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Abstract The Odiel River is located in southwestern Spain; the greater portion
of its basin is composed of materials from the Iberian Pyrite Belt (IBP), an area
with numerous massive sulfide deposits that have been highly exploited since the
third millennium BC. As sulfides come into contact with the atmosphere due to
mining activity, oxidation occurs, generating a highly toxic acidic leachate with
large concentrations of sulfates and metals, a process which is known as acid mine
drainage (AMD). As a result, the Odiel River and most of its tributaries are severely
contaminated. The construction of two large dams in the Odiel River basin is
planned. The most advanced project is that of the Alcolea reservoir, with a storage
capacity of 274 hm3, whose construction has already begun, with a total budget of
around e164 million. There are reasonable doubts about the final quality of the
reservoir water, as this dam will regulate a river with a mean pH close to 3.5 and
large concentrations of toxic elements. This paper analyzes the data of water quality
in the Alcolea reservoir. The results show that the reservoir water will be acidic and
not useful at all, although more specific studies are necessary to obtain the exact
estimation of its hydrochemical characteristics. It seems unwise to start building the
dam, which requires a large economic investment and will have a vast environmental
impact, without first conducting these studies. This proves that water management in
Spain is still based on political motivation rather than on technical criteria and good
management of natural and economic resources.
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1 Introduction

1.1 Acid Mine Drainage Process

Acid mine drainage (AMD) is one of the main causes for degradation of water
resources worldwide. Kleinmann (1989) estimates that in the USA alone almost
20,000 km of river courses are affected by this problem.

Sulfides are highly insoluble minerals under reducing conditions. As long as they
are not exploited (in this case the process is known as acid rock drainage or ARD),
they remain in the subsoil under anoxic conditions and only a small part of these
deposits outcrops at the surface. However, when they come into contact with the
atmosphere, oxidation of these minerals occurs, with pyrite being the most abundant
among them (FeS2). The general reaction which controls this process is (Nordstrom
and Alpers 1999):

FeS2(s) + 7/2O2 + H2O → Fe2+ + 2SO2−
4 + 2H+ (1)

In the presence of oxygen, ferrous iron undergoes the following reaction:

Fe2+ + 1/4O2(aq) + H+ → Fe3+ + 1/2H2O (2)

The ferric iron produced can oxidize new pyrite (reaction 3) or precipitate as ferric
hydroxide (reaction 4):

FeS2(s) + 14Fe3+ + 8H2O → 15Fe2+ + 2SO=
4 + 16H+ (3)

Fe3+ + 3H2O → Fe (OH)3(s) + 3H+ (4)

These reactions generate acidity and release large amounts of sulfates, iron and other
accessory metals (As, Cd, Co, Cu, Pb, Zn, etc.) contained in sulfides.

The kinetic of the previous reactions is abiotically very slow, particularly that
of reaction 2, which controls the speed of the entire process, but these reactions
accelerate enormously when they are catalyzed by acidophilic bacteria (Blowes et al.
2004). As the acidity produced remains low due to the neutralizing capacity of the
environment, these bacteria cannot develop and the production of acidic leachates
is not very high. However, if acidic conditions are reached, a large increase takes
place in the population of the bacteria that catalyze these processes, generating more
acidity and the process is then fed back, causing acid mine waters with very low pH
values and very large concentrations of toxic elements.

1.2 The Odiel River

The Odiel River rises at the foothills of the Aracena Mountains (Fig. 1) and flows,
together with the Tinto River, into an estuary known as the Ría of Huelva. The Odiel
River is 140 km long and its basin has a surface area of around 2,400 km2. Its main
tributaries are the Olivargas, Oraque and Meca rivers on its right margin, and the
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Fig. 1 Odiel River basin, with AMD-affected reservoirs and creeks and location of main mine sites
(all the mines are abandoned except Aguas Teñidas)

Villar Creek on its left. The climate is of a Mediterranean type, with annual mean
rainfall ranging from 600 mm in the southern zone to over 1,000 mm in the northern
mountainous areas. The materials through which it flows are largely impermeable,
so that the river has scarce natural regulation and responds quickly to rainfall. Its
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annual mean contribution is close to 500 hm3, although it shows strong variations
due to rainfall variability.

