obtained in leaching experi-
ments performed with the suspensions of the studied sediments.
The release of all elements show a general trend characterized by a
rapid increase in all aqueous concentrations during the first hour of
sediment-water interaction followed by a decline in the release
rates thereafter.

The accumulated metal concentrations released after >600 days
of sediment-water interaction from mine wastes of tailing I were
the highest in suspensions of the layer TI-B, while the lowest values
corresponded to those registered in suspensions of TI-C for all
metals except Pb. Among the analysed elements, Cu, Zn, and Fe are
the more readily mobile as more than 60% of their near-total con-
centrations was released until the end of the experiments.
Conversely, the proportion of Pb released to water was the lowest,
typically <10% of its near-total content, but it may reach values as
high as 25e48% in layers TI-B and TI-D respectively. The absolute
concentrations of Fe released during the experiments were the
highest in all layers.

The concentrations of metals released from mine wastes and
sediments of the tailing profile IV after >600 days of sediment-
water interaction were remarkably lower than those measured in



Fig. 4. Cumulative release of Cu, Pb, Zn and Fe with time measured in suspensions of sediments sampled from tailing I in MilliQ water. Note that log scale is used for both axes. The
curves drawn through the measured points are indicative only of the general trend followed by the samples. %RSD: 1.97 (Pb); 0.77 (Fe); 2.41 (Cu); 2.03 (Zn). White circles: Zn; black
circles: Pb; white triangles: Cu; black triangles: Fe.
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wastes of tailing I. Among the analysed metals, Cu and Zn were
released in elevated proportions from all layers, while the highest
Pb concentrations were released from layer TIV-A (~70% of the
corresponding near-total concentration). The proportion of Fe
released from the two uppermost layers was ~1.5%, while it reached
28% of the respective near-total content in the bottom layer.

The general trend of release described above shows particular
features among the analysed elements. Cu and Zn follow a similar
trend in most layers of the studied tailing profiles. As seen in Figs. 4
and 5, a rapid increment in the aqueous concentrations of these
elements occurs in the first 3 h of sediment-water interaction and
then, equilibrium conditions are reached, suggesting that these
elements are contributed from the rapid dissolution of the Cu- and
Zn- bearing (hydrous)sulfates disseminated within the sediment's
matrix. The release of these elements in layers TI-H and all layers of
tailing IV also follows this trend until 10e15 days of sediment-
water reaction when new contributions from less soluble phases
occur. A longer exposure to water probably enhances some other
mechanisms of release, such as desorption or dissolution of less the
soluble hydroxysulfates.

The salts of Pb are sparingly soluble and thus, the elevated
concentrations of this element released in the first hour of
sediment-water interaction should be likely due to contributions
from desorption rather than form dissolution of Pb-bearing min-
erals. This phase seems to be the unique contribution to the pool of
aqueous Pb concentrations in all layers of tailing I, except layer TI-B.
In this layer and in all layers of tailing IV, increasing Pb concen-
trations are observed after 5 h and ~3 days of leaching. During this
second stage, the rates of release become slower, likely represent-
ing the dissolution of less soluble Pb salts. Equilibrium conditions
are reached after 10e30 days, except in layers TI-B and TIV-B where
Pb concentrations still increase until the end of the experiment.

With the exceptions of layers TI-H, TI-D and all layers in tailing
IV, the release of Fe occurs in the first hour of water-sediment
contact, and likely corresponds to the dissolution of the highly
soluble (hydrous)sulphates rozenite and melanterite disseminated
within the wastes. No other contributions of Fe were observed until
the end of the experiment. In TI-H, TI-D and TIV-A, contributions of
Fe from less soluble phases are observed after ~15 days of leaching.
These contributions could be mostly associated with the dissolu-
tion of jarosite, szomolnokite or amorphous Fe (hydr)oxides min-
erals. Finally, low contributions of Fe are detected after ~100 days of
leaching in these layers and in layers TIV-B and TIV-C that may
likely represent the release of dissolved Fe by sulphides oxidation
or by the hydrolysis of Fe-bearing silicates.

