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from northwest of Seville to south of Lisbon. The IPB has 
being exploited for over 4500 years (Leblanc et al. 2000). 
Tartessos, Phoenicians, Carthaginians, Romans, and oth-
ers all mined it, although the greatest boom in production 
took place in the nineteenth and twentieth centuries, mainly 
due to British and French interest (Carrasco 2000; Flores 
Caballero 1983). As a result, there are 88 mines within the 
Spanish sector of the IPB (Pérez-Ostalé et al. 2013) and 
acid mine drainage (AMD) discharges into the watercourses. 
There are open pits, wells, galleries, tailing dams, mining 
facilities, and waste dumps, the latter being the main source 
of contamination, especially when they were abandoned or 
improperly closed (Loredo and Pendás 2005). Recently, min-
ing has resumed in the IPB due to the demand for copper in 
emerging countries (Grande et al. 2014).

Figure 1 shows the river network and the inventoried 
mines in the IPB. The affected river network includes, as 
major receptors, the Chanza, Odiel, Tinto, and Guadiamar 
Rivers. Most of the mines are abandoned; only the Cobre 
las Cruces and Aguas Teñidas mines are operating, though 
others may reopen.

The IPB is a unique AMD-generating source due to the 
magnitude and ubiquity of the AMD discharges in this met-
allogenic province. The Water Framework Directive of the 
European Union and the hydrological plans of the Tinto, 
Odiel and Piedras rivers basins require that some of the riv-
ers in the area have “a good ecological status” and a water 
quality that will support fish (salmonids and cyprinids) by 
2027. Thus, an accurate inventory of the pollution and an 
evaluation of the impacts of each mining site in the river 
network were necessary and a hydrochemical characteri-
zation of the mining leachates and receiving streams was 
performed for the entire province. The cause–effect rela-
tionships between processes (namely the significance of the 
waste dumps as AMD-generating sources) and consequences 

Abstract The aim of this study was to chemically charac-
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Introduction

The Iberian Pyrite Belt (IPB) is one of the most important 
metallogenic provinces in the world, and one of the world’s 
largest sulphide deposits (Leistel et al. 1998). This geo-
logic formation is located in southwestern Europe (Fig. 1), 
extending over 230 km with an average width of 30 km 
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(degree of contamination of the water system, as indicated 
by pH, sulfate and metal load) were defined at the watershed 
level.

Methodology

The AMD-generating sources and the main watercourses 
were characterized using a sampling network that spanned 
the entire province. This network comprises two groups of 
sampling points (Fig. 1). The first group corresponds to 
the mining leachates. At each mine, a sampling site was 
established at the base of each waste dump, because they 
have been shown to be the main sources of AMD (Sáinz 
1999; Pérez-Ostalé et al. 2013). In general, water upwelling 
through wells and galleries is negligible for this area. The 
two operating mines were not included in the sampling 
network because, within the current legal framework, they 
must recycle all of the water used in the mining process and 
obtain a permit for any discharges into the river network. 

This requires that they implement water treatment systems; 
hence, they will not generate AMD.

The second group of sampling points was located in each 
major watercourse, downstream of the AMD sources, and 
represents the temporary receiving system. Nine sub-basins 
were defined under the scope of this work for the Spanish 
sector of the IPB: Trimpancho, Malagón, Cobica, Meca, 
Oraque, Olivargas, Odiel, Tinto, and Guadiamar. Although 
in previous work (Grande et al. 2010a; Sarmiento 2007), the 
Olivargas sub-basin was not considered to be a sub-basin of 
the Odiel River, it was treated as such in this study based 
on the potential hydrogeochemical effects associated with 
existing mining, i.e. Aguas Teñidas.

A sampling campaign was performed during the hydro-
logical year 2012/2013, in the rainy season; water samples 
were collected daily in March 2013. This was a critical con-
dition for production of leachate in all of the mined areas, 
since leaching occurs only briefly after rain at some of the 
smaller mine waste dumps. The pH, temperature (T), electri-
cal conductivity (EC), and total dissolved solids (TDS) were 
measured in situ three times consecutively to avoid errors, 

Fig. 1  Location map showing the river network and the sampling sites
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using a multi-parametric portable device (CrisonMM40). At 
each point, two water samples were taken in polyethylene 
sterilized containers of 100 and 200 mL. Nitric acid at 1% 
concentration was added to the 200 mL sample, to maintain 
a pH below 2, to prevent metal precipitation. The other sam-
ple was not acidified to allow for subsequent sulfate analysis. 
The samples were placed at 4 °C in a portable cooler for 
transportation to the laboratory. There, water samples were 
filtered with cellulose nitrate filters of 0.45 µm (Sartorius 
11406-47-ACN) with a vacuum pump to accelerate flow, and 
then stored in sealed polyethylene containers in a refrigerator 
at a temperature between 1 and 4 °C.