The Odiel River, along with the Tinto River, drains materials from the so-called
Iberian Pyrite Belt (IPB), which extends over the southwest of the Iberian Peninsula,
between western Andalusia and the south of Portugal (Sáez et al. 1999). The Iberian
Pyrite Belt is rich in massive sulfides which began to be exploited 4,500 years ago
for gold, silver and copper extraction (Nocete et al. 2005). In Roman times there was
a large mining activity in the area, from which numerous remains are still present.
Afterwards, mining was reduced until the big resurgence which started in the mid
nineteenth century and continued over the whole twentieth century. Although at
present there are only two active mines (Aguas Teñidas at the Odiel basin and Las
Cruces near Seville), in the large quantity of mining wastes existing in the IPB there
is still sulfide oxidation and, as a result, highly polluting acidic leachates are being
generated.

There are not outcrops of carbonate rocks in the IPB and rivers have a low natural
alkalinity (Sarmiento et al. 2009a), so that they can not neutralize the acidic leachates
received. As a result, the fluvial network of the Tinto and Odiel Rivers is intensely
affected by acid mine drainage. The highest exponent of this kind of contamination
is the Tinto River, which presents pH values close to 2.5 before it flows into the Ría
of Huelva (Cánovas et al. 2007) and large amounts of dissolved toxic metals (Fe, Al,
Cu, Zn, Mn, etc.).

The Odiel River shows less extreme conditions. However, the length of the
affected reaches (Fig. 1) is higher than that of the Tinto River and, due to its more
abundant discharge, it is the highest input of contaminants to the Ría of Huelva
(Olías et al. 2006). Near its mouth, the Odiel River pH is close to 3.60, with high
concentrations of dissolved metals (Achterberg et al. 2003; Braungardt et al. 2003;
Olías et al. 2004; Cánovas et al. 2007) which have a high environmental impact on
the Ría of Huelva and even on the Gulf of Cádiz (e.g. Davis et al. 2000; Leblanc
et al. 2000; Elbaz-Poulichet et al. 2001; Sáinz and Ruiz 2006; Nieto et al. 2007). In
the proximities of the mines the conditions are even more extreme (Sánchez España
et al. 2005, 2006; Sarmiento et al. 2009a).

1.3 The Alcolea Reservoir

The Odiel River has the largest water resources in the province of Huelva. So
far, its regulation is low due to the strong contamination of its basin by acid mine
drainage. The largest reservoirs are Olivargas (with a storage capacity of 29 hm3),
which regulates the river of the same name, and Sancho (58 hm3), which regulates
the Meca River. To increase the water resources available in the area, basically for
farming use, the construction of two large reservoirs in the Odiel River is planned: La
Coronada (800 hm3) and Alcolea (274 hm3), with the latter being the more advanced
project.

The Alcolea reservoir is located just after the Odiel River meets the Oraque.
At this point the watershed area is of 1,659 km2 and its average contribution is of
331 hm3/year (DGOHCA 1996), with strong interannual variability depending on
rainfall (minimum of 28 and maximum of 1,258 hm3/year).

The projected dam will be a concrete arch-gravity dam, 65 m high and 520 m long
at its peak and will regulate 135 hm3/year. In 2008, the Project was awarded a total
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amount of e52 million and preliminary works began in 2009. Apart from the dam,
it is necessary to build channels for water distribution, increasing the final budget to
almost e164 million. Half of the budget will be funded by the national government
and the other half by the Andalusian regional government, who will later retrieve
it from the users’ taxes. It is hoped that 20,000 ha in the surrounding area will be
transformed into irrigated land.

There is strong opposition among ecologist groups to the construction of this dam
due to doubts concerning: the final quality of the retained water; the impact on the
endemic species Erica andevalensis and the abundant couples of eagle owls which
nest in the flooding areas; the barrier effect it would produce; and the need to analyze
the effect of the decrease in the amount of sediments and river water in the Marismas
del Odiel Natural Park (Natura 2000 Odiel’s Marshland).

1.4 Objectives

The objective of this work is to estimate the final quality of water in the Alcolea
reservoir, based on data obtained by numerous research projects that we have
conducted on water contamination by AMD in the Odiel River basin from 2002
onwards. A critical assessment will be made on the study regarding the water quality
carried out in the Project for the construction of the dam.