The observed trends suggest that when mine wastes interact
with water in an oxidizing environment, a near immediate (less
than 1 h) release of metals associated with readily soluble salts
occur, thus producing a rapid increment in the metal concentra-
tions of the infiltrating water. A longer exposure to water seems to



Fig. 5. Cumulative release of Cu, Pb, Zn and Fe with time measured in suspensions of sediments sampled from tailing IV in MilliQ water. Note that log scale is used for both axes. The
curves drawn through the measured points are indicative only of the general trend followed by the samples. %RSD: 1.97 (Pb); 0.77 (Fe); 2.41 (Cu); 2.03 (Zn). White circles: Zn; black
circles: Pb; white triangles: Cu; black triangles: Fe.
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enhance the release of metals from less mobile phases, likely by
desorption from Fe (hydr)oxides sites and/or by dissolution of less
soluble phases such as metal hydroxysulfates. In exposure times
longer than ~120 days, low increments in metal concentrations
with time are likely due to contributions from oxidation of the
remnant metal sulphide grains and/or the hydrolysis of silicate
minerals.
3.4. Acidity and metal concentrations in the La Concordia stream

The weathering of the studied mine wastes has a direct impact
on the physico-chemical characteristics of the La Concordia creek,
as revealed by the parameters determined in the stream water
samples collected along the affected stretch, and shown in Table 2.

Low pH values prevail in the stretch affected by the mine wastes
with values that ranged between 3.15 and 3.70. This acidic range of
pH values remains nearly constant in the studied ~1 km length
stretch in both periods of sampling. The electrical conductivity (EC)
is elevated and also remains nearly constant in the flow direction.
The EC values are controlled by the hydrological conditions in the
basin, as the average values were slightly lower at the end of the
humid period (1.84± 0.2mS cm�1) than those measured under
baseflow conditions (2.25± 0.1mS cm�1). Similarly, redox condi-
tions were slightly more oxidizing in April 2016 than in June 2014.

The relative concentration of major cations along the analysed
stretch was Naþ>Mg2þ> Ca2þ> Kþ, while SO4
2� is the dominant

anion in the entire section. In general, solute concentrations were
more diluted at the end of the wet period (April 2016).

The acid mine drainage index (AMDI) values calculated for La
Concordia water samples are reported in Table 3a. Final scores
reveal that, under baseflow conditions, water quality is highly
impacted by direct contributions of AMD with little or no dilution
in the stretch located immediately downstream the mine adit and
adjacent to tailing I. Only the sample collected ~75m upstream the
mine adit discharge (ALC-5) shows a higher score, likely because it
is not directly impacted by the wastes leachates. The AMDI values
calculated for the humid period (Table 3b) are slightly higher than
those in the dry season, thus revealing the dilution effect due to
increased runoff and groundwater discharge. Whatever the hy-
drological period, the scores determined in La Concordia creek are
low when compared with the scores calculated in other impacted
mine sites in the world (e.g., Soltani et al., 2013) and reveal the low
capacity for natural attenuation of the system.

Although the waters of the Concordia stream are not used
directly for drinking water supply, this stream flows into the San
Antonio River, whose waters constitute the main source of water
supply for the town of San Antonio de los Cobres. Therefore, metal
concentrations are referred to national and international guideline
values for drinking waters. As seen in Table 2, metal concentrations
exceed the recommended guideline value for drinking waters set



Table 2
Chemical composition of water samples collected in the impacted stretch of La Concordia creek on a) June 2014 and b) April 2016. bdl: below detection limit; nd: not
determined.

a)