A photometer was used to determine the sulfate concen-
tration (Macherey-Nagel Photometer FP-11). Metals and 
arsenic concentrations were determined using a Perkin-
Elmer atomic absorption spectrophometer (AAS) AAnalyst 
model 800 equipped with a flame spray of air-acetylene 
and a graphite furnace. All reagents used were of analytical 
grade or supra-pure quality (Merck, Darmstadt, Germany). 
The standard solutions were Merck Certificate AA. In all of 
the experiments, Milli-Q (18.2 MΩ cm) water was used. The 
cause-effect relationships between AMD-source and receiv-
ing watercourse were also established for the nine basins 
and sub-basins. The hydrochemistry of the key points was 

graphically represented to illustrate variations in the water 
properties due to dilution.

Results and Discussion

Leachates produced in 80 sulfide-rich waste dumps were 
analyzed, and grouped into the nine defined sub-basins. 
Table 1 presents the leachate properties. The results do not 
include six very small mines where no leachates were found 
at the time of sampling (Nerón, Herrerito, Los Barrancos, 
Los Centrales, San José, and Nazaret). Also, the two cur-
rently operating mines were not included in the sampling 
since they were not contributing pollutants, as already men-
tioned. The results indicate that in most cases, the water 
quality was indicative of an AMD-affected environment, as 
shown by the mean values for pH (3.51), EC (2224 mg/L), 
TDS (1501 mg/L), sulfate (1105 mg/L), and metals.

The highest pH was associated with the Alcornocalill 
mine (7.75), and the lowest with the Riotinto mine (2.01). 
The latter has waste dumps in two sub-basins, the Odiel and 
Tinto, and, thus discharges leachates to both rivers. There-
fore, two sampling points were used for the Riotinto mine. 
Maximum values of sulfate (3850 mg/L), EC (41,300 µS/

Table 1  Hydrochemistry of 
the mining leachates—range of 
variation detected for the entire 
province

ND: Below the detection limit (0.001 μg/L)
(I): Alcornocalilla, Amparo, Angostura, Castillo de las Guardas, Confesionarios, Constancia, Cruz Infante, 
Diego Díaz, El Caliche, El Chiflón, El Cruzadillo, La Chaparrita, La Preciosa, Lancha-Roma, Los Cibeles, 
San Casiano, San José, San Miguel, Sorpresa, Tinto Santa-Rosa
(II): Castillo del Buitrón, Los Bueyes, San Casiano
(III): La Preciosa, San José
(IV): Dedi, Diego Díaz, El Chiflón, El Caliche, El Toril, Fronteriza, La Condesa, Los Silillos, Los Silos, 
San Fernando, San Francisco, Santa Ana, Tinto Santa-Rosa, Trimpancho, Voltafalsa
(V): Castillo del Buitrón, Los Bueyes

Parameter Maximum Minimum Average

pH 7.75–Arcornocalilla 2.01–Riotinto 3.51
EC (μS/cm) 41,300–Riotinto 35–Ermita del Buen Pastor 2224
SO42-(mg/L) 3850–Riotinto 20–San José 1105
TDS (mg/L) 26,400–Riotinto 22–Ermita del Buen Pastor 1501
Fe (mg/L) 78.19–La Condesa 0.099–Vulcano 33.37
Cu (mg/L) 73.49–Poderosa ND–San José 17.27
Pb (mg/L) 3.60–La Rica ND–(I) 0.22
Zn(mg/L) 75.01–Riotinto ND–Ermita del Buen Pastor 4.877
Mn (mg/L) 28.74–Riotinto 0.027–Cruz Infante 5.89
Co (mg/L) 12.91–Riotinto ND–(II) 0.62
Ni (mg/L) 1.63–Almagrera ND–(III) 0.25
As (mg/L) 4.21–Herrerías N.D.–(IV) 0.40
Cd (mg/L) 2.54–Riotinto ND–San Casiano 0.69
Mg (mg/L) 127.30–Trimpancho 0.102–Confesionarios 29.45
Ca (mg/L) 159.70–La Romanera 1.041–Prado Vicioso 23.26
Al (mg/L) 1.19–Cruz Infante 0.016–Dedi 0.55
Sb (mg/L) 3.33–Sotiel Coronada ND–(V) 0.07
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cm), Zn (75.01 mg/L), Mn (28.74 mg/L), Cd (2.54 mg/L), 
and Co (12.91 mg/L) were obtained at the Riotinto mine. 
Maximum concentrations of Fe (78.19  mg/L) and Cu 
(73.49 mg/L) were observed at the La Condesa and Poderosa 
mines, respectively. The La Rica mine had the highest Pb 
(3.60 mg/L) concentrations, Almagrera has the greatest Ni 
levels (1.63 mg/L), and the Herrerias mine had the highest 
As concentrations (4.21 mg/L). The lowest values were asso-
ciated with the small mines, where the contaminant load had 
already been washed by the time of sampling. In most cases, 
concentrations at these sites were below detection limits. 
However, in the case of Pb and As, the low concentrations 
were observed in different areas. This may be due to the low 
abundance of arsenopyrite, galena, and other polymetallic 
sulfides in those locations.