2 Methodology

Between 2002 and 2007 several samplings were performed at a control network in
the Odiel River basin consisting of: four points in the main streams, two points in
large reservoirs (Olivargas and Sancho) and five points in small reservoirs (Fig. 1).
The sampling was made on a weekly basis at the Odiel River in Gibraleón, before it
flows into the Ría of Huelva (Fig. 1). At the rest of the points, samplings were made
under different hydrological conditions to make them as representative as possible.
More detailed information can be found in Sarmiento (2007), Cánovas et al. (2007),
Cánovas (2008) and Sarmiento et al. (2009a).

River and creek samples were taken at a point near the center of the channel
to avoid stagnation problems near the margins. The reservoirs were also sampled,
with the samples taken near the dams at 50-cm depth. The samples were stored in
high-density polyethylene bottles first washed with 10% nitric acid and then rinsed
with mili-Q (18.2 M�) water for cation determination, and only with mili-Q water
for anions. The containers were rinsed three times with the study water, leaving
the water inside the bottle for 5 min in the last rinsing in order to stabilize the
components in the walls of the container. The samples were filtered ‘in situ’ through
0.45 μm pore size filters, and those aimed for cation determination were acidified
with 2% suprapur nitric acid for conservation. They were later carried to the lab in
the dark at approximately 4◦C until analysis.

Electrical conductivity, pH, temperature and redox potential were measured ‘in
situ’. Fluorides, chlorides and sulfates were determined using a Dionex DX-120
ion chromatograph with AS 9-HC 4 × 250 mm column and ASRS-ULTRA 4 mm
suppressor membrane. Bicarbonates were determined by using standardized HCl
within the 48 h following the collection of the sample. Cations were analyzed using a
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Jobin Yvon ICP-OES (JY ULTIMA 2). The elements analyzed were: Al, As, Be, Ca,
Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Se, Si, Sr, Tl, and Zn (only
the results of the most representative elements are shown in this work). A triplicate
analysis was performed in order to evaluate the analytical precision, being below
5% in all cases. In each analysis sequence, blanks were analysed, being all elements
below the detection limit of the equipment. The analytical accuracy was checked by
the analysis of reference materials (NIST-1640).

3 Results and Discussion

3.1 Water Quality Data in Rivers and Reservoirs in the Area

From the data gathered at the samplings in the rivers and reservoirs across the Odiel
River basin, three estimations on the water quality in the Alcolea reservoir have been
made.

3.1.1 Estimation 1

Prior data on the water quality in the Odiel, Oraque and Meca rivers are available
(Fig. 1) (Sarmiento 2007). Table 1 shows a summary of the results. The water quality
is very bad at the three points, although the most extreme conditions are those of
the Odiel River in Sotiel, with an average pH of 3.4, 12.8 mg/L of Fe, 74.5 mg/L of
Al, 19.6 mg/L of Zn, etc. The contaminant levels in the Meca and Oraque rivers are
similar, although they are slightly higher in the Meca.

The Meca River is regulated by the Sancho reservoir, which has pH values close to
4.2 and high toxic metal concentrations (Table 2). The waters which would reach the
reservoir present worse conditions than those reaching the Sancho reservoir, which
leads us to think that the Alcolea reservoir will also have acidic waters and high toxic
metal concentrations.

3.1.2 Estimation 2

There are also data available from the Sancho and Olivargas reservoirs (the biggest
ones in the Odiel River basin) along with other small reservoirs in the area which
are not affected by acid mine drainage (Fig. 1). The reservoirs in the Odiel River
basin which do not receive acidic leachates (Table 2) present bicarbonate water with
a pH value close to neutrality (mean 7.2) and low mineralization (mean electrical
conductivity of 157 μS/cm).

The sulfate ion is a good indicator of AMD contamination because it is a non-
reactive compound which is found in large concentrations in acidic leachates and
in low concentrations in the AMD-unaffected rivers in the area (Sarmiento et al.
2009a). In acidic waters, the importance of natural chemical processes in removing
sulfates from the water is insignificant when compared to dilution processes. There-
fore, sulfates can be considered conservative ions (Nordstrom and Ball 1986; Berger
et al. 2000).

