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ABSTRACT

Abstract

The Tharsis mining district is the second most important of the Iberian Pyrite Belt
(IPB). The intense exploitation of sulphides carried out since the Copper Age but, above
all, since the second half of 19th century to the end of the 20th century, has left large
dumps and other sulphide-rich mining wastes in the area, where acid mine drainages
(AMD) are generated, together with four acid pit lakes (Filón Norte, Sierra Bullones, Filón
Centro y Filón Sur) A characterization of the hydrological functioning and evolution of the
pit lakes (was carried out. A simple methodology based on the use of the available
orthophotographs and the Digital Terrain Model (DTM), together with the water balance
of the pit lakes was developed, which could be applied to other abandoned mining sites.
The accumulation of large volumes (5.2 hm3) of acid and metal-rich waters in these pit
lakes poses a serious environmental concern. The results showed that Sierra Bullones
and Filón Norte open pits are connected underground and present the same evolution,
with a water transference from Sierra Bullones to Filón Norte. The water level in both pit
lakes is increasing, with an average rise of 2.8 m/yr since the beginning of flooding.
However, the increase in the evaporation rate, as a result of the larger flooded area as
the water level rise, would induce a hydrological equilibrium before reaching the overflow
level, leading to the formation of a terminal lake. On the other hand, the water level in
Filón Centro and Filón Sur pit lakes remain approximately stable. The first behaves as a
flow-through or terminal lake, depending on the annual rainfall, while the second acts
permanently as a flow-through lake.
In addition, the influence of hydrogeochemical processes and the waste typology
on the physicochemical parameters and dissolved concentrations of pollutants in the
acid waters generated were studied during three different hydrological conditions (dry,
wet and intermediate). Extreme leachates are produced in the area, reaching even
negative pH values and concentrations of up to 2.2 g/L of As and 194 g/L of Fe. Lead
was the least mobile element in dissolution probably due to the precipitation of Pb
secondary minerals and/or its coprecipitation on Fe oxyhydroxysulphates. Arsenic, Cr,
and V are also coprecipitated with Fe minerals. Seasonal patterns in metal contents were
identified: elements coming from the host rocks, such as Al, Mn and Ni, showed their
maximum concentrations in the dry period, when dilution with freshwater is lower and
the water-rock interaction and evaporation is higher. On the other hand, As, Cr, Fe, Pb
and V showed minimum concentrations in the dry period due to intense Fe
oxyhydroxysulphate precipitation. The highest pollutant load from the Tharsis mines
occurs in the wet period (139 ton/day of SO4, 44 ton/day of Fe, 6.7 ton/day of Al, etc.)
while in the intermediate period, it is only a quarter, and in the dry period, it is minimal
due to the low flows. Approximately half of the pollutants released reaches the Meca
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River basin, while the other half joins the Oraque River, although some differences occur
depending on the element and the season. These discharges acidify the water of the
Sancho Reservoir and will compromise the quality of the new reservoir waters, currently
in construction downstream the Oraque River
The concentrations and normalised patterns of rare earth elements (REEs;
subdivided into light (LREEs: La to Sm), middle (MREEs: Eu to Dy) and heavy (HREEs:
Ho to Lu)), their behaviour in the fluvial network, and the REEs contributions from AMD
sources were also analysed. High concentrations of REEs were observed, with a mean
value of 1,747 μg/L. The concentration of REEs shows a positive correlation with
electrical conductivity (EC). However, the highest concentrations of REEs occurred in
samples with intermediate levels of pollution and EC values. The highest correlations of
middle REEs (MREEs) and heavy REEs (HREEs) occurred with elements related to
hydrothermal mineralisations of Mn and Ni. The normalised patterns of the AMD showed
an enrichment of MREEs over light REEs (LREEs) and HREEs in all samples. The use
of REEs patterns as geochemical tracers confirmed the conservative behaviour of REEs
in the fluvial network under low acid pH. The quantification of REEs released from AMD
sources to water bodies revealed that the main load of REEs occurs during the wet period
with 6.6 kg/day of LREEs, 1.1 kg/day of MREEs, and 0.5 kg/day of HREEs.

Resumen

Resumen

El distrito minero de Tharsis es el segundo más importante de la Faja Ibérica de
Pirita (IPB). La intensa explotación de sulfuros llevada a cabo desde la Edad del Cobre
pero, sobre todo, desde la segunda mitad del siglo XIX hasta finales del XX ha dejado
grandes escombreras y otros residuos mineros ricos en sulfuros en la zona, donde los
drenajes ácidos de minas (AMD) son generados, junto con cuatro lagos mineros ácidos
(Filón Norte, Sierra Bullones, Filón Centro y Filón Sur). Se realizó una caracterización
del funcionamiento hidrológico y evolución de los lagos de mineros. Se desarrolló una
metodología simple basada en el uso de las ortofotografías disponibles y el Modelo
Digital de Terreno (DTM), junto con el balance hídrico de los lagos mineros, que podría
ser aplicado a otros sitios mineros abandonados. La acumulación de grandes volúmenes
(5.2 hm3) de aguas ácidas y ricas en metales en estos lagos mineros plantea una grave
preocupación ambiental. Los resultados mostraron que las cortas mineras de Sierra
Bullones y Filón Norte están conectadas subterráneamente y presentan la misma
evolución, con una transferencia de agua de Sierra Bullones a Filón Norte. El nivel del
agua en ambos lagos mineros está aumentando, con un aumento promedio de 2.8
m/año desde el comienzo de las inundaciones. Sin embargo, el aumento en la tasa de
evaporación, como resultado del incremento del área inundada a medida que aumenta
el nivel del agua, induciría un equilibrio hidrológico antes de alcanzar el nivel de
desbordamiento, lo que conduciría a la formación de un lago terminal. Por otro lado, el
nivel del agua en los lagos mineros de Filón Centro y Filón Sur se mantiene
aproximadamente estable. El primero se comporta como un lago flow-through o terminal,
dependiendo

de

la

precipitación

anual,

mientras

que

el

segundo

actúa

permanentemente como un lago flow-through.
Además, se estudió la influencia de los procesos hidrogeoquímicos y la tipología
de residuos sobre los parámetros fisicoquímicos y concentraciones disueltas de
contaminantes en las aguas ácidas generadas en tres periodos hidrológicos diferentes
(seco, húmedo e intermedio). En la zona se producen lixiviados extremos, alcanzando
incluso pH negativos y concentraciones de hasta 2.2 g/ L de As y 194 g/L de Fe. El
plomo es el elemento menos móvil en disolución probablemente debido a la
precipitación de minerales secundarios de Pb y/o su coprecipitación sobre
oxihidroxisulfatos de Fe. El arsénico, Cr y V también se coprecipitan con minerales de
Fe. Se identificaron patrones estacionales en los contenidos metálicos: elementos
provenientes de las rocas hospedantes, como Al, Mn y Ni, mostraron sus
concentraciones máximas en el período seco, cuando la dilución con agua dulce es
menor y la interacción agua-roca y evaporación es mayor. Por otro lado, As, Cr, Fe, Pb
y V mostraron concentraciones mínimas en el período seco debido a la intensa
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precipitación de oxihidroxisulfato de Fe. La carga contaminante más alta de las minas
Tharsis ocurre en el período húmedo (139 ton/día de SO4, 44 ton/día de Fe, 6.7 ton/día
de Al, etc.) mientras que en el período intermedio, es solo una cuarta parte, y en el
período seco, es mínimo debido a los bajos caudales. Aproximadamente la mitad de los
contaminantes liberados llega a la cuenca del río Meca, mientras que la otra mitad se
une al río Oraque, aunque se producen algunas diferencias según el elemento y la
temporada. Estos vertidos acidifican el agua del Embalse Sancho y comprometerán la
calidad de las aguas del nuevo embalse, actualmente en construcción aguas abajo del
río Oraque.
Las concentraciones y patrones normalizados de elementos de tierras raras
(REEs; subdivididos en ligeros (LREEs: La to Sm), medios (MREEs: Eu to Dy) y pesados
(HREEs: Ho to Lu)), su comportamiento en la red fluvial y las contribuciones de REEs
de fuentes AMD también fueron analizadas. Se observaron altas concentraciones de
REEs, con un valor medio de 1,747 μg/L. Las concentraciones de REEs muestran una
correlación positiva con la conductividad eléctrica (CE). Sin embargo, las
concentraciones más altas de REEs ocurrieron en muestras con niveles intermedios de
contaminación y valores de CE. Las correlaciones más altas de REEs medio (MREEs)
y REEs pesado (HREEs) ocurrieron con elementos relacionados con mineralizaciones
hidrotermales de Mn y Ni. Los patrones normalizados de AMD mostraron un
enriquecimiento de MREEs sobre REEs ligero (LREEs) y HREEs en todas las muestras.
El uso de patrones REEs como trazadores geoquímicos confirmó el comportamiento
conservador del REEs en la red fluvial en condiciones de pH ácido bajo. La
cuantificación de REEs liberado de fuentes de AMD a cuerpos de agua reveló que la
carga principal de REEs ocurre durante el periodo húmedo con 6.6 kg/día de LREEs,
1.1 kg/día de MREEs y 0.5 kg/día de HREEs.
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Chapter 1. Introduction

Photograph of the Filón Sur open pit.

Chapter 1. Introduction

1.1. FORMATION OF ACID MINE DRAINAGE
Mining activities can generate large amounts of waste rocks, which are usually
stored in large piles around the mine, kilometres of underground galleries and vast open
pits. In sulphide mining, the exposure of these minerals to atmospheric conditions leads
to sulphide oxidation and the formation of acid and metal-rich leachates, in a long-lasting
process known as acid mine drainage (AMD), one of the main causes of water pollution
worldwide. This environmental quandary affects many sites from Africa, America, Asia,
Europe and Australia/ Oceania (e.g. Nordstrom and Alpers, 1999; Berger et al., 2000;
Moncur et al., 2005; Frau, 2000; Casiot et al., 2003; Younger et al. 2002; Sarmiento et
al. 2009; Robles-Arenas and Candela 2010; Moyé et al., 2017; Olías et al., 2019). An
explanation of sulphide oxidation mechanisms is shown below, although more detailed
information can be seen in Evangelou and Zhang (1995) and Nordstrom et al. (2015).
When the surface of pyrite is exposed to water and an oxidant (O2, Fe3+ or mineral
catalysts),

pyrite

oxidation

can

progress

through

chemical,

biological,

and

electrochemical pathways, in oxic and anoxic systems. Pyrite oxidation is governed by
the following reaction:
7
2

𝐹𝑒𝑆2 (𝑠) + 𝑂2 + 𝐻2 𝑂 → 𝐹𝑒 2+ + 2𝑆𝑂42− + 2𝐻 +

(1.1)

Pyrite is initially oxidized by oxygen, producing acidity, releasing sulphate and
iron plus accessory elements (As, Cd, Co, Ni, Pb, etc). The release of these elements
poses an environmental and health threat as they have been reported to be directly toxic
to the metabolism of aquatic organisms (e.g. Batty et al., 2010; Reyes-Becerril et al.,
2019). The Fe2+ produced can be also oxidized by O2 into Fe3+, which in turn hydrolyses
into iron hydroxide and releases additional amounts of acidity into the water:
1

1

𝐹𝑒 2+ + 4 𝑂2 + 𝐻 + → 𝐹𝑒 3+ + 2 𝐻2 𝑂
𝐹𝑒 3+ + 3𝐻2 𝑂 → 𝐹𝑒(𝑂𝐻)3 + 3𝐻 +

(1.2)
(1.3)

Most of the released Fe3+ ends up as iron hydroxide. However, when pH <3.5,
the activity of free Fe3+ in solution increases and oxidation of pyrite by Fe3+ becomes the
main mechanism for acid production. Fe3+ oxidizes pyrite at a rate between 20 and 200
times greater than O2 (Nordstrom and Alpers, 1999):
𝐹𝑒𝑆2 + 14𝐹𝑒 3+ + 8𝐻2 𝑂 → 15𝐹𝑒 2+ + 2𝑆𝑂42− + 16𝐻 +

(1.4)

2
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At low pH, the acidophilic and chemolithotropic bacteria Acidithiobacillus
ferrooxidans, Leptospirillum ferrooxidans and Acidithiobacillus thiooxidans catalyse and
accelerate the oxidation of Fe2+ by a factor of 106 (Evangelou and Zang, 1995). These
bacteria are responsible for the rapid oxidation of pyrite in mine wastes at low pH.
AMD leachates can be neutralized naturally by the dissolution of other minerals
such as carbonates and aluminosilicates present in the gangue or materials that
constitute the bed of the affected rivers. The most common carbonate is calcite, which
is the main acid neutralizing mineral due to its high dissolution rate in acid conditions:
𝐶𝑎𝐶𝑂3 (𝑠) + 2𝐻 + → 𝐶𝑎2+ + 𝐻2 𝐶𝑂3

(1.5)

Silicates have a greater neutralization capacity than calcite per mole of mineral,
but the dissolution rate of silicates is much lower and, therefore, acid neutralization is
less effective (Weber et al., 2005). In the following reaction dissolution of potassium
feldspar is shown as an example:
9
2

1
2

𝐾𝐴𝑙𝑆𝑖3 𝑂8 (𝑠) + 𝐻 + + 𝐻2 𝑂 → 𝐾 + + 2𝐻4 𝑆𝑖𝑂4 + 𝐴𝑙2 𝑆𝑖2 𝑂5 (𝑂𝐻)4 (𝑠)

(1.6)

On the other hand, acid discharges can reach the river network and mix with
surface or underground waters not affected by AMD. This causes a dilution process that
reduces the contamination of the AMD leachates, which will depend on the flow rates,
the composition, the acidity and alkalinity of the waters (Kirby and Cravotta, 2005).
In addition, AMD leachates have high concentrations of sulphate and dissolved
metals, which can lead to the formation of secondary minerals when their saturation
index is exceeded (Nordstorm and Alpers, 1999). At pH values close to 3, the main
precipitates

formed

are

Fe

oxides,

hydroxides,

hydroxysulphates

or

oxyhydroxysulphates, such as ferrihydrite, jarosite (1.7) or schwertmanite (1.8) which
buffer water pH due to the release of protons during the precipitation (Eqs. 1.7 and 1.8).
These minerals have an amorphous nature and tend to be transformed with time into
more stable and crystalline minerals such as goethite and hematite (Alpers et al., 1994).
The precipitation of these minerals is a good indicator of AMD pollution since iron
precipitates give yellowish and reddish colorations to the affected waters.
𝐾 + + 3𝐹𝑒 3+ + 2𝑆𝑂42− + 6𝐻2 𝑂 → 𝐾𝐹𝑒3 (𝑆𝑂4 )2 (𝑂𝐻)6 + 6𝐻 +

(1.7)

8𝐹𝑒 3+ + 𝑆𝑂42− + 14𝐻2 𝑂 → 𝐹𝑒8 𝑂8 (𝑂𝐻)6 (𝑆𝑂4 ) + 22𝐻 +

(1.8)
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When the pH rises to values between 4 to 5, the precipitation of Al minerals such
as alunite (1.9) and basaluminite (1.10) is favoured, which also produce a buffering in
this pH range. Aluminium precipitates have a milky appearance and form colloidal
particles that remain suspended in the water for long distances due to their low weight.
3𝐴𝑙 3+ + 𝐾 + + 2𝑆𝑂42− + 6𝐻2 𝑂 → 𝐾𝐴𝑙3 (𝑆𝑂4 )2 (𝑂𝐻)6 + 6𝐻 +

(1.9)

4𝐴𝑙 3+ + 𝑆𝑂42− + 15𝐻2 𝑂 → 𝐴𝑙4 (𝑆𝑂4 )(𝑂𝐻)10 ∙ 5𝐻2 𝑂 + 10𝐻 +

(1.10)