Sample pH Conductivity Eh Naþ Kþ Mg2þ Ca2þ Cl� SO4
2- HCO3

� Fe Pb Cu Zn

mS cm�1 mV mgL�1

ALC1 3.21 2.42 353 43.1 15.4 43.0 40.3 21.1 1258.5 bdl 235.9 1.58 1.21 28.7
ALC2 3.56 2.35 385 45.6 14.1 47.9 43.1 26.9 1728.6 bdl 245.8 1.34 1.43 32.03
ALC3 3.66 2.18 410 36.8 5.7 38.6 34.8 23.2 1311.9 bdl 72.68 0.62 3.79 28.41
ALC4 3.25 2.32 311 38.7 14.4 38.7 35.1 26.4 1525.7 bdl 219.7 1.44 1.16 27.3
ALC5 3.21 nd nd 28.9 4.9 21.0 19.4 17.6 706.6 bdl 7.71 0.25 1.85 15.83
ALC6 3.18 1.98 456 38.0 5.3 43.3 39.7 26.9 1634.8 bdl 17.33 0.08 3.85 27.85

b)

Sample pH Conductivity Eh Naþ Kþ Mg2þ Ca2þ Cl� SO4
2- HCO3

� Fe Pb Cu Zn

mS cm�1 mV mgL�1

ALC1 3.70 1.70 436 26.47 5.64 21.24 9.71 31.07 1005.49 bdl 32.05 0.75 3.96 13.92
ALC2 3.30 1.97 382 23.42 8.47 21.98 11.03 17.95 845.18 bdl 99.25 0.55 0.42 11.77
ALC3 3.42 1.95 406 19.62 4.11 19.78 10.26 23.20 1111.22 bdl 28.06 0.15 1.65 12.68
ALC4 3.45 1.94 355 35.33 13.78 33.39 16.81 23.70 1169.20 bdl 158.25 0.80 0.59 17.71
ALC5 3.15 1.55 542 30.61 3.05 23.84 9.99 16.79 675.18 bdl 5.38 0.05 1.83 17.14
ALC6 3.29 1.98 445 41.03 8.65 41.24 19.76 38.74 1354.96 bdl 25.17 0.16 3.44 25.15

Table 3
Acidmine-drainage index (AMDI) inwater samples collected in the impacted stretch
of La Concordia creek on a) June 2014 and b) April 2016.

a)

Parameter Weighting ALC1 ALC2 ALC3 ALC4 ALC5 ALC6

(wi) June

pH 0.2 8 10 10 8 8 8
SO4 (mg/l) 0.25 6 4 6 5 15 4
Fe (mg/l) 0.15 6 6 9 6 12 11
Al (mg/l) 0.1 7 7 7 7 7 6
Zn (mg/l) 0.12 6 6 6 6 7 6
Cd (mg/l) 0.1 5 6 6 6 6 6
Cu (mg/l) 0.08 6 6 6 6 6 6
S (qiwi score) 44 45 50 44 61 47
Final Score 19.3 20.2 25.0 19.3 37.2 22.1

b)

Parameter Weighting ALC1 ALC2 ALC3 ALC4 ALC5 ALC6

(wi) April

pH 0.2 11 9 9 9 8 8
SO4 (mg/l) 0.25 13 14 7 7 15 6
Fe (mg/l) 0.15 10 9 10 7 12 10
Al (mg/l) 0.1 6 9 7 8 6 6
Zn (mg/l) 0.12 7 7 7 7 7 6
Cd (mg/l) 0.1 6 7 7 7 7 6
Cu (mg/l) 0.08 9 10 6 7 6 6
S (qiwi score) 62 65 46 52 61 48
Final Score 38.4 42.25 21.2 27.04 37.2 23.0
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by the Argentinean and international regulations (i.e., C�odigo
Alimentario Argentino, CAA, 2007; WHO, 2004) in both sampling
periods. Dissolved Fe concentrations are from one to three orders of
magnitude higher than the CAA guideline value (0.3mg L�1) and
they show a general trend of decreasing concentrations down-
stream. Even though Fe concentrations at the end of the wet period
are much lower, they still exceed the guideline requirements for
drinking water.