Sulfate concentration in the reservoirs that do not receive acid mine leachates is
significantly lower than in the Olivargas (26 mg/L) and Sancho (121 mg/L) reservoirs
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(Table 2). Also, a lower sulfate concentration is observed in the reservoirs with
respect to the rivers (Table 1) due to the dilution processes which take place during
large floods, when the water quality in the river improves temporarily (Olías et al.
2004; De la Torre et al. 2009). Thus, for example, whereas in the Meca River mean
sulfate concentration is of 785 mg/L (Table 1), in the Sancho reservoir it is of
121 mg/L (Table 2).

Following sulfate concentration, it can be deduced that the Sancho reservoir re-
ceives a larger contaminant and acidity load than the Olivargas reservoir. In the latter
the dilution produced by run-off waters during floods and natural self-depuration is
enough to compensate the acidity input. As pH increases, iron precipitates first and
is almost completely removed when water reaches pH 3.5 (Nordstrom and Alpers
1999; Blowes et al. 2004). Aluminum is the next element to precipitate with pH values
between 4 and 5 (Nordstrom and Ball 1986). Subsequently, with pH values close to
neutral, other metals such as Cu, Co, etc, precipitate. The most mobile toxic metals
(as Mn and Zn) need pH values over 8 to precipitate (Nordstrom and Alpers 1999).

In the Olivargas reservoir, where dilution with clean water is enough to bal-
ance acidity, the mean pH is 7.0 (Table 2) and most toxic elements precipitate,
accumulating on the bottom sediments (Sarmiento et al. 2009b). Nevertheless, Zn
and Mn concentration is significantly higher than in the reservoirs unaffected by
acid mine waters (Table 2), since the pH they need to precipitate is not reached.
Manganese is typically the most difficult metal to remove from solution due to the
high pH required to form insoluble precipitates (Clayton et al. 1999). According to
thermodynamic calculations with the code PHREEQC (Parkhurst and Appelo 1999)
in the Olivargas reservoir the pH necessary to precipitate Zn(OH)2 is 8.6 while Mn
will not precipitate as Mn(OH)2 even at pH 10.

The Sancho reservoir receives an acidity load four times higher than that of the
Olivargas, according to sulfate concentration. In this case, the dilution produced by
floods and self-depuration processes is not enough to balance acidity, and the pH
remains close to 4.2. Under these conditions, only Fe precipitates and most toxic
elements remain dissolved (Table 2).

It can be deduced that those reservoirs with sulfate content similar to or higher
than that of the Sancho reservoir will receive an acidity load too high to be
neutralized and will have acidic waters, with high concentrations of toxic elements.

3.1.3 Estimation 3

From the annual contaminant load of the Odiel River in Gibraleón, calculated by
Olías et al. (2006), we can obtain the mean composition that a potential reservoir
built at that point would have by dividing the contaminant load for each element
(147,200 tonnes of sulfates, 2,850 tonnes of Fe, 4,560 tonnes of Al, etc.) by the annual
river water contribution. Results are shown in Table 3. The dilution of contaminants
produced by floods has already been factored into these calculations.

The results of this estimation show that sulfate concentration in a potential
reservoir located in Gibraleón would be larger than in the Sancho reservoir. The
water composition in the Alcolea reservoir would be worse than that obtained at
Gibraleón, since between these two points the Odiel River receives runoff water
from AMD-unaffected areas, producing an additional dilution which would not occur
in the case of the Alcolea reservoir.
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Table 3 (1) Mean water concentration of selected parameters in a potential reservoir located in
Gibraleón from data by Olías et al. (2006), (2) water quality in the Alcolea reservoir according to the
Project of the Alcolea Dam (DGOHCA 1996), (3) maximum levels, before being treated, for water
to be used for urban supply according to the Spanish Water Law (between brackets recommended
values) and (4) recommended maximum concentrations in irrigation water from Ayers and Westcot
(1985)

(1) (2) (3) (4)