Moreover, evaporitic soluble sulphate salts can be formed, which can be a
temporary retention of contaminants in the form of acidity, sulphate and metals. These
salts are formed due to strong evaporation and concentration processes, especially
intense in the dry period. Depending on the composition of the water, different types of
salts can be formed: 1) Waters with a high Fe2+ content lead to the precipitation of ferrous
salts such as melanterite (1.11), rozenite, szomolnokite, etc; while 2) waters with a high
Fe3+ content produces the precipitation of ferric salts such as coquimbite, kornelite,
rhomboclase.
𝐹𝑒 2+ + 𝑆𝑂42− + 7𝐻2 𝑂 → 𝐹𝑒(𝑆𝑂4 ) ∙ 7𝐻2 𝑂

(1.11)

In addition, other sulphates can be formed from AMD leachates such as gypsum
(𝐶𝑎𝑆𝑂4 ∙ 2𝐻2 𝑂), chalcanthite (𝐶𝑢𝑆𝑂4 ∙ 5𝐻2 𝑂), anglesite (𝑃𝑏𝑆𝑂4) or barite (𝐵𝑎𝑆𝑂4 ). All
these evaporitic salts can be dissolved by the first runoff after the dry period and thus
rapidly raising the metal loading to surface waters (e.g., Alpers et al., 2000; Canovas et
al., 2008).
Secondary minerals play a critical role in metal mobility in mining-affected
environments. Trace elements can be retained by precipitated secondary minerals
through adsorption and/or co-precipitation processes, being immobilized in mine wastes
and in stream and river sediments. The solubility of Pb and Ba in AMD environments is
commonly controlled by precipitation of anglesite and barite (Cánovas et al., 2008;
Nordstrom, 2015). Others elements are retained mainly by adsorption on Fe and Al
precipitates (such as As, Cu, V, Zn, etc). The adsorption process is due to the surface
charge of minerals, which depends mainly on pH, with H and OH ions determining the
net surface charge due to their exchange at the surface. The pH at which the net surface
charge is zero is called the characteristic point of zero charge (PZC), which is dependent
on the mineral type, and controls if the surface mineral is positively or negatively charged.
The net surface charge is positive at pH<PZC and negative when pH>PZC. PZC values
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range between 5.0-9.0 for Fe and Al oxides, hydroxides and oxyhydroxides (Parks, 1965
and 1967; Stumm, 1992).
Open pit mining leads to the formation of enormous volumes of mine wastes,
which are commonly deposited in the vicinity of mine sites. AMD leachates generated in
these residual rock piles, due to oxidation of sulphide containing, are mainly controlled
by: 1) interactions between gas transport, water flow and solute transport; 2) the waste
materials mineralogy and secondary reaction products; and 3) microbially-mediated
geochemical reactions. Waste rock piles are composed of coarse rock and fine-grained
materials, that produces a mixture of large void spaces and small pore spaces. This
heterogeneity causes a complex hydrological regime in the waste pile (Nordstrom et al.,
2015).
On the other hand, one of the most noticeable impacts of mining could be the
formation of open pits. Mining operations in open pits increase the exposure of sulphide
minerals and associated gangue minerals with water and atmospheric oxygen. The
cease of pumping, once mining activities end, generally leads to the progressive flooding
of the open pits, generating pit lakes. In this sense, the quality of pit lakes waters is
mainly controlled by: 1) the dissolution of the materials previously deposited in the open
pit; 2) the reactions between the pit lake water and the surrounding geological materials;
and 3) the water quality of surface water and groundwater inflows. In many cases, open
pits are connected to underground works, which strongly affects the water quality and its
variability. The hydrological equilibrium of the pit lake is achieved when water inputs are
equal to losses by evaporation or when overflows are produced to rivers or aquifers. The
release of these waters can pose substantial environmental concerns (Davis and
Ashemberg, 1989; Savage et al., 2000; Castendyk, 2011; Castendyk et al., 2015a,
2015b; Boehrer et al., 2016). In the case of sulphide mining, the problem is worse
because pit lakes usually store acid waters with extreme concentrations of toxic metals
with a high contamination potential (Sánchez España et al., 2008; Cánovas et al., 2015;
Nordstrom et al., 2015).
1.2. ENVIRONMENTAL PROBLEM OF AMD IN THE IBERIAN PYRITE BELT AND
RATIONALE OF THIS THESIS
The Iberian Pyrite Belt (IPB) is one of the biggest polymetallic sulphide deposits
in the world. The intense mining activity mainly developed during the second half of the
nineteenth and early twentieth centuries has left an impressive environmental legacy in
more than one hundred abandoned mines, with huge volumes of sulphide-rich mine
5
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wastes and a large length of underground mine galleries and flooded open pits with acid
waters. It has been estimated that, in the Spanish sector of the IPB, around 4800 ha of
surface are occupied by waste rock piles, pit lakes, tailing impoundments and other
mining facilities (Grande et al., 2013). The acid water generated in these mining areas
cause a severe impact on the surrounding watercourses, affecting mainly to the Tinto
and Odiel Rivers (e.g. Sánchez España et al., 2005; Cánovas et al., 2016; Olías et al.,
2016). As a consequence of the cease of mining, 22 flooded open pits were formed only
in the Spanish part of the IPB (Sánchez España et al., 2008). Most of these pit lakes
contain acid water and management or control plans are lacking. Although the
hydrogeochemical and limnological properties of some of these pit lakes have been
previously studied (Sánchez España et al., 2008; Santofimia and López-Pamo, 2013;
Cánovas et al., 2015), some of them have still not achieved equilibrium, and their
hydrological connections are not well understood (Sánchez España et al., 2014). This
information is of paramount importance to foresee evolution of the aforementioned pit
lakes, to plan potential remediation measures, and to avoid potential environmental risks.
This issue is especially relevant for the Tharsis mine complex, which constitutes
one of the most important exploitations of the IPB. This derelict district hosts five open
pits, four of which are partially flooded by acid waters (Sánchez España et al., 2008).
The total surface affected by mining is 413 ha, including soils, waste heaps, pit lakes and
other mining infrastructures. The end of mining activities in 2001 caused a deterioration
in water quality due to the interruption of environmental control measures. The water
quality of the pit lakes depends on the balance between the acidity and alkalinity inputs
to the lake together with the neutralization/acidification processes in the water column
(Blodau, 2006; Castendyk et al., 2015b). There are currently several models that use
information from these processes to predict the final water quality after mining cessation
(Oldham et al., 2009; Vandenberg et al., 2011; Geller et al. 2013; Castendyk et al.
2015b). However, to implement these models a detailed knowledge of the
hydrogeological characteristics of pit lakes and their surroundings is needed. While
active mines can be well characterized, there is a lack of information on abandoned mine
sites, such as Tharsis, that prevents the application of such models.
The environmental impact of AMD on water bodies may be severe, especially in
derelict mines due to the absence of control labours. This is especially evident in the
Tharsis area, where the main water bodies are deeply polluted as a consequence of
numerous AMD sources generated in these mines. Some of the acid leachates
generated in the Tharsis mine complex join the Meca River, which feeds the Sancho
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Reservoir (58 hm3). This reservoir has suffered a progressive acidification in recent
years, and it is considered to be one of the more extreme cases of surface water pollution
worldwide (Cánovas et al. 2016). On the other hand, the need for water to satisfy the
growing development of agricultural activities in this area has led to the current
construction of a new large reservoir (Alcolea Reservoir, 246 hm3) at the confluence of
the Odiel and Oraque rivers (Figure 2.4). The Oraque River receives a high load of
pollutants from the Tharsis mines, which together with AMD inputs from other mines
compromise the water quality in this reservoir (Olías et al., 2011: Macías et al., 2017). If
additional acid leachates were generated from existing pit lakes, the water quality of local
streams and reservoirs would even worsen.
On the other hand, the main goal of the European Union (EU) Water Framework
Directive (WFD) was initially to achieve a good ecological and chemical quality for all
European rivers by 2015 (EU Commission, 2000). However, in the Odiel River this
deadline was extended for reasons of technical and economic feasibility because the
improvement would entail overspending (Water Resources Management Plan of Spain
2021-2027). Therefore, urgent adoption of remediation measures is needed to improve
the quality of input waters to the planned reservoir and fulfil the objectives established
by the WFD. However, the effectiveness of these measures relies on a deep knowledge
of metal fluxes from the AMD sources, their variability and the quantification of pollutants
at a catchment scale. In the case of the Tharsis mines, these pollutant fluxes have not
been properly quantified.
In addition, the acid leachates generated not only contain high levels of pollutants
but also high concentrations of economic metals such as rare earth elements (REEs)
(Grawunder et al., 2012). REEs are usually subdivided, due to its atomic radius, into light
(LREE: La to Sm), middle (MREEs: Eu to Dy) and heavy REE (HREEs: Ho to Lu). This
classification has important economic implications, since HREEs and MREEs have
market prices much higher than LREEs. Traditionally, REEs have been used as tracers
in many geological processes (Elderfield et al., 1990; Smedley, 1991; Hall et al., 1995;
Johannesson et al., 1997; Dia et al., 2000; Worrall and Pearson, 2001a; Pérez-López et
al., 2015). Nowadays, REEs are of great importance for the manufacture of modern
technology (e.g. Du and Graedel, 2011; Ballinger et al., 2019), and due to the increasing
demand major consumer countries have started to search other secondary sources such
as recycling REEs from wastes (Binnemans et al., 2013; Amato et al., 2019; Favot et al.,
2019; Yan et al.,2019). In this way, the high concentrations of REEs in AMD have
generated great interest due their potential recovery (e.g. Ayora et al., 2016; Wilfong et
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al., 2017; Ramasamy et al., 2018; Naidu et al., 2019; Wei et al., 2019). However, the
increase in the use of REEs has also raised their exposure to the environment and
human health, posing a serious risk due to their toxicity (e.g. Pagano et al., 2015; Wang
et al., 2017).
There are few studies dealing with the release of REEs from AMD sources in
sulphide mining areas. Pérez-López et al. (2010) shed light on the REEs fractionation
processes from sulphides in the São Doming mine (IPB), reporting a MREEs depleted
pattern of gossan (the final product of pyrite oxidation) in contrast with the enriched
MREEs in AMD waters. However, more recent studies suggest that the provenance of
REEs in AMD systems could be related to the dissolution of host rock minerals by AMD,
instead of sulphide oxidation. In this sense, Migaszewski et al. (2014) reported that the
REEs contents in AMD from Podwiśniówka area (Poland) are linked to bedrock
mineralogy and lithology, but not to pyrite mineralisation. A similar conclusion was
obtained by Cánovas et al. (2019), who studied the release of REEs from an
underground sulphide mine at the IPB pointing to the intensity of chemical weathering of
host rocks by AMD as the main factor controlling REEs concentrations. For this reason,
more studies dealing with the mobility and dispersion of REEs in AMD environments are
needed in order to answer these questions.
1.3. OBJECTIVES AND STRUCTURE OF THE MANUSCRIPT
Based on the concerns described above, the main goals of the present work are:
1) to analyse the flooding evolution of the pit lakes of the Tharsis mine complex,
assessing the hydrogeochemical characteristics; 2) to obtain a conceptual model of the
hydrological behaviour of the pit lakes to predict evolution in the long term.; 3) to
characterize the AMD sources in the Tharsis mines and their seasonal variability,
quantifying the metal loads delivered to the water bodies, 4) to study the geological and
geochemical controls on metal and metalloid content of the AMD sources; and 5) to
investigate the mobility, behaviour and loads of REE in the Tharsis mines and the
surrounding water bodies under different hydrological conditions.
This information is critical to identify and adopt cost-effective measures to
mitigate the impact of acid waters in local receiving water bodies. To achieve these
objectives, the present manuscript is structured into the following six chapters:
In the present Chapter 1, an introduction is made about AMD processes and the
associated problems generated, especially in the Tharsis mine district. In addition, the
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objectives of the present investigation are exposed, explaining the gaps in knowledge
that this Thesis attempts to fill.
The Chapter 2 ‘Study Area’ describes the local geology and the mineralogy of
sulphide deposits in the Tharsis area, together with the topographic, climatologic and
hydrological characteristics. Finally, the history of mining in Tharsis, necessary to
understand the current conditions in the area, is briefly described.
In the Chapter 3, the methodology applied in this Thesis is described, including
the techniques and procedures to determine the level measuring and water balance in
pit lakes, the geochemical characterization of the main sources of AMD, pit lake water
and streams and the statistic treatment of the information obtained.
In the Chapter 4 ‘Hydrological characterization and prediction of flood levels of
acidic pit lakes’, the flooding evolution in the pit lakes is addressed. To this end, a water
balance of each pit lake is carried out for the hydrological characterization of the open
pits and the development of a conceptual model to predict the flooding evolution in the
long term is performed. These results were published in Moreno-González et al. (2018).
The Chapter 5 ‘Seasonal variability of extremely metal rich acid mine drainages’
analyses the seasonal variations of AMD sources from the Tharsis mine district during
three different hydrologic periods, discussing the main geological and geochemical
controls on AMD waters composition. Furthermore, the pollutant loads delivered to the
surrounding streams are calculated. This chapter corresponds to the article from
Moreno-González et al. (2020a).
In the Chapter 6 ‘Rare earth elements: hydrogeochemical behaviour and
seasonal variability’ the REEs concentrations of AMD and their relationships with
physicochemical parameters and other chemical elements are described. In addition, the
NASC-normalised patterns of AMD sources, the provenance of REEs and the load and
behaviour of REEs in the river network are investigated. These results were reported in
Moreno-González et al. (2020b).
Finally, in the last chapter the main findings obtained from the results of the
present thesis are summarized. Conclusions are also written in Spanish following the
norms of the University of Huelva.
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Emptying of wagons from the Filón Norte
open pit (Pinedo Vara, 1963).

Chapter 2. Study area

2.1. GEOLOGY
The Tharsis mine district belongs to the IPB, a part of the South Portuguese Zone
of the Hercynian Iberian Massif, which extends from the western part of Spain to the
Portuguese Atlantic coast with approximately 200 km long and 40 km wide (Fig 2.1). The
IPB consists of three main units: the Phyllite-Quartzite Group (PQ), the VolcanoSedimentary Complex (VSC) and the Culm Group (CG). The PQ group consists of a
thick sequence of slates and sandstones of upper Devonian age. The VSC (upper
Devonian - lower Carboniferous age), which hosts numerous sulphide deposits, is
composed of a volcanic sequence with a variable thickness of up to 1300 m (Tornos,
2006), alternating episodes of felsic (dacites and, in lower proportion, rhyolites) and mafic
rocks (occurring as basaltic sills or small stocks) intercalated in a sedimentary sequence
(mainly phyllites). This sequence presents abrupt changes due to the intrusive character
of some igneous rocks, the abundance of thrust defining the major contacts and the
existence of several palaeogeographic domains (Tornos, 2006). Finally, the CG is a
detrital unit of synorogenic turbidites of up to 3000 m thick, which basically consists of
shales and conglomerates of Carboniferous age.

Figure 2.1. Geology of the Iberian Pyrite Belt and location of massive sulphide deposits (from Almodóvar et
al., 2019). Tharsis district is indicated by the black circle.