Lead concentrations are up to 30 times higher than the rec-
ommended guideline value (0.05mg L�1). Like iron, concentrations
of Pb decrease in the flow direction and also in the wet season, but
they are never below the drinking water requirements. The con-
centrations of Cu exceed the corresponding CAA guideline value for
drinking water (1.0mg L�1) along the analysed stretch during the
dry period, while in the wet season some concentrations meet the
CAA requirements. During the dry season, Cu concentrations are
high and rather constant along the stretch, while at the end of the
wet season, concentrations are spatially variable. Similarly, Zn
concentrations are from twice to nearly six times higher than the
recommended maximum concentration for drinking water
(5.0mg L�1). The measured contents are higher during the dry
period than at the end of the wet season but the spatial variability
of concentrations is limited in both periods.
4. Conclusions

After more than three decades of exposure to surficial condi-
tions, mine wastes accumulated in tailing dams in the La Concordia
mine have been strongly weathered. The oxidation of primary
sulphides, mainly pyrite and arsenopyrite, led to the formation of
Fe (hydrous)sulphates, Fe/Al hydroxysulphates as well as Fe (hydr)
oxides that precipitated in the form of crusts at the tailings‘ surface,
as disseminated salts in the uppermost layers of the tailings, or as
red coatings covering the exposed tailings' walls. In addition, a
highly acid drainage rich in Fe, Cu, Pb and Zn is generated during
such process and leaks into La Concordia, the small creek that
crosses the site. As a consequence, the water quality is affected,
having low pH values (i.e., pH< 4) and concentrations of metals
that exceed the guidelines values for drinking water. Metal con-
centrations are slightly lower during the wet season (April) than
during the dry season (June), but concentrations are not signifi-
cantly different likely because annual rainfall is too low to produce
important dilution in ionic concentrations. Although AMDI values
reveal a slight improvement in the water quality during the wet
season, the scores are still very low when compared with some
other mine impacted sites around the world revealing the low ca-
pacity for natural attenuation of the system.

The acid generating potential tests performed with wastes
accumulated in the tailing dams of La Concordia mine indicate that
about 1100 t of CaCO3 are required to neutralize the acidity gener-
ated by sulphide oxidation in the site. In addition, these wastes
have the potential of releasing elevated concentrations of heavy
metals to la Concordia Creek. The more labile fraction is composed
of highly soluble efflorescence salts formed by the intense evapo-
ration that dominates in this arid and high altitude region. These
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salts consist of Fe and Mg (hydrous)sulphates and they play an
important role in the control of metal mobility, as they rapidly
dissolve in contact with water releasing Fe, but also Cu and Zn
usually scavenged by such minerals. These salts form salt crusts
that cover the entire site, but also precipitate deeper into the pores
of the sediment after progressive evaporation cycles. Another
important proportion of the analysed metals, particularly Pb, is
adsorbed onto Fe (hydr)oxides, thus representing a hazardous
reservoir with the potential of mobilizing metals into porewaters
and streamwaters with changes in pH and redox conditions. The
increment in metal concentrations after exposure of wastes to
water for nearly two years, reveal that an important proportion of
metals associated with less labile phases can be released to water
more slowly and therefore, must be considered as a long term
source of heavy metal pollution.

The prevalence of the hardpan layer in three of the four tailings
dams at the La Concordia site has prevented bottom sediment from
oxidizing and, therefore, the more labile phases of heavy metals
have remained accumulated in the layers immediately above the
hardpan. On the contrary, in tailing IV, the lack of the hardpan layer
promoted the complete oxidation and the partial removal of the
mine wastes by erosion allowing the infiltration of metal-rich so-
lutions towards the riverbed sediments, where heavy metals
mainly precipitate in the form of highly soluble salts or remain
attached to Fe or Mn (hydr)oxides.

The Puna is an environmental fragile region with valuable eco-
nomic resources and of great ecological importance in the world.
Thus, the metal sulphide mine wastes abandoned without a proper
treatment in a number of small prospects across this large region of
South America, represent hazardous sources of metals and acidity
that require urgent remediation practices.
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