SO4 mg/L 157 292 250 –
Al mg/L 4.90 – – 5
Cu mg/L 1.34 2.8 (1) 0.2
Fe mg/L 3.05 2.5 (1) 5
Mn mg/L 1.55 2.3 (1) 0.2
Zn mg/L 2.79 5.3 5.0 2.0
As μg/L 25 – 100 100
Cd μg/L 8 30 5 10
Co μg/L 67 – – 50
Ni μg/L 36 – – –
Pb μg/L 13 – 50 –

3.2 Critical Review of the Study on Water Quality in the Dam Project

The Environmental Impact Declaration of the Alcolea Dam states (BOE 2000): Mine
contamination in the Odiel River is high during the whole year except in flood periods.
The construction of a storage reservoir allows the waters running during the year to
be mixed with those of floods, reducing, initially by dilution and then by decantation,
the contaminant load of the whole, having checked in the large dams existing in the
area, such as those of the Chanza and Olivargas rivers, that the heavy metals carried
by the water are deposited in the bottom, which results in output water for supply with
admissible contaminant values.

Although it is true that this dilution process caused by the less mineralized water
of the floods occurs, it has not been confirmed that it is enough to balance the
acidity transported by the river. Especially when the two reservoirs mentioned in
the Environmental Impact Declaration cannot be compared to that of Alcolea,
since the degree of mining affection in their drainage basins is much lower than
that of the Odiel River. The Chanza reservoir, located to the west of the Odiel
River basin had a mean sulfate content of 45 mg/L in 2008 (data from the Spanish
water quality network) because its drainage network has only one AMD-affected
creek (Delgado et al. 2009). Moreover, this declaration does not address the Sancho
reservoir, which has similar characteristics to that of Alcolea (highly contaminated
input) and presents poor quality water which would be unfit for agricultural use.

The study on water quality in the Alcolea reservoir (DGOHCA 1996), based on
the water quality analyses in Sotiel (see Fig. 1) from 1973 to 1988 (102 analyses),
shows that the quality parameters for the reservoir water will be those shown in
Table 3. These figures are obtained from the mean concentrations of elements for
very large flows (>10 m3/s) and for lower flows, and subsequently the water input
to the reservoir is estimated under each of these hydrological conditions. Finally,
the results are reduced by 20%, since the river contamination between Sotiel and
Gibraleón decreases approximately at this rate (DGOHCA 1996). Table 3 also
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provides maximum pre-treatment water values for household usage according to
Spanish law, and recommended values for irrigation from Ayers and Westcot (1985).

The calculations performed in this study contain numerous errors; nevertheless,
the results agree with ours in that they show water characteristics worse than those
found by us for an imaginary reservoir located in Gibraleón (Table 3) and than those
in the Sancho reservoir (Table 2). According to these values, sulfate concentration
would be almost 2.4 times that of the Sancho reservoir. Therefore, the acidity and
contaminant load which the Alcolea reservoir will receive (in relation to its volume),
will be 2.4 times higher and its conditions much worse.

Despite these values, the dam Project considers that the water will be usable due to
the ‘improving effects of difficult assessment not included in this study’ (DGOHCA
1996):

The reduction of mining activity, the regeneration of mine slag heaps and
dumps and the source control of the present contaminant sources carried out
by the Environmental Agency of the Andalusian Government.

These measures, carried out in the 1990s, involved blocking the galleries that
discharged leachates, adding limestone to acidified rivers, covering slag heaps with
impermeable materials, etc. Some of these measures may have been effective locally,
however most of them were poorly planned and designed, and did not achieve any
results. Sáinz et al. (2003) have clearly shown that these performances have not
achieved any reduction in the amount of contaminants carried by the Odiel River
into the Ría of Huelva.

Decantation of heavy metals that will systematically occur in reservoirs, whose
process will be activated with the increase in the water pH.

First of all, for decantation to occur, metal precipitation must take place first.
Below pH value 4.5, the only metal that undergoes an important precipitation is Fe,
as can be checked in the Sancho reservoir (Sarmiento et al. 2009b; Galván et al. 2009);
the rest will remain dissolved in the water. Therefore, as has been discussed before,
if pH is lower than that observed in the Sancho reservoir, this effect will be limited
and will not cause a significant improvement of the water quality.