The local geology of the Tharsis mine district contained in Tornos et al. (2008
and 2009) will be briefly described below. The sulphide deposits are located in the
northeast zone of the Puebla de Guzmán antiform (Fig 2.2). The lowermost VSC is
embedded into the PQ Group and present a shale-rich sequence that is overthrust by
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felsic volcanic rocks. The deposits, whose original boundaries are not known due to
subsequent tectonic stacking, crop out discontinuously (Tornos et al., 2008). Alternating
shales and quartz-rich sandstones with some conglomeratic layers and small limestone
lenses constitute the PQ Group (Moreno et al., 1996). The sandstone contains abundant
seismites and synsedimentary faults and presents widespread parallel and
crossbedding, grain sorting, and load casts. A characteristic of the PQ Group in this area
is the pyrite existence within the conglomerates such as polycrystalline grains or
replacing organic matter accumulations.
The structure of Tharsis area is defined by four major south dipping tectonic units
limited by thrusts with different lithological and hydrothermal features: 1) Slates and
sandstones of the PQ Group, interpreted as a para-autochthonous group overlaid by the
other units, 2) The Lower Unit including the massive sulphides and slates, 3) The
Intermediate Unit, made by slates intruded by basalts with bodies of hydrothermal
breccias and 4) The Upper Unit, composed of rhyodacite sills intruding slates (Fig. 2.3).
Two groups of shale-hosted massive sulphide deposits can be found: The
Tharsis deposits in the eastern part of the area and other small deposits such as
Herrerías and Cabezas de Pasto to the west (Fig. 2.2). Original sulphide reserves in the
Tharsis mine complex are estimated to be around 133 Mt (Tornos et al., 2008). Filón
Norte open cut is the largest mine, composed by Filón Norte, San Guillermo and Sierra
Bullones lenses, hosting more than 88 Mt of ore grading in weight 46.5% S, 2.7% Zn +
Pb, and 0.7% Cu. In addition, other volcanic-hosted massive sulphide deposits such as
Almagrera, Lagunazo, La Lapilla or Filón Sur are found to the south of this mine district
(Fig. 2.2).
The shales and felsic volcanic rocks have larges zones of hydrothermal alteration
with disseminated, stockwork-like and semi-massive sulphides, such as Cabezo Hueco,
Cabezo Gua, or Prado Vicioso (Fig. 2.2). Some of these zones contain considerable CoAu concentrations. The natural oxidation processes of the massive sulphide deposits
originated massive gossans. The mean enrichment factor in Au in these gossans is
approximately 6, with average grades ranging from 1 to 3 g/t of Au and 37 g/t of Ag
(Tornos et al., 2008).
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Figure 2.3. Geological cross section of Filón Norte open pit (shown by the white line). PQ: PQ Group, FN:
Massive sulphides of Filón Norte. SG: Massive sulphides of the San Guillermo deposit; LDZ: Lower
deformation zone; UDZ: Upper deformation zone; LU: Lower Unit; IU: Intermediate Unit; UU: Upper Unit
(Tornos et al., 2009).

2.2. TOPOGRAPHY, CLIMATOLOGY AND HYDROLOGY
The average altitude in the Tharsis area is 195 m. The surface above 300 m only
represents 9% of the Tharsis mining district, reaching a maximum altitude of 362 m at
the south of Filón Norte (Fig. 2.4). The maximum slopes are reached in the open pits,
while the natural slopes are lower than 25%. Two zones can be differentiated: 1) a flatter
area at the northeast, belonging to the Oraque River basin, where slopes are lower than
13% and 2) The rest of the area belonging to the Meca River basin, with higher slopes.
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Figure 2.4. Topographic map of the Tharsis area, including the river network. Red lines indicate streams
affected by AMD and blue lines unaffected streams.

The area has a Mediterranean climate with an average yearly precipitation close
to 650 mm, although with a high intra and inter-annual variability (Fig. 2.5; Galván et al.,
2009). Average temperatures are close to 16.5 °C. Summers are hot and dry, with
maximum temperatures close to 40 °C, while winters are humid and cold (minimum
temperatures lower than 0 °C).
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Figure 2.5. Rainfall evolution (1980-2015) in the Spanish State Meteorological Agency (AEMET) station
4589 ‘Tharsis mine’.
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The Tharsis mines are located between the Oraque and Meca River basins,
which cover a surface area of 604 km2 and 315 km2, respectively (Fig. 2.6). Both streams
and tributaries of the Odiel River are intensively affected by AMD due to mining activities.
The most important water courses in the study area are (Fig. 2.4): the Aguas Agrias
creek, which joins the Oraque River to the east, and the San Agustín creek, a tributary
of the Meca River, which is located to the south and is regulated by the Sancho Reservoir
(Fig. 2.6).

Figure 2.6. Oraque sub-basin and Meca sub-basin maps and location of Tharsis mines (Fig. 2.4), the Sancho
reservoir and the projected Alcolea reservoir.

The flow of the Meca River shows a great variation throughout the year, reaching
values >100 m3/s in the humid period and decreasing close to zero in summer due to
high evaporation and low precipitation (Galvan et al., 2009). The Sancho reservoir (58
hm3; Fig. 2.6) was built in 1962 and is fed by the Meca River, which receives acid
leachates from the Tharsis mines. The stored water is acid and since 2002 a progressive
decrease in water pH is observed, reaching nowadays values close to 3.5 and an
increase of the metal concentration, especially relevant since 2007. This is probably due
to the rebound effect after the closure of the Tharsis mines in 2001, which caused higher
metal inputs and acidity into the reservoir (Canovas et al., 2016).
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On the other hand, the Alcolea reservoir (246 hm3; Fig. 2.6) is being built at the
confluence of the Odiel and Oraque rivers for irrigation and urban supply. The dam
construction started in 2015, but it was stopped in 2017 when the contract with the
construction company was rescinded. Both the National and the Andalusian regional
government have agreed to unlock financing for the reservoir construction and the works
are expected to restart soon. Nevertheless, the water quality in the Alcolea reservoir is
uncertain due to the high pollutant load delivered by the Oraque and Odiel rivers, which
collect AMD from Tharsis and other mines in the basin. The study carried out by Olias et
al. (2011) revealed that, if remediation measures to treat acid sources in the basin are
not taken, the stored water will have an acid pH and a high concentration of metals, so
the water could not be directly used. without performing an expensive treatment. This
fact could make the huge investment devoted to the reservoir construction totally
useless.
Regarding hydrogeology, the materials of the IPB are considered of low
permeability and do not constitute aquifer units of importance. There are scarce data
about the hydrogeological characteristics of these materials. According to Gómez de las
Heras et al. (2001) hydraulic conductivities are commonly around 10−9 m/s, although
these values can increase due to the existence of faults, diaclases, etc. Thus, at the
Aznalcóllar mine zone values between 9×10−9 and 10−5 m/s have been found (Gómez
de las Heras et al., 2001). However, mining labours may promote an increase of the
permeability by fracturing, leading to the formation of anthropogenic aquifers in the
vicinity of mined areas (Cánovas et al., 2018).
2.3. HISTORY OF MINING IN THE THARSIS MINE DISTRICT
The exploitation of Tharsis mine, like many others mines from the IPB, started
almost 5000 years ago in the Chalcolithic period. A clear evidence of this period is the
remains of an old mining town found 3 km south from Tharsis which was specialized in
copper metallurgy from azurite, malachite, chalcocite, etc. (Nocete et al., 2005).
Subsequently, mining experienced a boost in the time of the Tartessian civilization and,
especially, during the Roman period. In Filón Norte, 5 roman waterwheels out of a set of
14 were found at 43 m below a drainage gallery that headed east (Gonzalo y Tarín,
1888). Roman mining and, to a lesser extent Tartessian, left about 3.5 Mt of slags
covering a large area (Fig. 2.7), produced by the metallurgy of 4.75 Mt of sulphides. The
exploitation during this period probably focused on the enrichment zone with the highest
ore grades of copper, gold and silver (Pinedo Vara, 1963).
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Figure 2.7. Map of Tharsis in the Roman period and location of shafts, galleries, water wheels and scoria
(slags) (from Checkland, 1967).

Roman exploitation was followed by a long period with little mining activity until
1853, when the mines were rediscovered by the French engineer Ernest Deligny,
beginning their exploitation three years later (Deligny, 1863). A large gallery, known as
La Sabina, was built for the drainage and transportation of the mineral in the area of Filón
Sur, where there was the largest gossan cap. However, this work was unsuccessful as
it was below the mass of sulphides and thus, it did not reach the ore (Checkland, 1967).
Mining during this period was mainly developed underground, by room and pillar method,
in the areas of Filón Norte, Sierra Bullones, Filón Centro and Filón Sur.
In 1866 mining was greatly boosted with the arrival of British investors and the
construction of a railway to the Huelva harbour for the transport of the extracted mineral.
At this time, opencast mining began in Filón Norte and somewhat later in Sierra Bullones
and Filón Centro (Gonzalo y Tarín, 1888). In addition, the underground mining continued,
especially in Sierra Bullones, changing the extraction system for that of cut and fill or
exploitation in large chambers, much more efficient in the recovery of mineral
(Checkland, 1967). The mine drainage was performed by pumping from the deepest
shafts.
In this period, exploitation was focused on the copper-rich secondary enrichment
zone. Part of the mineral extracted was exported and another was treated in the mine
through artificial cementation procedure, which consisted in burning the ores for about 6
months in small triangular piles of 100 tons, called “teleras”. In this way, the sulphur was
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released into the atmosphere. The burned mineral was leached commonly with acid mine
water to re-dissolve copper into the leaching solution. Later, the leaching solution was
diverted into channel systems where the copper precipitated in the form of a thin layer in
contact with iron scrap.
Due to the sulphurous gases that were produced, this system had a great impact
on the miners’ health, the environment and the farming of the nearby areas (Carrasco
Martiañez, 2000). The problem became more acute by the intensification of mining
activity, until it was banned at the end of the 19th century due to the objections of the
miners and the inhabitants of the surrounding towns. The system was changed to natural
cementation or wet route, consisting in arranging the mineral in piles of about 100,000
tons and watering them with mine water to favour the oxidation of sulphides. After a time,
the mineral was washed to dissolve the copper and later recover it in the channel
systems. Once this process was complete, the remnant ore could be exported to obtain
sulphuric acid.
Around 1880 an exploration gallery was built from the Esperanza area to the west
(Fig. 2.7), where there were copper slates, until reaching the sulphides of Filón Sur (Fig.
2.8). These slates were fully removed at the end of the 19th century, generating an open
pit to the east (Fig. 2.8), which was subsequently filled with materials extracted from Filón
Sur. The exploitation in Filón Centro and Filón Norte ceased in 1884 and 1890,
respectively, focusing the mineral extraction on Sierra Bullones by the continuation of
both opencast and underground mining (Checkland, 1967).

Figure 2.8. Exploration adit from the Esperanza area towards Filón Sur (Gonzalo y Tarín, 1888).

From the beginning of the 20th century, once the Cu enrichment zone was sold
out, the main purpose of the operation became the sulphur contained in the pyrite for the
manufacture of sulphuric acid. On the other hand, between 1937 and 1964 a new type
of exploitation took place in Filón Sur with the objective of extracting gold and silver
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contained in the gossan (Checkland, 1967), with an average ore grade of 2.9 and 35 g
per ton, respectively (Pinedo Vara, 1963). The procedure used was the extraction by
cyanidation in a plant built next to Filón Sur, while the wastes generated were dumped
into the Esperanza open pit.
In the middle of the 20th century, exploitation was resumed in Filón Centro for
some years, expanding the open pit. At this time, the San Guillermo deposit, adjacent to
Filón Norte, was discovered beginning its exploitation in the 60s through the expansion
of the Filón Norte open pit and also through underground mining. The underground works
in Filón Norte/San Guillermo area were communicated with those of Sierra Bullones. In
1966 the activity in Sierra Bullones was definitively abandoned after 100 years of intense
exploitation (Fig. 2.9), while Filón Norte mining finished at the end of the 90s.

Figure 2.9. Tharsis map in 1966 and location of open pits (Checkland, 1967).

Between 1990 and 2001, the exploitation was restarted at Filón Sur to obtain gold
and silver from the gossan through cyanidation, at much larger scale than in the previous
period. The residues generated in this recent exploitation were accumulated to the east
of the mining area, forming large dumps (Fig 2.10).
From 1856 to 2001, 40 Mt of sulphide were obtained from the Tharsis mine
(Tornos et al., 2009). Approximately 17 Mt were extracted up to 1960, mainly from Sierra
Bullones (Pinedo Vara, 1963), while the rest was obtained mainly from Filón Norte/San
Guillermo during the last 40 years of exploitation. About 5 Mt of mineral must be added
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to these figures from mining developed during the Roman and pre-Roman periods
(Gonzalo y Tarín, 1888).
In the Tharsis area, there are other small abandoned mines: La Lapilla,
Almagrera, Lagunazo, Vulcano and Prado Vicioso (Fig. 2.10). In La Lapilla mine, which
was also exploited by Tartessians and Romans, 45,000 tons were extracted for copper
production in the 19th century (Pinedo Vara, 1963). After years of inactivity, several
research works were carried out and the 2nd and 3rd floors were exploited in 1911,
however mining activities ceased since then. The Almagrera mine was worked to obtain
copper, but production stopped in 1916 when the ore grade fell below 1% at the depth
of 80 m. On the other hand, the Lagunazo mine (Fig. 2.2) was exploited through open
pit and holes and pillars, but exploitation was also stopped definitely in 1902 with 437,000
tons extracted (Pinedo Vara, 1963). In addition, the Vulcano mine, which exhibits
abundance in chalcopyrite, was exploited by open pit at the end of the 19th century
(Gonzalo Tarín, 1888). Like almost all mines in the province, Prado Vicioso mine (Fig.
2.2) was exploited in the Roman period and rediscovered in 1860. It was scarcely
exploited in the 19th century due to its low copper grade. Until 1927, 106,000 tons with
a grade of approximately 0.6% Cu were extracted, while some 61,000 tons are still
exploitable (Pinedo Vara, 1963).
Mining activities in Tharsis completely ceased in 2001, and since then,
agricultural and industrial activities have partially replaced the traditional mining activities
in the study area. However, recently a new company has been created (Tharsis Mining
& Metallurgy) aiming to reopen the mine in the short term.
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Figure 2.10. Map of Tharsis mining district showing the current location of open pits, dumps and streams.

As a consequence of this long mining history, large spoil heaps were deposited
in the area, affecting a total surface area of 413 ha (Fig. 2.10). The exposure of these
sulphide-rich wastes to atmospheric conditions led to the formation of both temporary
and permanent AMD outflows which are collected by the Meca and Oraque rivers. The
spoil heaps in the Tharsis mines can be classified as: 1) sulphide dumps, which occupy
the largest area (115 ha); 2) mixed dumps composed mainly of host rocks and minor
amounts of sulphides (52 ha); 3) revegetated dumps, where a partial restoration has
been made reshaping the heaps and covering the waste with soils, which have allowed
their revegetation (12 ha at the north of Filón Norte); 4) roasted pyrite ash dumps,
residues from the sulphuric acid production from pyrite (20 ha) which are partially sealed,
but some acid outputs occur; and 5) gossan dumps, generated by the gossan
cyanidation treatment to obtain Au and Ag (51 ha, to the east), which do not produce
AMD leachates. In addition, there are some areas of mining affected soils (Fig. 2.10). In
addition, when mining activity ceased at the end of the 20th century, several open pits
were flooded with acid water: Filón Norte, Sierra Bullones, Filón Centro and Filón Sur
(Fig. 2.10).
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Sampling and measurement of physicochemical parameters at
sampling point T35.
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3.1. OVERVIEW
In this chapter, the methodology applied in this Thesis will be briefly described.
The methodology employed includes a variety of hydrological techniques, together with
the use of Geographical Information Systems (GIS), to determine the water levels and
budgets in the pit lakes. On the other hand, different techniques were applied to collected
samples in order to geochemically characterize the main AMD sources, pit lake waters
and streams studied. Finally, the treatment of information obtained was performed using
different techniques such as multivariate statistical analysis and geochemical modelling.
All this information is further described in the next sections.
3.2 WATER BALANCE AND EVOLUTION OF PIT LAKES
Due to the absence of water-level records in the pit lakes, in order to estimate the
flooding evolution, digital terrain models (DTM) for 1998 (with a horizontal resolution of
20 × 20 m) and 2001-2002 (with a horizontal resolution of 10 × 10 m) from the Andalusia
Regional Government were used, together with available orthophotographs (July 1998,
October 2002, August 2004, October 2005, May 2007, May 2009, August 2011, May
2013 and July 2016). Aerial photographs taken prior to these periods were also
examined to check the flooding status of the pit lakes.
The following methodology was applied with the software ArcGis V10.0: 1) the
flooded surface was initially estimated from orthophotographs for each pit lake; 2) the
relationship between the altitude and pit surface was estimated by DTMs, allowing the
water level to be established from the flooded surface; and 3) the volume of stored water
was calculated from the DTMs, using the ArcGis Surface Volume tool, as the volume
below the plane established by the water level obtained in the previous step. Filón Centro
and Filón Sur open pits were already flooded when the DTMs were constructed. Thus,
their exact topography below the water level is unknown. Water depths of 45 and 5 m
were considered for Filón Centro and Filón Sur, respectively, to estimate the stored water
in both pit lakes, according to data provided by Sánchez España et al. (2008). As a
constant depth was assumed in these pit lakes, the estimations show some
uncertainties.
The water balance in the pit lakes was estimated from data of rainfall, runoff and
evaporation

together

with

the

difference

in

water

volume

stored

between

orthophotographs. Daily precipitation was obtained from a rainfall gauge located close
to the studied pit lakes (Fig. 3.1). Evaporation was estimated according to the equation
of Penman (1948):
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EV =

Rad n + Ea
 +

(3.1)

where EV is evaporation from a free surface (mm/day), Δ is the slope of the
saturation vapor pressure curve (kPa/°C), γ is the psychrometric constant (kPa/°C), Radn
is the net daily radiation at the water surface (mm/day) and Ea (mm/day) is the
aerodynamic component depending on the average daily wind speed and vapour
pressure deficit. A more detailed explanation of this estimation procedure is described
by Allen et al. (1998). The information needed to apply Eq. (1) (i.e., the latitude, height
above sea level, and daily data for maximum and minimum temperatures, maximum and
minimum values of relative humidity, wind speed and solar radiation) was obtained from
a meteorological station located 12 km to the west of the Tharsis mines (La Puebla de
Guzmán), belonging to the agroclimatic stations network of the Andalusian Regional
government.