The physical–chemical parameters in most of the receiv-
ing watercourses are indicative of AMD (Table 2). Metals 
and arsenic were observed at lower concentrations in the 
Guadiamar, Olivargas, and Malagón river basins, while 
maximum contaminant values were found in the Tinto and 
Meca Rivers. Of course, the pH showed the opposite trend, 
with the lowest pH in the Tinto River (2.13) and the highest 
in the Guadiamar River (6.49). The greatest EC and TDS 
values were observed in the Malagón River (1087 µS/cm and 
695 mg/L, respectively), and the least in the Olivargas River 
(171 µS/cm and 110 mg/L, respectively). Sulfate concentra-
tions were highest in the Trimpancho basin (1060 mg/L), 
and lowest at Malagón (31 mg/L). Therefore, the Meca and 
Tinto Rivers contained more maximum metal concentra-
tions. However, the Odiel River, well known for its AMD 

contamination (de la Torre et al. 2010; Elbaz-Poulichet et al. 
2001; Sáinz et al. 2000; Sánchez-España et al. 2006), did not 
show any maximum value, presumably due to its large flow 
and dilution from uncontaminated areas (Sáinz et al. 2004).

In general, the results in Tables 1 and 2 were lower than 
those obtained in other studies about AMD in the IPB, 
although maintaining a constant proportionality (de la Torre 
et al. 2011; Jiménez et al. 2009; Sarmiento 2007). This may 
be because the sampling was performed in the rainy season 
so that leachates would be obtained from all of the mines. It 
should be noted that the duration of the leachate discharges 
depends on the size of the waste dumps. The small ones 
remain dry most of the year, and leaching occurs only briefly 
after rain. By contrast, the large dumps discharge leachate 
for several weeks, and some maintain a drainage flow the 
entire year (Sáinz et al. 2002).

The relationships between AMD-source and receiving 
watercourse were established for the nine defined river 
basins. The results generally show that metal concentrations, 
arsenic, and sulfate decrease and pH increases as one moves 
further downstream from the AMD sources. This is a natural 
result of attenuation, dilution by uncontaminated water, and 
precipitation of iron-rich phases along the affected channels. 
Coprecipitation and adsorption of trace elements on these 
solid phases also play a role in contaminant attenuation, par-
ticularly for elements such as As and Pb (Olías et al. 2011; 
Valente et al. 2012a, 2013).

To illustrate the relationship between the contaminant 
concentrations at the generating source and the receiving 
river, a graphical representation was performed with data 

Table 2  Hydrochemical 
characterization of the receiving 
watercourses

ND: below the detection limit (0.001 μg/L)

Sub-basin

Parameter Trimpancho Malagón Cobica Meca Oraque Olivargas Odiel Tinto Guadiamar

pH 2.45 4.83 2.57 2.57 2.93 5.25 3.41 2.13 6.49
EC (μS/cm) 781 1087 498 746 302 171 382 771 187
TSD (mg/L) 500 695 310 475 193 110 244 493 120
SO42-(mg/L) 1060 31 510 720 188 130 384 690 130
Fe (mg/L) 30.26 0.30 32.18 34.13 4.91 0.30 1.46 62.24 0.30
Cu (mg/L) 6.59 0.01 4.85 7.14 1.41 0.04 3.61 12.70 0.001
Pb (mg/L) 0.05 0.32 0.32 0.38 0.36 0.38 0.39 0.44 0.33
Cd (mg/L) 0.078 0.248 0.050 0.038 0.006 ND 0.025 0.047 0.278
Zn (mg/L) 4.53 ND 2.02 12.16 5.47 0.93 8.23 9.85 ND
Mn (mg/L) 9.54 0.03 1.51 6.55 0.08 0.80 4.75 4.64 0.07
Co (mg/L) 0.161 0.043 0.023 0.531 0.052 0.016 0.101 0.279 0.042
Ni (mg/L) 0.133 0.008 0.007 0.193 0.006 0.005 0.022 0.068 0.008
Mg(mg/L) 96.69 36.05 89.79 49.78 64.01 56.03 44.56 74.84 12.35
Ca (mg/L) 17.80 59.59 39.49 29.76 23.21 38.06 44.66 28.45 53.52
Al (mg/L) 0.50 0.50 0.35 0.51 0.45 0.48 0.40 0.54 0.78
As (mg/L) ND ND 0.001 0.007 0.001 ND 0.005 0.012 0.003
Sb (mg/L) 0.019 0.001 0.002 0.035 0.007 0.004 0.027 0.033 0.016
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from the Tinto river basin. Figure 2 presents the analysed 
parameters in the Tinto River as well as at each mine site. 
This river was selected because of the paradigmatic nature 
of the Tinto River, due to its high contamination levels. Fig-
ure 2 highlights the contribution of the Riotinto mine, which 
showed the highest values of sulfate, EC, TDS, Fe. Zn, Mn, 
Co, Ni, and Al, as well as contaminant contributions mostly 
from the Peña del Hierro, La Chaparrita, and La Ratera 
mines. In contrast, for the other mines located in the basin, 
the concentrations in the Tinto River were generally higher 
than in the discharged leachates.