Inhibiting the activity of the bacteria which catalyze the acidic reaction of metal
sulfides as pH increases. This inhibition may reduce the formation of acid
importantly, with the inhibition threshold estimated, according to the research,
at around pH 4.5 to 5, and with maximum bacteria activity having a pH close
to 2.5.

This effect will not occur as it is based on a conceptual error: there is no sulfide
oxidation in the reservoir; this takes place in the mining areas. Therefore, there
will be no inhibition of the activity of bacteria which catalyze the acidic reaction of
sulfides. On the other hand, if the reducing conditions are reached in the bottom
of the reservoir, the inverse process may occur, that is, sulfate reduction and sulfide
precipitation, which produce alkalinity. This aspect, which is positive as regards water
quality, must be investigated, as it will depend on the characteristics of the reservoir
which controls the duration of the process of thermal stratification and, as a result,
the existence of an anoxic layer on the bottom.
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The arrangement of outlets at a level close to the water line of the reservoir, so
that well oxygenated and decanted surface water will be derived at all times.

As mentioned before, if a pH close to neutrality is not reached, most of the toxic
elements will remain dissolved. As a result, despite taking water from the surface,
its quality will continue to be highly inadequate, as can be checked in the vertical
profiles carried out in the Sancho reservoir (Sarmiento et al. 2009b).

The systematic improvement which occurs when mixing the Odiel water
with other waters coming from different sources (water from the Guadiana–
Chanza–Piedras system), with different characteristics and without the conta-
mination problems typical of this river.

Here it is being assumed that the water will not be useful unless it is mixed with
good quality water. However, as mentioned before, some elements such as Mn do not
precipitate as hydroxides even at pH 10, so a large proportion of clean water would be
necessary to reduce the values for these contaminants. Moreover, another difficulty
would be that the precipitated elements should be separated from the water using
a coagulation/decantation and/or filtering system. All of these factors contribute to
making the mixture with better quality water to seem an unfeasible alternative.

4 Conclusions

The first question that comes to us after the displayed analysis of the results is:
How is it possible for an investment of e164 million into a dam (and its associated
distribution channels) to take place without a thorough study of the water quality
that will be obtained?

The answer to this question must be that there is a strong political will to carry out
this hydraulic work without taking into account any technical or scientific condition-
ing factors. Using data from WCD (2000), it is obtained that Spain has more large
dams per capita than any other country in the world. While the authorities speak
about a new water policy, reservoirs are still considered in Spain a source of economic
development for a region, like in the developing world (Shah and Kumar 2008).
Alternative sources of supply along with management measures based on efficiency
and saving are still ignored. Political parties often use water as their weapon to
win votes using perverse funding, i.e., using public funds for infrastructures of little
interest, which are harmful in economic and environmental terms (Llamas 2008).

On the other hand, also the ecologist groups often ignore the studies when
analyzing any performance in the environment and present strong opposition to
any development measures, without a thorough analysis of the impacts and benefits
(Wasimi 2010). Within this context, it is essential that the authorities base their
hydrological planning (and the use of the economic resources that it entails) on
technical studies rather than on political issues that result in the construction of
unsuccessful or unnecessary works and in a large waste of economic resources and
environmental actives.

In the case of Alcolea, a scientific study on the contaminant input that the
reservoir will receive is necessary, since this is not known thoroughly. Moreover,
not all elements decrease at the same rate during floods and some can even increase
(Cánovas et al. 2008). On the other hand, an analysis of the self-depuration processes
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which occur in similar systems (such as the Sancho reservoir) and the factors that
control them is also necessary.

Considering all this, a model needs to be created to predict the water quality in
the reservoir. Since the construction of the dam has already begun, efforts should
be aimed at source performances for remediation of acidic leachates. The model
could be applied to predict changes in the water quality in the reservoir with various
scenarios of contaminant reduction by remediation performances, so that the actions
are addressed at treatments with larger impact on the reservoir water quality.

Another possibility would be to provide water active treatment measures by
means of neutralization at the reservoir. Though perfectly feasible from a technical
point of view, the volume of water to be treated is extremely high (131 hm3/year) and
it is not likely that the end users of the water will be able to cover this cost. Moreover,
source treatment measures for contamination are preferable because they will also
contribute to the recovery of the water quality, and ecological conditions, in creeks
downstream.
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