Figure 3.1. Map of Tharsis mining district showing the location of open pits, dumps, streams and sampling
points.

Surface water inputs to the pit lakes were estimated from the runoff generated in
the drainage basin and the direct precipitation on the flooded surface of the pit lake. This
latter value was obtained by multiplying the rainfall collected between consecutive
orthophotographs by the average flooded surface at the beginning and the end of the
period, according to the following equation:
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DRn = Rn 

Af n − Af n −1
2

(3.2)

where DRn is the water input by direct rainfall during the period n (m3), Rn is the
precipitation during the period n (m), and Afn and Afn-1 are the flooded surfaces during the
period n and n-1 (m2).
The runoff towards the pit lake was determined by multiplying the precipitation
collected between the period comprising consecutive orthophotographs by the total
surface of the drainage area:

Qrunn = Rn  ( Acatch −

Af n − Af n−1
)C
2

(3.3)

where Qrunn and Rn are the runoff and precipitation during the period n, Acatch is
the drainage area of each pit lake, Afn and Afn-1 are the flooded surfaces during periods
n and n-1, respectively, and finally, C is the runoff coefficient. This coefficient was
obtained from a hydrological model with the SWAT code which calculated the daily water
balance based on soil type, slope, land use and weather data (Galván et al., 2009). The
model was calibrated and validated against registered daily inflows of the Sancho
reservoir from 1982 to 2002. The monthly values of the evaluation coefficients during the
model calibration were: 0.85 for the Pearson’s correlation coefficient, 0.83 for the NashSutcliffe coefficient and 1.08 for the runoff volume deviation (Galván et al., 2009), values
considered as ‘very good’ according to Moriasi et al. (2007).
Thus, the sum of Eqs. (3.2) and (3.3) corresponds to the surface water input into
each pit lake (In, Eq. (3.4)):
𝐼𝑛 = 𝑄𝑟𝑢𝑛𝑛 + 𝐷𝑅𝑛

(3.4)

On the other hand, in order to estimate the water losses, the amount of
evaporation obtained in Eq. (1) was multiplied by the average flooded surface of each
pit lake at the beginning (Afn-1) and the end of the period (Afn):
On = Evn 

Af n − Af n −1
2

(3.5)

where On is the volume of water lost by evaporation during the period n (m3), and
Evn is the evaporation during the period n (m). In addition, groundwater inputs were
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estimated for each period as the difference between inputs (In), losses (On) and the
variation of water stored in the pit lake:
𝑄𝑠𝑢𝑏𝑛 = (𝐼𝑛 − 𝑂𝑛 ) + (𝑉𝑛 − 𝑉𝑛−1 )

(3.6)

where Qsubn is the groundwater input during the period n, and Vn and Vn-1 are the
volumes of water stored during the periods n and n-1, respectively.
3.3. HYDROGEOCHEMICAL SAMPLINGS
A synoptic sampling was performed during three different hydrological periods:
intermediate (April 2017; n = 45), dry (September 2017; n = 30) and wet (March 2018; n
= 48) in order to study the spatial and temporal hydrochemical variations of metals and
metalloids concentrations (Chapter 5) and rare earth elements (REEs) (Chapter 6). A
description of AMD sources and their location is shown in Table AP1.1 of Appendix I.
Points of the fluvial network, where mixing of these leachates occurs (n = 19), together
with ponds and reservoirs affected by AMDs (n = 4) were included in the samplings (Fig.
3.1). The number of samples collected (n) varied among periods because several AMD
sources and streams observed during the wet period did not flow during the intermediate
and/or the dry season. For this reason, only the permanent AMD sources (n= 30) were
considered when comparing sampling periods. In addition, samples of surface water
from the pit lakes were taken in May 2017, with the exception of Sierra Bullones, which
is not accessible because of very steep slopes.
Physicochemical parameters such as pH, electrical conductivity (EC), oxidationreduction potential (ORP) and temperature were measured at each sampling point using
a CrisonMM40+ multimeter, previously calibrated with certified solutions. Calibration was
performed at three-points for both EC (i.e., 147 μS/cm, 1413 μS/cm, and 12.88 mS/cm)
and pH (i.e., 4.01, 7.00 and 9.21), while the accuracy of ORP measurements was verified
using two standard solutions (i.e., 220 and 470 mV). The value of Eh was obtained from
the ORP measured in the field according to Nordstrom and Wilde (1998).
Samples were collected in high-density polyethylene (HDPE) bottles that were
previously washed with a solution of 10% HNO3, filtered through 0.45 mm (Millipore
filters) and acidified to pH < 2 with ultrapure HNO3. Then, samples were kept at 4ºC until
analysis.
The flow of AMD sources and streams was also determined from measurements
of the water velocity with a flowmeter (FP111 Global Flow Probe) and the channel
27

Chapter 3. Methodology

section. In the case of irregular channels and low discharges, the bucket method was
employed instead.
3.4. ANALYTICAL DETERMINATIONS
Samples were analysed at the R+D laboratories at the University of Huelva by 1)
Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) for major cations
(i.e., Al, Ca, Fe, K, Mn, Mg, Na, S, Cu and Zn) and by 2) Inductively Coupled PlasmaMass Spectroscopy (ICP-MS) for trace elements (Be, Ge, Rb, Sb, Sc, Se, Sr, U, Th, As,
Co, Cr, Li, Ni, Pb, V, REEs, Y). Detection limits were 200 μg/L for Al, Ca, Fe, K, Mn, Mg,
Na and S; 50 μg/L for Zn; 5 μg/L for Cu; 1 μg/L for Be, Ga, Rb, Sb, Sc, Se, Sr, U and Th
and 0.1 μg/L for As, Co, Cr, Li, Ni, Pb, V and Y. The detection limits for REEs ranged
from 1 μg/L for La, Ce, Nd, Pr and Sm to 0.2 μg/L for Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb
and Lu. The sulphate concentration was calculated from the stoichiometric relationship
(1:3) between sulphate and sulphur in samples, assuming that all S is found as sulphate.
This was checked from the speciation obtained by the geochemical code PHREEQC
(Parkhurst and Appelo, 2005). The quality of analysis was verified with NIST-1640
certified reference material and by inter-lab comparison exercises. In each analysis
sequence, homemade standards for acid mine waters were also used to check accuracy.
A triplicate analysis was performed to evaluate the precision, being better than 5% in all
cases. Blanks were also analysed, and all elements were below the detection limit of the
equipment.
3.5. DATA TREATMENT
Chemical speciation and saturation indices were obtained using the PHREEQC
code v2.12.01 (Parkhurst and Appelo, 2005). The Wateq4f database was enlarged with
thermodynamic data from Bigham et al. (1996) and Yu et al. (1999) for the solubility of
schwertmannite.
In order to assess the dissolved metal transport during the different sampling
periods, the pollutant load from the different AMD sites was calculated by multiplying the
flow rate by the concentration of each element. The estimations of the acidity, sulphate,
metal and metalloid loads stored in the pit lakes were performed by multiplying the
volume of water of each pit lake (Chapter 4. Section 1) by the corresponding
concentration. These estimations should be considered only as an approach due to
concentration variations in the water column associated to vertical stratification were not
considered. Previous works (e.g. Sánchez España et al., 2008) reported sharp metal
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concentration increases in depth due to water stratification. Thus, the results obtained
must be considered as a minimum value for the pollutant load stored in the pit lakes.
A multivariate analysis was performed on collected data using the XLSTAT
software. Concentrations of elements below the detection limit were considered as
missing values in the statistical analysis of data. Specifically, an agglomerative
hierarchical clustering analysis (AHC) was used to make up homogeneous groups of
variables, with the purpose of describing the similarities and dissimilarities among
elements. As some data were not normally distributed, Spearman’s correlation
coefficient was used as the similarity criterion. The similarity is calculated between the N
objects at the beginning of the process. Then two objects are grouped into a class that
comprises these two objects. Next, the agglomeration criterion is used to calculate the
difference between this class and the other N-2 objects. This process is repeated and
finish when all the objects have been clustered. A binary clustering tree (dendrogram) is
produced by successive clustering operations. The class that contains all the
observations is the root.
In order to study REE fractionation processes in AMD sources and affected
streams, REEs concentrations were normalised using the North American Shale
Composite (NASC) values (Taylor and McLennan, 1985). Cerium (Ce*) and europium
(Eu*) anomalies were calculated as CeN/√[LaN·PrN]

and EuN/√[SmN·GdN],

respectively, where the subscript N indicates normalised values (Taylor and McLennan,
1985; Worrall and Pearson, 2001a). NASC-normalised REE signatures were described
using the ratios LaN/GdN, LaN/YbN and GdN/YbN, as well as Ce* and Eu*.
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Photograph of the Filón Norte open pit.
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4.1. CURRENT STATUS OF THE PIT LAKES AND ANALYSIS OF THE FLOODING
EVOLUTION
The first goal of this thesis was to analyse the flooding evolution of the pit lakes
of the Tharsis mine complex since the cease of mining activities. This evolution is
strongly influenced by rainfalls. Figure 4.1 shows the annual evolution of precipitation
and evaporation from 1998 to 2016, period with available orthophotographs. Rainfall
distribution was highly variable, with values ranging from 261 to 1,009 mm/yr, and a
average value of 662 mm/yr. The driest years were 1998/99, 2004/05 and 2011/12, while
the rainiest were 2000/01, 2009/10 and 2010/11. Values of evaporation, calculated from
the Penman equation, exceed those of precipitation (average value of 1,699 mm/yr),
showing a lower variability with values ranging from 1,530 (2013/14) to 1,938 mm
(2002/03).

Figure 4.1. Annual evolution of precipitation and evaporation in the study area.

Except Esperanza pit, which is partially filled with mine wastes and open to the
east, the other four open pits (Filón Norte, Sierra Bullones, Filón Centro and Filón Sur;
fig. 4.2) are currently flooded. The deepest and largest pit is, by far, Filón Norte, with a
total surface area of 0.52 km2 (Table 4.1). On the other hand, the pit with the largest
drainage basin is Sierra Bullones (1.04 km2). Filón Centro and Filón Sur have achieved
a hydrological equilibrium. In the case of Filón Centro, the pit has been flooded since at
least 1977 (which is the first aerial photograph where the occurrence of water is
appreciated) while Filón Sur was dry in 1998 and the flooding turned to be evident from
2002 on. Nevertheless, small fluctuations are observed depending on the date when the
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orthophotograph was acquired, with higher values during the rainy season and lower
values during the dry one (the water level in Filón Sur ranges from 255.7 to 257.0 m and
in Filón Centro from 258.2 to 258.7 m).

Figure 4.2. Location map of the pit lakes showing the profiles represented in figures 4.5, 4.6, and 4.7.

On the contrary, the flooding of Filón Norte and Sierra Bullones remains active
and the water level altitude was much lower (around 185 m in 2016). It can be noted that
flooding had not started in both pits in 1998 (Fig. 4.3). However, water in Filón Norte was
evident in 2002, while in Sierra Bullones was in 2004. Since then, the water level has
risen in both pit lakes, increasing the flooded surface and, therefore, the volume of acid
water stored.
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Figure 4.3. Selected orthophotographs of Filón Norte and Sierra Bullones open pits from 1998 to 2016.

The level and volume of water in both pit lakes have been estimated from the
DTM and the orthophotographs available. The evolution of the water level is quite similar
in both pit lakes, although slightly higher values are observed in Sierra Bullones (Fig.
4.4A). This fact must be due to the existence of hydraulic connection between both pit
lakes. The water level in Filón Norte has risen around 40 m from 2002 to 2016, which
accounts for an average rise of 2.8 m/yr. It can be also noted that the water level rise
was sharper during the first few years and have diminished the last years (Fig. 4.4A).
However, the change in water level is influenced by rainfall distribution, with higher
values of water level rise in rainy periods (for example, between November 2002 to
August 2004) and lower than expected according to the general tendency for dry periods
(for example, June 2007 to May 2009). The volume of stored water increased over time
(Fig. 4.4B), although with some deviations due to the rainfall distribution, as previously
discussed. Despite a decrease in the water volume inputs to the pit lake would be
expected, due to the increase of the water surface exposed to evaporation and the lower
groundwater inputs as the hydraulic gradient diminishes, the volume of stored water
followed a lineal tendency.
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Figure 4.4 Evolution of (A) water level and (B) stored water in Filón Norte and Sierra Bullones pit lakes.

4.2. PRELIMINARY GEOCHEMICAL CHARACTERIZATION OF WATERS STORED
IN THE PIT LAKES
As commented previously, there were 5.2×106 m3 of waters in the different pit
lakes in June 2016, most of which (3.59×106 m3) were stored in Filón Norte (Table 4.1).
During flooding, waters come into contact with sulphides contained in galleries and pit
walls, leading to oxidation processes. The absence of alkaline materials in the host rocks
and the strong water-rock interactions with sulphide-rich materials forming the galleries
and pit walls cause that the stored waters have a high acidity (pH of 2.2-2.3 and a net
acidity of 3.6-7.1 g CaCO3/L) and concentration of metals and metalloids (for example,
up to 2,053 mg/L of Fe, 228 mg/L of Zn, and 11 mg/L of As). The most polluted water
was that of Filón Norte (Table 4.2). Comparing with the samplings carried out by Sánchez
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España et al. (2008), the concentrations obtained from Filón Centro in this study were
similar, but the concentrations obtained from Filón Sur and Filón Norte have diminished
substantially (for example, Fe has decreased from 1,922 to 774 mg/L in Filón Sur and
from 4,620 to 2,053 mg/L in Filón Norte). This is likely related to the fact that Filón Centro
is a stable pit lake at least since 1977, while the other two have not yet reached
hydrochemical equilibrium conditions. The arrival of less concentrated waters to the pit,
once the underlying galleries were flooded, may have cause such lower concentrations
in both pit lakes. If compared with other pit lakes found worldwide, the concentration of
metals (e.g. Cu and Zn) observed in Tharsis pit lakes (e.g., 12-150 mg/L of Cu and 10567 mg/L of Zn) are similar to those found in the Berkeley pit lake in USA (Table 4.3)
and higher than those reported in pit lakes from Poland, Sweden or Australia. In the case
of other pit lakes from the IPB, metal concentrations found in Tharsis are in the same
order of magnitude than most pit lakes. Only in Corta Atalaya pit lake, metal
concentrations notably exceed those observed in Tharsis (Table 4.3).
Table 4.3. Main characteristics of other pit lakes located in the Iberian Pyrite Belt (IPB) and worldwide.