Conversely, the pH of the river was slightly higher than 
the minimum observed in the basin (pH = 2.13), which cor-
responds to the Riotinto mine, and was lower than most of 
the other mine leachates. There are three reasons for this: 
one is that the Riotinto mining group is the largest AMD 
source in the IPB, and its contributions are more impor-
tant than those of the other mines; two, the precipitation of 
iron in the river contributes acidity and lowers the pH; and 
three the large waste dumps of the Riotinto Mine produce 
leachate discharges for much longer than the smaller mine 
waste dumps.

In addition to this, in the Riotinto mine, various open pits 
and underground operations are connected by a complex 
system of galleries, especially by Tunnel 16. This transfers 
water from the Odiel watershed (from Corta Atalaya) to the 
Tinto watershed (Grande et al. 2010b). TDS, sulphate, and 
EC have similar trends, in accordance with the literature 
(Lyew and Seppard 2001; de la Torre et al. 2011; Grande 
et al. 2005, 2013; Valente et al. 2012b, 2013), because sul-
fate is a key component of the TDS and EC variations. This 
happens in the absence of chlorides, often responsible for 
significant EC increases elsewhere, which could mask the 

dependency relationships between conductivity and sulfate, 
as can happen where AMD from fluvial origins enter into an 
estuarine environment (Grande et al. 2003a, b).

Conclusions

The results of this study provide a high-level picture of the 
effects of AMD in the river network of the IPB. A novel 
point of this work was the hydrochemical characteriza-
tion of the AMD-generating sources for an entire metallo-
genic province. For most of the leachates, the values are 
representative of an environment affected by AMD, with 
pH values between 2.01 and 7.75. In particular, the pH 
was lowest at the Riotinto Mine, where the concentrations 
of sulfate (3850 mg/L), conductivity (41,300 µS/cm), Zn 
(75.01 mg/L), Mn (28.74 mg/L), Cd (2.54 mg/L), and Co 
(12.91 mg/L) were the highest. The least affected leachates 
were generally found at the small mines.

Most of the main watercourses had pH values between 
2.13 and 3.41, except for the less affected Malagón, Oli-
vargas, and Guadiamar rivers. There was a clear trend 
of decreasing metals, arsenic, and sulfate concentra-
tions between the AMD sources and the rivers, while pH 
increases. These trends denote a decrease in water pollution 
as leachates flow from the discharge points due to dilution, 
precipitation of Fe oxyhydroxides and oxyhydroxysulfate in 
the affected channels, and coprecipitation with or adsorption 
onto the iron precipitates.

The duration of leachate discharges depends on the size of 
the waste dumps: the small ones remain dry most of the year, 
and leaching occurs only briefly after rain. Consequently, 
their contributions are irrelevant to the overall annual load, 

Fig. 2  Concentration of metals, 
arsenic and physical–chemical 
parameters in the Tinto River 
basin. The points represent 
mining leachates while the line 
describes the concentrations 
obtained in the river

0

1

2

3

4

5

6

7

8

Amparo Diego Diaz El Caliche El Chiflón El Cura

La Chaparrita La Completa La Ratera Los Silillos Masegoso

Peña del Hierro Riotinto San Casiano Rio Tinto



 Mine Water Environ

1 3

despite the highly polluted nature of some of them. By con-
trast, the large dumps produce leachate discharges long after 
rainfall has ceased. The Riotinto mining group, which occu-
pies the largest area in the watershed, has the greatest impact 
on the hydrochemistry of the Tinto River.

In conclusion, this approach proved to be useful for 
diagnosing the effects of AMD on the river network of an 
entire metallogenic province. Furthermore, the information 
obtained in this study will aid land management and the 
development of strategies oriented to the preservation and 
improvement of the river network quality within the frame-
work of the European Union environmental regulations.
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