Lake

Surface

Depth

km2

m

0.036

70

Volume
x

106

m3

Opening
date

Closure
date

Cu

Zn

mg/L

mg/L

<1

54

Pit Lakes in the world
Thalanga (Australia)1
Mount Morgan
(Australia)2
(USA)3

Berkeley
Oriental West Pit,
Buchans (Canada)1
Oriental East Pit,
Buchans (Canada)1
Udden pit lake
(Sweden)4
Podwiśniówka
(Poland)5

0.487

2.5
90

1882

1990

101

52

>100

500

0.320

259

83

1870

1982

0.005

7

0.066

1928

1984

0.020

20

0.208

1928

1984

0.046

50

2.297

1971

1991

0.09

34.00

1990

2,4-7,8

92-112

10-45

0.012

1.5

0.019

(Poland)6

0.002

11

0.019

1785

1925

0.01

0.03

Purple Lake (Poland)6

0.001

4

0.005

1785

1925

1.03

0.27

(Poland)6

0.000

6

0.002

1785

1925

0.24

0.07

0.052

11

0.572

0.45

0.14

Major pit lakes within
the IPB8
Corta Atalaya

0.017

37

0.629

1907

1992

Confesionarios

6670
7

Azure Lake

Green Lake
Wiśniówka Mała pit
lake (Poland)7

0.025

45

1.116

1880

1888

1350
2

San Telmo

0.144

100

14.36

1970

1989

25

101

Aznalcóllar

0.284

38

10.792

1975

1995

35

834

105

12.285

1995

2001

0.01

30

Los Frailes
1

Geller et al. (2013).

0.117
2

Holland et al. (2014).

3

Castendyk et al. (2015a).

4

Ramstedt et al. (2003).

5

Migaszewski et al.

(2018). 6 Pociecha et al. (2018). 7 Migaszewski et al. (2018). 8 Sánchez España et al. (2008).
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The stored mass of pollutants has been calculated from the water volumes in
2016 (Table 4.1) and the analysed concentrations. Since Sierra Bullones and Filón Norte
are connected by underground, it has been considered that concentrations in both pit
lakes are similar. The total acidity, metal and metalloid loads stored in the pit lakes are
remarkable, e.g. approximately 32,000 tonnes of CaCO3, 9,000 tonnes of Fe, 1,000
tonnes of Al and Zn, and 47 tonnes of As, etc. (Table 4.2). Nevertheless, in the IPB, most
of the pit lakes are meromictic, with a denser monimolimnion with higher concentrations
of pollutants and a mixolimnion with less concentrated waters (Sánchez España et al.,
2008, 2014; Santofimia et al., 2013; Cánovas et al., 2015; Boehrer et al, 2016). As these
figures have been obtained only from surface waters and vertical stratification processes
have not been taken into account, the results obtained must be considered as a minimum
value for the pollutant load stored in the pit lakes. The impact of a potential release of
these waters to receiving water bodies can be appreciated comparing these results with
the annual load carried by the Meca River (Table 4.2; Galván et al., 2009); the amount
of dissolved Fe stored in the pit lakes is around 35 times higher than that annually carried
by this river.
4.3. WATER BALANCE AND HYDROLOGICAL DYNAMIC OF THE PIT LAKES
The accumulation of large volumes of highly-contaminated waters constitutes a
serious risk which could lead to critical environmental impacts. For this reason, it is of
paramount importance to develop a conceptual model of the hydrological behaviour of
these pit lakes and predict the evolution of each pit lake in the long term. This issue will
be approached in this section by a detailed case-by-case analysis.
4.3.1. FILÓN CENTRO
Table 4.4 shows the water inputs and losses in Filón Centro. The flooded surface
area remained approximately constant during the study period (approximately 0.036
km2), with the exception of the hydrological year of 2004/05, which showed a lower
surface area due probably to the lowest value of precipitation (Fig. 4.1). The volume of
AMD stored in the pit lake was around 1.1×106 m3. Runoff accounted for more than half
of the water inputs into the pit lake, whereas the rest corresponded to direct precipitation.
Generally, the water losses were slightly higher than inputs, which means that Filón
Centro may receive hidden inputs from the waste dumps located to the west and from
groundwater (Fig. 4.5).
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Filón Norte

Sierra Bullones

Filón Sur

Filón Centro

Table 4.4. Evolution of the pit lakes and water balances between two consecutive orthophotographs.

Period

Flooded
surface

Water
level

Water
volume

Jul 98 - Oct 02
Nov 02 - Aug 04
Sep 04 - Oct 05
Nov 05 - May 07
Jun 07- May 09
Jun 09 - Aug 11
Sep 11 - May 13
Jun 13 - Jul 16
Jul 98 - Oct 02
Nov 02 - Aug 04
Sep 04 - Oct 05
Nov 05 - May 07
Jun 07- May 09
Jun 09 - Aug 11
Sep 11 - May 13
Jun 13 - Jul 16
Jul 98 - Oct 02
Nov 02 - Aug 04
Sep 04 - Oct 05
Nov 05 - May 07
Jun 07- May 09
Jun 09 - Aug 11
Sep 11 - May 13
Jun 13 - Jul 16
Jul 98 - Oct 02
Nov 02 - Aug 04
Sep 04 - Oct 05
Nov 05 - May 07
Jun 07- May 09
Jun 09 - Aug 11
Sep 11 - May 13
Jun 13 - Jul 16

km2
0.036
0.036
0.034
0.037
0.037
0.036
0.037
0.038
0.004
0.005
0.004
0.007
0.005
0.008
0.007
0.006
0.0
0.009
0.009
0.013
0.014
0.019
0.021
0.023
0.044
0.064
0.065
0.077
0.088
0.103
0.114
0.129

m
258.6
258.6
258.2
258.7
258.6
258.5
258.7
258.7
256.2
256.5
255.7
256.9
256.4
257.0
257.0
256.7
157.6
158.7
165.5
167.8
176.7
181.3
185.6
146.2
156.7
157.3
163.9
168.0
175.9
180.3
184.7

106 m3
1.022
1.038
0.980
1.051
1.047
1.028
1.051
1.059
0.014
0.016
0.010
0.020
0.016
0.021
0.020
0.018
0.000
0.055
0.065
0.139
0.171
0.315
0.404
0.496
0.348
0.956
0.996
1.464
1.801
2.556
3.034
3.589

Surface Inputs (In)
Runoff
(Qrunn)
106 m3
0.137
0.065
0.017
0.064
0.052
0.095
0.050
0.077
0.245
0.114
0.031
0.112
0.091
0.168
0.088
0.135
0.893
0.419
0.111
0.410
0.333
0.612
0.319
0.490
0.496
0.221
0.058
0.211
0.167
0.302
0.154
0.230

Rainfall
(DRn)
106 m3
0.104
0.050
0.013
0.050
0.040
0.073
0.039
0.060
0.006
0.007
0.002
0.007
0.007
0.013
0.008
0.010
0.000
0.006
0.003
0.015
0.015
0.032
0.021
0.036
0.062
0.072
0.023
0.094
0.089
0.190
0.112
0.194

Evapor.
(On)

In-On

106 m3
0.285
0.128
0.077
0.087
0.123
0.146
0.096
0.181
0.018
0.009
0.004
0.009
0.008
0.016
0.009
0.013
0.000
0.016
0.021
0.026
0.045
0.065
0.051
0.128
0.171
0.187
0.143
0.166
0.273
0.380
0.277
0.585

106 m3
-0.044
-0.014
-0.048
0.026
-0.031
0.022
-0.007
-0.044
0.234
0.112
0.028
0.111
0.089
0.165
0.087
0.132
0.893
0.409
0.093
0.399
0.303
0.579
0.289
0.398
0.387
0.106
-0.062
0.139
-0.017
0.112
-0.011
-0.160

38

Chapter 4. Hydrological characterization and prediction of flood levels of acidic pit lakes

Figure 4.5. Schematic hydrologic profile of Filón Centro in dry and wet years. The thickness of the arrows is
proportional to the water flux. The profile location is in Fig. 4.2.

A permanent acid outflow was identified that arose from the bottom of this waste
dump, with a flow generally between 0.1 and 0.5 L/s. The small discharge together with
the hydrochemical characteristics of the acid spring (Sánchez García et al., 2018),
different from that of the lake, indicates that Filón Centro pit lakes does not discharge
regularly through this point and the hidden inputs towards the pit lake must be low.
However, water inputs were higher than losses during the rainy periods (from November
2005 to May 2007 and from June 2009 to August 2011; Table 4.4) and water losses may
occur through the acid spring during these periods (Fig. 4.5), when its discharge can
increase up to 12 L/s (Sánchez García et al, 2018). Therefore, Filón Centro would
behave as a terminal lake during dry and normal periods and the water rise as a
consequence of rainfalls would cause the pit lake to behave as a flow-through pit lake
(Fig. 4.5), releasing water through the waste dump to the west.
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4.3.2. FILÓN SUR
The drainage basin of Filón Sur is relatively large (0.29 km2; Table 4.1), while the
flooded surface area (0.006 km2) and the volume of stored AMD (20,000 m3) were small
compared to the other open pits. Thus, the surface water inputs to the lake were mainly
due to runoff (Table 4.4, Fig. 4.6). Water losses by evaporation were noticeably lower
than surface inputs. As the water level was approximately constant (see Section 4.1),
this pit lake must have hidden water losses. These losses were thought to occur through
La Sabina underground gallery located to the south (Fig. 4.1). However, the water level
in the pit lake (257 m) is clearly higher than the altitude of La Sabina adit (Fig. 4.6). In
addition, monitoring in La Sabina from the end of 2015 showed evidences of a low
average discharge (0.6 L/s; Olías et al., 2017a) without significant changes in response
to rainfalls, which is inconsistent with a possible overflow from Filón Sur (Fig. 4.6).

Figure 4.6. Schematic hydrologic profile of Filón Sur. The thickness of the arrows is proportional to the water
flux. The profile location is in figure 4.2.

Water outputs from Filón Sur probably occur through an unnoticed derelict gallery
constructed to the east at the end of the nineteenth century (Gonzalo y Tarín, 1888),
cited in section 2.3. This adit can be seen at the surface of the pit lake, although the exit
towards Corta Esperanza is likely buried by mine wastes. During rainy periods, water
emergences in Corta Esperanza can be seen, which at least partially come from Filón
Sur. These emergences commonly stop flowing a few days after the cessation of the
rains, suggesting that the contribution of groundwater towards Filón Sur must be
negligible.

40

Chapter 4. Hydrological characterization and prediction of flood levels of acidic pit lakes

On the other hand, Cánovas et al. (2017) reported that the acid outflows from the
Corta Esperanza area may be the main AMD contributor to the Meca River and the
Sancho Reservoir (Fig. 4.1) with a quick response to rainfalls, which could be related to
water exits from Filón Sur.
4.3.3. SIERRA BULLONES AND FILÓN NORTE
The drainage basin of Sierra Bullones is the largest of the whole pit lakes (1.04
km2; Table 4.1); the runoff generated after rainfalls accounts for around 95% of water
inputs to the pit lake (Table 4.4). Surface water inputs are considerably higher than
losses by evaporation due to the small flooded surface area, although the latter increases
progressively (Table 4.4). The difference between water inputs and losses estimated for
each assessed period was much higher than the increase of water stored in the pit lake.
Therefore, undetected water losses may occur from this pit lake to Filón Norte through
underground galleries (Fig. 4.7). Thus, Sierra Bullones may behave as a flow-through pit
lake.

Figure 4.7. Schematic hydrologic profile of Sierra Bullones and Filón Norte. Water levels from July 2016 are
indicated. The thickness of the arrows is proportional to the water fluxes. The profile location is in figure 4.2.

Runoff constitutes the main contributor to Filón Norte pit lake, with a drainage
basin of 0.60 km2; however, as long as the flooded surface increases, the percentage of
direct precipitation rises (Table 4.4). Losses by evaporation step up progressively and
are linked to the increase in the flooded surface area, although some decreases in
evaporation can be seen on Table 4.4 because the periods are shorter (September 2004
to October 2005) or have a higher proportion of winter days (September 2011 to May
2013). Thus, losses by evaporation are generally lower than surface water inputs during
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the first flooding stage, while the situation reverses in the last periods. Nevertheless, as
commented before, Filón Norte must receive unnoticed outflows from Sierra Bullones.
Groundwater inputs to Sierra Bullones and Filón Norte have been estimated from
Eq. (6). These inputs have negative values in Sierra Bullones, which is evidence of the
existence of groundwater outputs (Fig. 4.8). During the first stages of flooding (until May
2009), water inputs to Filón Norte coincide approximately with losses from Sierra
Bullones. Groundwater inputs to both pit lakes, that is, the difference between inputs to
Filón Norte and losses to Sierra Bullones, are low. However, water inputs to Filón Norte
were higher than losses from Sierra Bullones since 2011, which is evidence of an
increase in groundwater flows to the pit lakes. The water level rise in the pit lakes should
cause a decrease in the hydraulic gradient and, thus, a corresponding reduction in the
groundwater inputs to the lakes (Marinelli and Niccoli, 2000). This could be explained by
the filling of unknown mining voids. Groundwater inputs during the first stages of flooding
may cause an inundation of these voids, resulting in less water entering into the pit lakes.

Figure 4.8. Evolution of hidden water losses from Sierra Bullones and hidden inputs to Filón Norte.

As can be seen in Fig. 4.4, the water level in Filón Norte and Sierra Bullones has
been rising progressively. The outflow level in Filón Norte is found to the east of the pit
lake at 235 m, where a derelict mine tunnel to transport minerals is located (Fig. 4.7).
The maximum water level in Sierra Bullones is expected to be the same as in Filón Norte
due to both pit lakes being connected underground. A hydrogeological model would be
needed to reliably predict the flooding evolution of the pit lake, which requires detailed
information, such as piezometric levels, radius of influence and horizontal hydraulic
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conductivity (Marinelli and Niccoli, 2000). In addition, high-resolution measures of these
parameters should be obtained due to the high heterogeneity and geological complexity
of the area as commented in Chapter 2. As this information is not available, a simple
approach for estimating the evolution of the water level has been followed. For the open
pits of both Filón Norte and Sierra Bullones, it has been assumed that the groundwater
inputs are similar to those previously obtained for the most recent period (2013-2016).
Thus, considering average values of annual precipitation and evaporation, it can be
estimated the evaporation of the water surface necessary to balance the inputs. The
equilibrium water surface for both open pits turns to be 0,35 km2 corresponding to a water
level of 228.5 m, which is below the water outflow level (235 m), thus both open pits
would behave as terminal lakes. This calculation must be considered as an approach,
and a monitoring of water levels should be carried out in the future.
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Aerial photograph of the Tharsis mines showing the acid leachates from the
dumps and the evaporitic sulphate salts.

Chapter 5. Seasonal variability of extremely metal rich acid mine drainages

5.1. RAINFALL EVOLUTION ANTECEDENTS
As commented in the Methodology Chapter, three samplings were carried out
during different hydrological conditions: wet (WP), intermediate (IP) and dry (DP)
periods. Figure 5.1 shows the rainfall registered in the area indicating when the
samplings took place. Rainfalls collected during the hydrological year 2016/17 (604 mm)
were close to the average precipitation in the area (650 mm), while the year 2017/18 was
drier (494 mm). Nevertheless, in the year 2017/18, rainfalls were mainly concentrated in
two months before the WP sampling (Fig. 5.1). Table 5.1 shows the amount of rainfall
before each sampling campaign. Rainfall collected two months before the WP sampling
was 250 mm, 60 mm for the IP sampling and 19 mm for the DP, respectively. Concerning
the amount of rainfall collected one week before, 54 mm were recorded in the WP, while
no rain was observed in the IP and DP.

Figure 5.1. Rainfall distribution in the study area during the hydrological years 2016/17 and 2017/18, when
samplings were performed.
Table 5.1. Rainfall (in mm) collected before each sampling.

2 months

Dry
19

Intermediate
60

Wet
250

1 month

19

32

245

1 week

0

0

54
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5.2. SEASONAL VARIATIONS IN AMD WATERS
Figure 5.2 shows the flow and the main physicochemical parameters of AMD
waters as box and whiskers plots. The number of flow measurements during the dry
period (n= 12) was less than half with respect to the other two periods because most
AMD sources were dried or the flowing waters were so low that they did not allow a
reliable measurement (Fig. 5.2). Noticeable differences can be seen in flow between
each period depending on the rainfall regime, with a median value of 6.6 L/s in the wet
period, 0.9 L/s in the intermediate period and 0.3 L/s in the dry period.

Figure 5.2. Box and whiskers plots of flow (Q) and main physicochemical parameters for the three samplings.
The length of the box shows the interquartile range, which contains 50% of the values, while the heavy
horizontal line inside the box shows the median and the inner square the mean value. The whiskers are lines
that extend from the box to the highest and lowest values excluding outliers (*), which represent those values
being 1.5 higher than the length of the box from its upper or lower border.

Among the different AMD sources, points T34 and T36 stand out (Appendix I.
Fig. AP1.4 and Figure AP5). Although with a low discharge (<0.1 L/s), these leachates
are characterised by very low pH (between -0.20 and -0.35), high EC values (35-76
mS/cm) and extremely high concentrations of sulphate and metal/loids (up to 408 g/L of
sulphate, 194 g/L of Fe, 11 g/L of Zn, and 2.2 g/L of As). Although these extreme pH
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values were not measured following the specific protocol described by Nordstrom and
Alpers (1999), and therefore may have some uncertainty, reflect the extreme conditions
found in this AMD source. These values are the highest reported in the IPB (Olías et al.,
2016; Sarmiento et al., 2018) and similar to other extreme cases of AMD pollution
worldwide, such as those of the Richmond Mine at Iron Mountain (760 g/L of
sulphate,111 g/L of Fe, 23.5 g/L of Zn, 340 mg/L of As; Nordstrom and Alpers, 1999).
Giloteaux et al. (2013) also reported very low pH values (down to 1.2) and extreme
sulphate (30 g/L) and metal/loid concentrations (e.g. 6.8 g/L of Fe and 638 mg/L of As)
in the derelict Pb-Zn of Carnoulés (France). Even higher values than in Carnoulés were
observed in Wisniówka tailing pile pools (Poland) by Migaszewski et al. (2019), with a
pH value of 1.2, and concentrations of up to 330 g/L of sulphate, 66 g/L of Fe and 1.5
g/L of As.
However, comparing with values previously reported in other coal and metal
mining sites in Europe such as Lusatia (Germany) and Haveri (Finland) (Knöller et al.,
2004; Parviainen, 2009), values recorded in Tharsis were more than one order of
magnitude higher. The high concentration of sulphate and Fe found in these AMD
leachates arising from the toe of sulphide rich heaps in Tharsis leads to the spectacular
precipitation of large crystals of melanterite (Appendix I. Fig. AP1.4 and Fig. AP5). This
mineral has been reported to precipitate intensively in both the Tharsis district (Valente
et al., 2013) and the IPB (Sánchez-España et al., 2005). On the other hand, the lowest
concentrations were obtained in two small reservoirs, where the water is stagnant, that
are slightly affected by AMD (samples T29 and T48), with pH values of 4.4-5.3, EC of
0.31-1.1 mS/cm and metal concentrations relatively low (e.g. <0.2-20 mg/L of Al, <0.0053.9 mg/L of Cu and 0.63-11 mg/L of Zn).
In order to compare the seasonal differences and for statistical consistency, only
the permanent sources for all periods will be considered (Tables AP2.3, AP2.6 and
AP2.9 and Fig. 5.2). The lowest median pH value was registered in the WP (2.3), while
the highest pH values occurred in the DP (median of 2.6). Regarding Eh values, highly
oxidizing conditions were found in all periods, with median values ranging from 624 mV
in the DP to 639 mV in the WP. The highest EC values were observed during the DP
with a median of 13 mS/cm (Fig. 5.2) because of the higher evaporation and residence
time inside the dumps together with less dilution by rainwater, leading to intense waterrock interaction processes (Cánovas et al., 2007). The EC values are also very high in
the IP and WP (median of 11.1 and 10.8 mS/cm, respectively) in spite of the increasing
flows.

47

Chapter 5. Seasonal variability of extremely metal rich acid mine drainages

Figure 5.3 shows the box and whiskers plots for concentrations of some
elements. The AMD waters collected have very high concentrations of Al, Cu, Fe,
sulphate and Zn (median values between 444 and 656 mg/L, 80-110 mg/L, 1836-40,105
mg/L, 4.5-12.8 g/L and 172-260 mg/L, respectively, for all sampling points) and other
trace metal/loids, such as As, Cd, Co, Ni, V and Pb (Tables AP2.4, AP2.13 and AP2.21).
The composition of AMDs studied in this work can be visually compared if represented
with similar AMDs from the IPB and worldwide in a Ficklin diagram (Fig. 5.4), where
waters can be classified according to their pH and base metal (i.e. Zn, Cu, Cd, Co, Ni
and Pb) concentration (Plumlee et al., 1999). As can be seen, AMDs from Tharsis mines
may be mostly classified as high acid-extreme metal and high acid-high metal, with some
samples at the ultra acid-ultra metal field (Fig. 5.4). These values are in the range or
slightly higher than others found in mining districts from the IPB (Olías et al., 2016) and,
as commented before, some of them comparable to those observed in extremely AMDaffected environments (Nordstrom and Alpers, 1999). In other mining areas worldwide
(e.g. Lee et al., 2002; Moncur et al., 2006), the conditions are not so extreme as that
observed in the Tharsis district.

Figure 5.3. Box and whiskers plots of the concentrations of some elements in the different study periods for
the common sampling points (WP: Wet period, IP: Intermediate period, DP: Dry period).
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Figure 5.4. Ficklin diagram for the three samplings. Some samples of other mine sites are included (see
text). Data for Richmond mine from Nordstorm & Alpers, 1999; Wood Weir from Moncur et al., 2006;
Ducktown M.D. from Lee et al., 2002; Igmok Creek from Yu et al., 2001; Boulder Creek from Keith et al.,
2001.

A seasonal pattern can be also observed from Figure 5.3. Al, Mn, Ni and sulphate
exhibit the highest median concentrations during the DP. On the other hand, As, Cr, Fe,
Pb and V show the highest concentrations in the WP. These elements are intensively
affected by Fe mineral precipitation sorption/coprecipitation processes onto secondary
Fe oxyhydroxysulphates (Casiot et al., 2003; Acero et al., 2006), which precipitate
especially during summer (Olías et al., 2004). Also, Cu and Zn seem to show this pattern,
although not so clearly marked (Fig. 5.3).
5.3. GEOLOGICAL AND GEOCHEMICAL CONTROLS ON AMD WATERS
COMPOSITION
Although sulphate does not exactly possess a conservative behaviour in AMD
environments, their concentrations are high enough compared to other AMD constituents
which commonly precipitate, and thus, can be considered as conservative (Berger et al.,
2000; Nordstrom, 2011). This quasi-conservative behaviour allows us to infer the
geochemical behaviour of other elements by comparison with sulphate. Figure 5.5 shows
these relationships and their correlations according to the Spearman correlation
coefficient, which was used because element concentrations did not follow a normal
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distribution (Davis, 2002). In addition, the theoretical ore grade of some elements (XGrade)
has been estimated from the water composition according to Olías et al. (2016):
𝑋𝐺𝑟𝑎𝑑𝑒 (% 𝑊𝑒𝑖𝑔ℎ𝑡) =

48 × 𝑋𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑔⁄𝐿)
𝑆𝑂4 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑔⁄𝐿)⁄3

It has been assumed an average grade of 48% of S in sulphides of the Tharsis
mines (Pinedo Vara, 1963), that all S is transformed into sulphate (the weight ratio of
SO4/S is 3) and that the released elements from sulphide oxidation are conservative due
to low pH values. Deviation from these theoretical values may indicate the occurrence of
geochemical processes and/or the contribution of other sources apart from sulphides,
such as secondary minerals contained in mine wastes. Accordingly, the 25th and 75th
percentiles of theoretical ore grades are represented in Figure 5.5 for each period. During
the wet period a high correlation is observed between sulphate and most metal/loids (i.e.,
0.90 < r < 0.95 for As, Cu, Fe and Zn). However, these values decrease slightly during
the IP (0.83 < r < 0.91) and DP (0.77 < r < 0.90), suggesting a higher incorporation of
these elements into secondary minerals when lower flows are observed.

Figure 5.5. Relationship among sulphate and As, Cu, Fe, Pb and Zn in the different study periods. The lines
represent the 25th percentile (dashed line) and 75th percentile (continuous line) of the theoretical ore grade
obtained from waters. The black continuous line indicates the average ore grade for Tharsis sulphide
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deposits. Note: the continuous lines in the Cu/SO4 plot overlap as well as the dashed lines in the As/SO4
plot for the IP and DP.

On the other hand, Pb shows a low correlation with sulphate (r < 0.52; Fig. 5.5)
due to its strong retention by secondary minerals such as anglesite or beudantite and
only a small fraction is transferred from the solids to the water during sulphide oxidation.
The occurrence of these minerals has been previously reported in the IPB and other
mining areas (Nieto et al., 2003; Nordstrom, 2011). On the other hand, this metal is also
strongly scavenged from solution during the precipitation of Fe oxyhydroxysulphates
(Plumlee et al., 1999; Casiot et al., 2003; Acero et al., 2006; Cánovas et al., 2016b). This
can be also seen in the theoretical ore grades obtained which are much lower than the
Pb percentage in Tharsis sulphides (Fig. 5.5 and Table 5.2). Concerning As, most
enriched samples (75th percentile) aligned over a theoretical ore grade of 0.26% in the
WP were very close to the average As grade of 0.34% observed in Tharsis sulphides
(Table 5.2). Samples with lower As concentrations must have experienced
coprecipitation and sorption processes onto Fe secondary minerals, especially
significant during the IP and especially, the DP (Fig. 5.5 and Table 5.2). Deduced ore
grades of Cu and Zn from waters showed little variation (Fig. 5.5) with median values
ranging from 0.6 to 1.1% for Cu and from 1.9 to 2.3% for Zn (Table 5.2), with slightly
higher values in the wet sampling. These deduced ore grades are in agreement with
average ore grades in local sulphides for Cu (0.7%) and Zn (1.8%), highlighting the high
mobility of both metals during sulphide oxidation.
Table 5.2. Average ore grades of the sulphide deposits from (1) Tornos (2006) and (2) Leistel et al. (1998)
and median grades deduced from AMD leachates collected upon different hydrological conditions.

% Cu

% Pb

% As

% Zn

Ore grade in rocks
Average value1

0.7

0.8

0.34

1.8

Filón Sur2

1.5

0.7

Filón Centro2

0.92

0.8

0.30

1.6

0.7

0.85

0.40

1.9

1.1

0.87

0.43

1.8

Filón

Norte2

Sierra

Bullones2

1.2

Ore grade from leachates
Wet period

1.1

0.002

0.1

2.3

Intermediate period

0.8

0.0008

0.008

1.9

Dry period

0.6

7,0E-05

0.0009

1.9

The ore grade of Fe in local sulphide deposits is around 43% (Pinedo Vara,
1963). As can be seen in Fig. 5.5, most samples fall below this value. A ratio of Fe/SO4
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close to 0.29 would indicate a composition corresponding to the oxidative dissolution
products of pyrite, the predominant sulphide mineral. On the other hand, values lower
than 0.29 would indicate Fe removal by precipitation of secondary minerals, while higher
values could indicate the preferential dissolution of Fe-rich evaporitic sulphates or Fe
oxyhydroxides (Romero et al., 2006; Cánovas et al., 2016b). As can be seen in Fig. 5.6,
both median and mean Fe/SO4 ratios fall well below the theoretical line of pyrite oxidation
for each period, indicating a preferential removal of Fe close to AMD sources, being
especially intense during the IP and DP. On the other hand, the highest Fe/SO4 mass
ratios were observed during the wet period (average value of 0.2), probably due to the
washing of oxidative sulphide dissolution products and Fe-rich evaporitic sulphate salts
accumulated within the large pyrite-rich spoil heaps, together with the less intense Fe
precipitation. It is also striking the existence of mine waters with Fe/SO 4 ratios close to
0.58, the theoretical value of melanterite (FeSO4·7H2O). These mine waters coincide
with extremely acid and metal-rich waters (e.g., pH < 0 and up to 111 g/L of Fe) arising
from extremely pyrite-rich heaps. The precipitation of this sulphate salt takes place when
the leachates release from the heap toe (Appendix I. Fig AP1.1).

Figure 5.6. Box plot and whiskers of Fe/SO4 ratios of AMD sources from Tharsis mines during different
hydrological conditions.

The high acidity released during sulphide oxidation processes also causes the
dissolution of minerals from the enclosing host rocks. Figure 5.7 shows the relationship
between sulphate and some metals commonly found in the host rocks (i.e., Al, Mn, Co,
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Ni, V and Cr). As a general rule, most elements show a strong correlation with sulphate
(r between 0.86 and 0.98), indicating that the amount of acidity generated by sulphide
oxidation processes controls the concentration of these elements. The only exception
was observed for V which showed poorer correlations with sulphate (r between 0.67 and
0.86), especially in the DP, which should be related with its coprecipitation onto Fe
oxyhydroxysulphates (Blackmore et al., 1996), very common in Tharsis and other AMDaffected environments (Sánchez-España et al., 2005; Valente et al., 2013).

Figure 5.7. Relationship between sulphate and some elements commonly associated to host rock minerals
in the AMD waters for each sampling period.

Metal ratios can provide information about the existence of geological and
geochemical controls on the concentration of metals in AMD (Fig. 5.8). Zn and Cu show
a good correlation for each period, although some samples, mainly from the WP and IP,
deviate from this trend, showing a noticeable enrichment in Cu. This could be related to
the preferential incorporation of Cu over Zn in melanterite during the DP (Alpers et al.,
1994; Caraballo et al., 2016), thus, the washing of these salts during the IP, and above
all, the WP may increase the Cu/Zn ratio. The highest Cu/Zn ratio is observed in the La
Sabina gallery (T5), a derelict underground adit performed, without success, to reach the
mineral deposit in the nineteenth century. This could be due to the faster oxidation rate
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of sphalerite than chalcopyrite (Rimstidt et al., 1993). On the other hand, Ni, Mn and Co
show strong correlations for each period (0.90 < r < 0.94; Fig. 5.8), indicating that these
elements come from the same source and possess a similar conservative behaviour in
acid conditions. Arsenic and V have a strong correlation for each period (0.90 < r < 0.98;
Fig. 5.8), which also indicates a very similar behaviour of both elements. This is probably
due to their incorporation in Fe oxyhydroxysulphates as well showed by the strong
correlation in V/Fe and As/Fe (0.85 < r < 0.95). However, a clear seasonal tendency of
As enrichment over V is observed in the WP, as evidenced by the higher median values
of As/V ratios (Fig. 5.8). This fact seems to indicate a higher retention of As over V in Fe
oxyhydroxysulphates, whose precipitation is maximum during low flow conditions.

Figure 5.8. Relationship between some metals and metalloids in the AMD waters for each sampling period.

Figure 5.9 shows the saturation indices (SI) of waters with respect to some
minerals commonly precipitating in AMD environments. As can be seen, AMD waters
show oversaturation with respect to some Fe secondary minerals such as H-jarosite, Najarosite and goethite for each sampling period, while they are close to equilibrium with
respect to schwertmannite. Previous studies report the occurrence of these mineral
phases in the study area (Valente et al., 2013). However, schwertmannite SI values are
slightly higher during the DP, supporting the hydrochemical evidence which point to a
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stronger precipitation processes of secondary minerals during this period. On the other
hand, AMD waters show slight tendency undersaturation with respect to some sulphate
salts such as melanterite, copiapite, anglesite, hexahydrite, alunogen or gypsum (some
not shown in Fig. 5.9). This fact would contradict the mineralogical evidences published
in Valente et al. (2013), which report the intense precipitation of these minerals in the
Tharsis mines. This discrepancy between observed and modelled results for these
minerals have been recently reported by Basallote et al. (2019) and attributed to
uncertainties in the solubility products of these minerals. Increasing SI values are
observed for these sulphates during the IP and DP for some salts (e.g., melanterite)
while others (especially anglesite) showed the opposite tendency. This can be seen in
Figure 5.10, which represents the Pb2+ activity against SO42-, where AMD waters
collected during the WP are closer to the theoretical line of solubility equilibrium.
Maximum Pb activities are reached with lower SO42- values, with the exception of one
sample that is oversaturated, corresponding to the extreme value with melanterite
crystals (Fig. 5.10). This seems to indicate a solubility control of dissolved Pb by
anglesite precipitation/dissolution.

Figure 5.9. Box and whiskers plot of saturation indices (SI) of waters with respect to some common minerals
precipitating in AMD environments.
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Figure 5.10. Activity of Pb2+ versus SO42- obtained by PHREEQC for the three sampling periods.

5.4. INFLUENCE OF THE AMD SOURCE TYPE ON THE CHEMICAL COMPOSITION
OF WATERS
Some characteristics of the dumps such as age, abundance of acid generating
and neutralizing minerals, grain size and hydrogeological properties may have a critical
impact on the geochemical composition of AMD leachates (Moncur et al., 2005; Stumbea
et al., 2019). AMD waters collected in this study originated mainly from sulphide-rich
dumps (33 samples), mixed dumps (15 samples), sulphide dumps and pyritic muds (9
samples) and other AMD sources (11 samples) such as mine galleries, sulphide-rich
soils, etc. (Chapter 3. Fig. 3.1). The influence of each typology on the composition of
AMD waters is shown in Figure 5.11. As could be expected, the higher concentrations of
sulphate and sulphide-related metal/loids such as Fe, Cu, Zn and As are observed in the
sulphide rich dumps. One significant exception is Pb, whose concentrations in the
sulphide dumps are similar or even lower than in other AMD sources. This fact supports
the solubility control by anglesite or other Pb minerals previously mentioned, so the
highest Pb concentrations are reached with lower sulphate contents. The AMD coming
from sulphide dumps also release the highest concentrations of metals associated with
host rock minerals such as Mn, Ni, Cr, V and Co (Fig. 5.11) due to their lower pH values,
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which enhance the host rock mineral dissolution. On the other hand, the lowest
concentrations of sulphide-related metal/loids such as Fe or As were found in mixed
dumps, where the abundance of sulphides is lower.

Figure 5.11. Box and whiskers plot of sulphate and some metal/loids in AMD waters according to the source
typology for the different samplings (SD: sulphide-rich dumps, MD: mixed dumps, SDPM: sulphide-rich
dumps and pyrite muds, OAS: other acid sources).

5.5. POLLUTANT LOAD DELIVERED FROM AMD SOURCES
The pollutant load released from the numerous AMD sources found in the Tharsis
mines are finally collected by points T3, T6 and T21 in the Meca basin and point T46 in
the Oraque basin (Chapter 3. Fig. 3.1). Thus, results will be reported for these sites. The
highest total pollutant load delivered from the Tharsis mines occurs in the WP, reaching
139 ton/day of sulphate, 44 ton/day of Fe, 6.7 ton/day of Al, 2.9 ton/day of Zn and 1.1
ton/day of Cu (Fig. 5.12). Concerning the seasonal pattern of the pollutant transport,
except for Fe, the load delivered during the IP is approximately between a quarter and a
fifth of that released in the WP (32 ton/day of SO4, 4.9 ton/day of Fe, 1.5 ton/day of Al,
0.6 ton/day of Zn and 0.2 ton/day of Cu). The contaminant load delivered during the DP
is of minor importance when compared to the other periods due to the lower flows
observed in this period together with the intensity of evaporitic salt precipitation
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processes, that constitute a temporal storage of sulphate and metal/loids during summer
(e.g., Alpers et al., 2000; Frau, 2000; Cánovas et al., 2008). On the other hand, the Meca
river basin receives more than half (around 60%) of Al, As, Cd, Cu, Co, Mn, Ni, V, Zn
and sulphate during the WP, while the Oraque basin would be the main receiver of Fe
(61%). However, the pollutant load delivered towards the Meca basin in the IP is at least
twice as high as that released towards the Oraque basin. In the case of the dry period,
flows towards the Meca basin are noticeably reduced in comparison to the Oraque (Fig.
5.12).

Figure 5.12. Polluting load to the Meca and Oraque basins for each sampling period.
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Aerial photograph of the Tharsis mines showing mine facilities, acid
leachates and affected water bodies.
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6.1. REEs DISTRIBUTION AND COMPARISON WITH OTHER MINE SITES
WORLDWIDE
In this chapter the REEs concentrations for the three samplings carried out in
different hydrological conditions (wet, intermediate and dry) will be discussed. Results
are shown in Tables AP2.7, AP2.16 and AP2.23 of Appendix II.
As commented in Chapter 5, there were large differences in flow rates among
samplings, with median values of 6.6 L/s in the WP, 0.9 L/s in the IP and 0.3 L/s in the
DP. The pH values were generally between 2.1 and 2.8 (25th and 75th percentiles), with
an extreme value of −0.20 at point T34 coinciding with a very high EC (57 mS/cm). The
highest EC values were recorded in the DP (mean of 15 mS/cm), although the values
from the other periods were also high (mean of 10.8 and 13.2 mS/cm for the IP and WP,
respectively). The Eh values indicate high oxidation conditions in each period, with mean
values between 634 and 677 mV. The samples had high concentrations of Al, Cu, Fe,
Mn, sulphate and Zn with mean values of 1,012, 214, 8,619, 124, 27,269, and 685 mg/L,
respectively (Moreno-González et al., 2020a). In addition, high concentrations of As, Cd,
Co, Ni and Pb were also observed, with maximum values of 3,057, 31, 53, 13 and 14
mg/L, respectively.
Figure 6.1 shows the concentration of total REEs (ΣREE; La to Lu) under different
hydrological conditions as box and whisker plots. The lowest average value of ΣREE
concentration occurred in the WP (mean = 1,404 μg/L), while the highest was observed
in the DP (mean = 2,220 μg/L). The same tendency was observed for Y; higher values
were observed during the DP (mean of 700 μg/L) than during the IP and WP (578 and
442 μg/L, respectively; Appendix II. Tables AP2.8, AP2.17 and AP2.24).
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Figure 6.1. Box and whisker plots of ΣREE concentrations in each sampling (WP: wet period, IP:
intermediate period, DP: dry period). Only permanent sources (n = 30) for all periods were considered in
comparing seasonal differences. The length of the box shows the interquartile range, which contains 50%
of the values, while the heavy horizontal line inside the box shows the median, the whiskers are lines that
range from the box to the highest and lowest values, excluding outliers (*), which are those values 1.5 times
higher than the length of the box from its upper or lower border.

Comparing these results to REEs concentrations reported from other mining
zones worldwide, it can be seen that values from Tharsis are much higher (Table 6.1),
and only concentrations reported in the Wiśniówka mining area (Migaszewski et al.,
2016) as well as in Ronneburg are of the same order of magnitude. The sampling point
with the highest concentration (8,893 μg/L in the DP) was T23 (Table AP2.23) higher
than the maximum value observed in Wiśniówka (6,288 μg/L; Table 6.1).
Table 6.1. Mean and range (in brackets) of concentrations of REE from this study and other mining areas
worldwide.

Site
Tharsis Mining District
Haneş, Romaniaa
Jaintia Hills, Indiab
Kvarntorp, Swedena
Ronneburg, Germanya
Santa Lucia Mine, Cubac
Sitai coal Mine, Chinad
Xingren Coalfield, Chinae
Wiśniówka, Polandf
aGrawunder

pH
2.5
3.1
4.2
3.2
4.7
2.6
3.6
3.1
1.8–2.6

EC (mS/cm)
12.8
3.5
1.3
2.2
7.3
6.7
1.5

∑REE (µg/L)
1,747 (1.1 - 8,893)
567 (88 - 1,582)
253 (0.4 - 715)
35
1,387 (73 - 4,742)
266 (35 - 581)
61 (54 - 69)
311 (130 - 732)
(993 - 6,288)

et al., 2014; bSahoo et al., 2012; cMartín-Romero et al., 2010; dZhao et al., 2007; eCao et al.,

2019; fMigaszweski et al., 2016
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6.2. NASC-NORMALISED PATTERNS
As can be seen in Figure 6.2, samples are enriched in MREEs over LREEs and
HREEs (ratios LaN/GdN are lower than 1 and GdN/YbN are higher than 1). In general,
samples did not show Ce*, and most values were close to 1 (Appendix II. Tables AP2.7,
AP2.16 and AP2.23), although samples T1 and T2 had a slight positive Ce* (mean
values of 1.3 and 1.22, respectively), and T23 was slightly negative (mean value of 0.6).
The Eu* values were also generally close to 1, although with some exceptions (e.g.,
mean value of 0.6 in T18; Appendix II. AP2.7, AP2.16 and AP2.23).

Figure. 6.2. Box and whisker plots of the LaN/GdN, GdN/YbN, LaN/YbN, Ce*, and Eu* in the different samplings
(the length of the box shows the interquartile range, which contains 50% of the values, while the heavy
horizontal line inside the box shows the median, the whiskers are lines that range from the box to the highest
and lowest values, excluding outliers (*), which are those values 1.5 times higher than the length of the box
from its upper or lower border).

Some seasonal differences in the NASC-normalised patterns were observed,
with an increase in LaN/GdN, LaN/YbN and Eu* during the WP, and a decrease in GdN/YbN
(Fig. 6.2). These changes disagree with a near constant NASC-normalised pattern
previously observed in other AMD sources from the IPB (Olías et al., 2017).
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6.3. ΣREE SEASONAL VARIABILITY
Figure 6.3 shows the ƩREE with respect to pH, EC, and Fe and Al concentrations
for each sampling period, indicating their correlations according to the Spearman
coefficient (r), a nonparametric measure of statistical dependence (Davis, 2002). The pH
showed a negative correlation with ΣREE (r from −0.69 to −0.19). On the contrary, the
EC had a high positive correlation with ΣREE (r from 0.77 to 0.89), although the sample
with the highest REEs concentration (8.9 mg/L) had a relatively low EC value (between
5.2 and 6.3 mS/cm for the different periods). The concentration of Al also showed a high
correlation with ΣREE in all periods (r between 0.69 and 0.82), while that of Fe was
significantly lower (r between 0.35 and 0.67). This low correlation between Fe and ΣREE
has been observed in other mining areas (e.g., Casiot et al., 2003; Acero et al., 2006).
The differences in r values between Fe and Al (with respect to ΣREE) may be due to the
different behaviour exhibited by these elements; while Fe tends to precipitate as
oxy/hydroxysulphates (Ayora et al., 2016), Al and REEs, together with other elements,
remain dissolved.

Figure 6.3. Relationship among ΣREE and pH, EC, Fe and Al in the different samplings.
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On the other hand, the highest ΣREE values were recorded during the DP (Fig.
6.1) due probably to the higher evaporation in summer together with less dilution from
rainwater and a more intense water-rock interaction. The same processes were also
observed for EC, Al, Mn, Ni and other elements (Moreno-González et al., 2020a).
6.4. PROVENANCE OF REEs
Samples were enriched in MREEs (Fig. 6.2) as typically shown by acid waters
(e.g., Grawunder and Merten, 2012; Migaszewski and Galuszka, 2015; Ayora et al.,
2016). The reasons behind this MREEs enrichment are not clear and have been recently
attributed to selective dissolution of MREEs-enriched minerals (Wallrich et al., 2020).
Other studies, in turn, suggested other reasons such as MREEs complexation by Sspecies during pyrite oxidation, fractionation by colloidal complexes, solid-liquid
exchange reactions with surface coatings and/or clays, or preferential removal of light
and heavy REEs by secondary minerals precipitation (Wallrich et al., 2020 and therein
references). Nevertheless, some AMD outflows with concentrations of LREEs close to
that of MREEs (LaN/GdN close to 1) and flatter normalised patterns were observed (e.g.,
T23 and T31; Appendix II. Tables AP2.7, AP2.16 and AP2.23). Samples collected at
T23, where the highest ΣREE concentrations were found, are especially rich in LREEs
(Fig. 6.4), with LaN/GdN ratios between 0.5 and 0.7, and LaN/YbN from 1.2 to 1.7.

Figure 6.4. Relationship between La N/GdN and GdN/YbN ratios for the different samplings. Data from Kfeldspar, plagioclase and epidote from Bea (1996) are also shown.
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A cluster analysis, including elements concentrations together with the
parameters of the NASC-normalised patterns (Ce*, Eu*, LaN/GdN, GdN/YbN and LaN/YbN),
was carried out to investigate the provenance of REEs. As a similarity criterion, the
Spearman correlation coefficient (r) was used with the average linkage agglomeration
method. The variables with the highest similarity (r from 0.93 to 0.99) were HREEs and
MREEs, together with Y (Fig. 6.5). These elements are firstly associated with Ni and
secondly with the agglomeration of Mg-Mn-SO4-U-Co-Sc-Al-Li. On the other hand,
LREEs are associated with ΣREE, due to their higher concentration compared with
MREEs and HREEs. There is also a close relationship between LaN/GdN and LaN/YbN
ratios, but not between both of those ratios and GdN/YbN.

Figure 6.5. Dendrogram obtained from cluster analysis by XLSTAT software. Different line colours indicate
the several clusters established.

Another agglomeration observed was that composed of Fe-As-Ga-V-Th-Cr. The
association of As, Cr, and V with Fe is explained because these elements are
coprecipitated/sorpted during Fe precipitation, mainly as schwertmannite and jarosite, in
AMD environments with pH values lower than 4 (Moreno-Gonzalez et al., 2020a).
Because of this precipitation, ΣREE have a relatively low correlation with Fe as
commented before (Fig. 6.3). The dendrogram also indicates that Ga and Th could be
affected by this process.
The association of MREEs and HREEs with elements such as Ni, Li, Al, Sc, Mg,
and Mn seems to link their origin with the dissolution of aluminosilicate minerals. In the
Odiel River, high dissolved concentrations of Ni, Mn, Be, and Li are linked to the
existence of hydrothermal mineralisations of Mn associated with sulphide deposits
(Cánovas et al., 2007). The presence of sulphate in this group is explained by greater
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sulphide oxidation rates, which lead to increased acidity, intensifies its attack on
aluminosilicates and enhances the release of MREEs, HREEs, Al, Mn, Ni, etc.
Nevertheless, it is striking that LREEs showed a different behaviour than MREE and
HREEs (Fig. 6.5). The relatively low correlation observed between LaN/GdN and LaN/YbN
with GdN/YbN may be due to the presence of some samples especially enriched in LREEs
(T23 and samples located downstream; Fig. 3.1). As can be seen in Figure 6.6, the
relationships between LREEs (represented by La) and MREEs (represented by Gd)
showed: 1) samples with La/Gd values around 3.0, 2) samples with La/Gd ratios of
approximately 1.0, and 3) samples with intermediate values. In the same way, the
relationship between LREEs (La) and HREEs (Yb) followed a similar trend with two welldifferentiated groups: 1) samples with La/Yb values higher than around 10.0 and 2)
samples with La/Yb ratios of 2.5. In contrast, MREEs (Gd) and HREEs (Yb) relationships
showed a common trend with a slope of approximately 2.8 (Fig. 6.6). The samples with
highest La/Gd and La/Yb ratios were those from point T23, which presented the highest
value of ΣREE, together with others located downstream (T24-T28; Chapter 3 Fig. 3.1).
This situation must be due to the presence of different minerals enriched in LREEs as
shown in Figure 6.4, such as feldspars, plagioclases, and epidotes (Taylor and
McLennan, 1985; Bea, 1996), which are commonly found in local host rocks and may be
exposed to intense chemical weathering in the T23 dumps, which gives a special REEs
signature to this AMD source and the samples located downstream.
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Figure. 6.6. Relationships between LREEs (La), MREEs (Gd), and HREEs (Yb).

There is currently a debate about the origin of REEs in AMDs. Some studies
suggest that they could originate from the sulphides themselves (e.g., Perez-Lopez et
al., 2010), while others point to the dissolution of host rock minerals (e.g., Migaszewski
et al., 2014; Canovas et al., 2020). The mineralogical composition of mine wastes from
the IPB fits well with the local lithology: mainly shales and volcanic felsic rocks that host
sulphide deposits together with hydrothermal mineralisations of Mn. Mining wastes of the
IPB generally exhibit almost horizontal NASC-normalised REEs patterns as a
consequence of the mixing of sulphides and host rocks (Ferreira da Silva et al., 2009;
Perez-Lopez et al., 2010). This contrasts with the general enrichment in MREEs
observed in AMD outflows of Tharsis and other mine sites from the IPB and worldwide.
However, as noted by Worrall and Pearson (2001b), whole rock REEs patterns may not
be a good approach to understanding the REEs composition of mine waters, and so the
study of mechanisms of REEs released by AMDs must be addressed using other
approaches.
Our results indicate an increase in LaN/GdN, LaN/YbN, and Eu* and a decrease in
GdN/YbN during the WP (Fig. 6.2). Although a significant part of the REEs budget in
common rocks resides in accessory minerals like garnet, zircon, apatite, and monazite
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(Taylor and McLennan, 1985; Bea, 1996; Wallrich et al., 2020), these minerals are
neither enriched in LREEs nor present positive Eu*. On the other hand, common
minerals in the IPB such as feldspars, plagioclases, and epidotes certainly show
enrichment in LREEs, high positive Eu*, and significant concentrations of ΣREE (Taylor
and McLennan, 1985; Bea, 1996). In addition, secondary REEs carbonates with positive
Eu* can be formed as a consequence of the alteration of some minerals, like epidote
(Bea, 1996). In Figure 6.4, it can be seen that the increase in the LaN/GdN ratio observed
in samples fits well with the composition of these minerals. Thus, a seasonal fractionation
pattern would occur during the rainy period, when rainwater infiltrates into the waste
dumps and becomes acid. These acid waters in contact with the host rocks may
preferentially attack easily-weathered minerals, like secondary carbonates or
plagioclases, thus increasing the LREEs concentrations and the Eu*. Carbonates are
host rock minerals easily soluble in acid conditions, responsible for most of neutralising
capacity of rocks (Banwart and Malmstrom, 2001; Nordstrom et al., 2015; Langman et
al., 2019). However, in the IPB carbonates are scarce and other aluminosilicate minerals
such as calcic plagioclase, which also present a fast weathering rate (Jambor and
Blowes, 1998; Banwart and Malmstrom, 2001; Eary and Williamson, 2006), can be
preferentially dissolved. Therefore, it is reasonable to assume that the resulting drainage
would inherit the signature of plagioclases. However, this hypothesis must be confirmed
in upcoming studies.
6.5. LOADS AND BEHAVIOUR OF REEs IN THE FLUVIAL NETWORK
The loads of LREEs, MREEs, and HREEs released from AMD sources have
been obtained for different periods by multiplying the concentration of each source by its
flow rate (Fig. 6.7). The highest load occurred in the WP with 6.62 kg/day of LREEs, 1.12
kg/day of MREEs, and 0.54 kg/day of HREEs, while in the IP, it dropped to approximately
one-quarter, and in the DP, it was even lower (0.50 kg/day of LREEs, 0.14 kg/day of
MREEs, and 0.07 kg/day of HREEs). The main source of REEs from the Tharsis mining
district in the three sampling periods was the drainage of large spoil heaps located at the
north-east of Filon Norte (T35; Chapter 3. Fig. 3.1), which contributes with more than
24% of total REEs in the basin for the WP, 48% for the IP, and 92% for the DP. Other
significant REEs discharges during the WP occurred at points T25 and T10, although
they showed a strong seasonality and the contribution decreased notably during the IP
and DP.
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Figure 6.7. REEs loads from AMD sources during different sampling periods in Meca and Oraque basin.

The behaviour of REEs in the fluvial network was studied comparing the
observed concentrations against the theoretical ones derived from the conservative
mixing of the different AMD sources. The calculated patterns coincide with those
analysed (Figs. 6.8 and 6.9), indicating a conservative behaviour of REEs in the fluvial
network favoured by low pH values. At points T3, T6, T8, and T41, the calculated patterns
were similar to the estimated ones, but were vertically displaced. This is probably caused
by the diluting effect of streams not affected by AMD (located upstream, but not
sampled), which reduces the concentrations without changing the NASC-normalised
patterns. On the other hand, this finding shows that REEs concentrations in the rivers
could be used as tracers for elucidating the provenance of AMD sources.
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Figure 6.8. Comparison of REEs NASC-normalised patterns calculated assuming conservative mixing with
those observed in the fluvial network of the Meca basin for the different sampling periods.
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Figure 6.9. Comparison of REEs NASC-normalised patterns calculated assuming conservative mixing with
those observed in the fluvial network of the Oraque basin for the different sampling periods.
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Mining activities in Tharsis, especially from the second part of the nineteenth
century to the end of the twentieth century, have left as a legacy that constitutes a great
environmental burden, including four acid pit lakes. From the digital terrain model (DTM)
and the available orthophotographs the flooding history of the pit lakes has been
obtained. It can be concluded that, in 2016, there was a stored volume of 5.2×106 m3 of
acid water in the four pit lakes, containing at least 9,000 tonnes of dissolved Fe, 1,000
tonnes of dissolved Al and Zn, in addition to other elements.
Significant differences in the hydrological behaviour of the flooded open pits have
been established. The water level in Filón Centro and Filón Sur has reached a stationary
state, showing slight annual variations. The water balance in Filón Centro indicates that
this pit lake behaves as a terminal lake during dry periods, while during rainy periods it
serves as a flow-through pit lake, releasing water through waste dumps located to the
west of the lake. Filón Sur receives surface water inputs that are much higher than losses
by evaporation; thus, hidden losses may occur in this pit lake through a derelict gallery
to the east. Significant releases of acid waters must take place from Filón Sur to the
receiving water bodies. Therefore, measurements to avoid impacts into the surrounding
water bodies should be taken such as the sealing of the mine gallery and dumps.
On the other hand, the water level in Filón Norte and Sierra Bullones is rising an
average of 2.8 m/yr after the cease of mining at the end of the last century. The flooding
of both pit lakes follows a similar evolution because are connected each other by
underground galleries. Sierra Bullones receives high inputs by runoff, much higher than
losses by evaporation plus the increments of water stored in the pit lake. The water
balance evidences that losses from Sierra Bullones are quite similar to water inputs to
Filón Norte up to 2009. However, water inputs to Filón Norte exceed the exits from Sierra
Bullones in recent years, which could be related with groundwater inputs and the filling
of underground mining voids which were not taken into account in this study. A simple
approach based on the assumption that groundwater inputs remain constant would
indicate that losses by evaporation would offset inputs (that is, runoff, direct precipitation,
and groundwater inputs) before reaching the water outflow level. Nevertheless, a
mathematical model based on high-resolution hydrogeological parameters of the area
and a monitoring plan should be implemented in the future.
In relation to the hydrochemical samplings of AMD sources carried out in different
hydrological conditions, it is remarkable that highly-pollutant leachates are generated in
the Tharsis mining area, reaching the Meca and Oraque rivers. Thus, the AMD waters
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have very high concentrations of dissolved metals and, according the Ficklin diagram,
being classified mostly as high acid-extreme metal and high acid-high metals. The lowest
average pH occurs in the wet period due to the appearance of very acid leachates (even
with negative pH values and concentrations of up to 408 g/L of sulphate,194 g/L of Fe,
3.5 g/L of Cu, 11 g/L of Zn and 2.2 g/L of As) which in turn are dried in the intermediate
and dry periods. In contrast, the highest median values of EC (13 mS/cm) are found in
the dry period due to a lesser dilution with clean water, greater evaporation and intense
water-rock interaction processes.
A seasonal pattern in the AMD hydrochemistry can be observed: Al, Mn and Ni
have higher concentrations in the dry period. On the contrary, As, Cr, V and Pb have a
higher concentration in the wet period due to the sorption/coprecipitation processes with
secondary Fe minerals (i.e. schwertmannite and jarosite), that precipitate especially in
summer.
As a consequence of precipitation/coprecipitation processes in secondary
minerals (e.g. anglesite and beudantite), dissolved Pb concentrations are lower in
sulphide-rich dumps. The Pb ore grades deduced from the acid waters (<0.002%) are
much lower than that of the Tharsis deposits (0.8%). In contrast, Cu and Zn median ore
grades obtained from waters (0.6-1.1% and 1.9-2.3% for the different periods) are close
to those of the sulphide deposits in Tharsis, showing a high mobility. Nevertheless, the
relationship of Zn versus Cu in waters show that the Cu/Zn ratio is lower during the
summer, probably due to a preferential coprecipitation of Cu over Zn in soluble sulphate
salts.
The acid waters of Tharsis reach the Meca and the Oraque rivers, causing a
deterioration of water quality. The highest pollutant load from the Tharsis mines occurs
in the wet period (139 ton/day of SO4, 44 ton/day of Fe, 6.7 ton/day of Al, etc.) while in
the intermediate, it is only a quarter and in the dry one, it is minimal because the flows
are very low. Due to the intense evaporation in summer, pollutants precipitate in the form
of evaporitic salts that imply a temporary storage. Approximately half of the pollutants
released reaches the Meca River basin, while the rest half joins the Oraque River,
although some differences occur depending on the element and the season. These
discharges acidify the water of the Sancho Reservoir and as a result they will have the
potential to compromise the quality of the waters of the new Alcolea reservoir, currently
in construction downstream the Oraque River.
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Regarding the REE occurrence in the acid waters, it stands out the high dissolved
concentrations (mean values of ∑REE between 1,404 and 2,220 μg/L for the different
samplings). The highest value in the dry period is due to evaporation in the summer
months and greater interaction between host rocks and acid waters. The REEs show a
positive correlation with EC and a negative one with pH because of the more acid
conditions observed, leading to a greater dissolution of minerals. However, the highest
concentrations of ΣREE occur in samples from some dumps with relatively low EC, which
should contain minerals with high concentrations of REEs. The AMDs generated in these
dumps are especially enriched in LREEs.
On the other hand, the highest correlations of MREE and HREE are related with
elements typical of hydrothermal mineralisation of Mn (e.g. Ni, Mn, Mg, Li, Al, and Sc)
associated with sulphide deposits. On the contrary, the correlation between REEs and
Fe is low because it is affected by oxyhydroxysulphate precipitation processes. Arsenic,
Cr, V, and possibly Th and Ga, do not show high correlations with the REEs because
they might be sorpted/coprecipitated together with Fe.
The NASC-normalised patterns of the AMD sources show enrichment of MREE
over LREE and HREE in all samples. However, an increase in the wet period of Eu
anomaly (Eu*) and LREE, relative to MREE and HREE, was observed. This fact seems
to indicate a preferential dissolution of some minerals, such as secondary carbonates or
plagioclases, rich in LREE during this period, which should be investigated in future
studies.
A significant load of REE is delivered from the Tharsis mines; the highest occurs
in the wet period with 6.62 kg/day of LREE, 1.12 kg/day of MREE, and 0.54 kg/day of
HREE, while it is much lower in the dry and intermediate periods.
There are different measures that can be undertaken to solve these problems
derived from the abandonment of sulphide mining. The best option is to act in the source
of contamination that is the mining area. Sulphide dumps should be waterproofed and
sealed. These measures, although technically feasible, have a very high cost due to the
large areas affected by mining. For this reason, it is necessary to continue researching
possible economic methods to avoid the continued production of acid leachates from
dumps. Another possible measure is to act on the discharges produced, such as the
implementation of acid water treatment plants. The use of active treatments involves a
greater economic cost than passive treatments. A good example is the passive treatment
plants of the Concepción and Esperanza mines in Huelva. The new mining project, which
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intends to exploit the Tharsis mines again, may be a good opportunity to restore the
environmental liabilities left by the old mining and promote the recovery of this degraded
area.
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Las actividades mineras en Tharsis, especialmente desde la segunda parte del
siglo XIX hasta finales del siglo XX, han dejado como un legado que contituye un gran
pasivo ambiental, incluyendo cuatro lagos ácidos mineros. A partir del modelo digital del
terreno (MDT) y las ortofotografías disponibles se ha obtenido el historial de la
inundación de los lagos mineros. En 2016 había un volumen almacenado de 5,2 × 106
m3 de agua ácida en los cuatro lagos mineros, que contenía al menos 9.000 toneladas
de Fe disuelto, 1,000 toneladas de Al y Zn disueltos, además de otros elementos.
Se han establecido diferencias significativas en el comportamiento hidrológico
de las cortas mineras inundadas. El nivel del agua en Filón Centro y Filón Sur ha
alcanzado un estado estacionario, mostrando ligeras variaciones anuales. El balance
hídrico en Filón Centro indica que este lago minero se comporta como un lago terminal
durante los períodos secos, mientras que durante los períodos lluviosos funciona como
un lago ‘flow-through’, vertiendo agua a través de las escombreras ubicadas al oeste del
lago. Filón Sur recibe aportes de agua superficial muy superiores a las pérdidas por
evaporación; por lo tanto, deben producirse pérdidas ocultas a través de una galería
abandonada situada al este, generando vertidos de aguas ácidas que deben producir
un impacto significativo a las masas de agua receptoras. Por lo tanto, se deberían tomar
medidas para evitar estos impactos en las masas de agua circundantes como el sellado
de la galería minera y las escombreras.
Por otro lado, el nivel del agua en Filón Norte y Sierra Bullones está subiendo un
promedio de 2.8 m/año desde el cese de la minería a finales del siglo pasado. La
inundación de ambos lagos mineros sigue una evolución similar porque están
conectados entre sí por galerías subterráneas. Sierra Bullones recibe importantes
entradas de agua por escorrentía superficial, muy superiores a las pérdidas por
evaporación más los incrementos de agua almacenada en el lago minero. El balance
hídrico evidencia que las pérdidas de Sierra Bullones son similares a las entradas de
agua a Filón Norte hasta 2009. Sin embargo, en los últimos años las entradas de agua
a Filón Norte superan las salidas de Sierra Bullones, lo que podría estar relacionado con
las entradas de agua subterránea y el llenado de huecos mineros subterráneos que no
se han tenido en cuenta en este estudio. Una aproximación simple basada en el
supuesto de que las entradas de agua subterránea permanecerán constantes en el
futuro indica que las pérdidas por evaporación compensarían las entradas (es decir, la
escorrentía, la precipitación directa y las entradas de agua subterránea) antes de
alcanzar el nivel de salida de agua de la corta. Sin embargo, en el futuro se debería
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implementar un modelo matemático basado en parámetros hidrogeológicos junto con
un plan de control de los niveles de inundación.
En relación a los muestreos hidroquímicos de focos de AMD realizados en
diferentes condiciones hidrológicas, es destacable que en la zona minera de Tharsis se
generan lixiviados altamente contaminantes, que llegan a los ríos Meca y Oraque. Los
lixiviados ácidos tienen concentraciones muy altas de metales disueltos y, según el
diagrama de Ficklin, se clasifican principalmente como ‘high acid-extreme metal‘ y ‘high
acid-high metals’. El pH promedio más bajo ocurre en el período húmedo debido a la
aparición de lixiviados muy ácidos (incluso con valores de pH negativos y
concentraciones de hasta 408 g/L de sulfato, 194 g/L de Fe, 3.5 g/L de Cu, 11 g/L de Zn
y 2,2 g/L de As) que se secan en los períodos intermedio y seco. Por el contrario, los
valores más altos de CE (mediana de 13 mS/cm) se encuentran en el período seco
debido a una menor dilución con agua de escorrentía, mayor evaporación y procesos
de interacción agua-roca más intensos.
Se puede observar un patrón estacional en la hidroquímica de AMD: Al, Mn y Ni
tienen concentraciones más altas en el período seco. Por el contrario, As, Cr, V y Pb
tienen una mayor concentración en el período húmedo debido a los procesos de
sorción/coprecipitación con minerales secundarios de Fe (es decir, schwertmannita y
jarosita) que precipitan especialmente en verano.
Como consecuencia de los procesos de precipitación/coprecipitación en
minerales secundarios (por ejemplo, anglesita y beudantita), las concentraciones de Pb
disuelto son menores en las escombreras ricas en sulfuros. Las leyes de Pb deducidas
de las aguas ácidas (<0.002%) son mucho más bajas que las de los yacimientos de
Tharsis (0,8%). Por el contrario, las leyes medianas de Cu y Zn obtenidas de las aguas
(0.6-1.1% y 1.9-2.3% para los diferentes períodos son próximas a las de los sulfuros en
Tharsis, mostrando una alta movilidad. Sin embargo, la relación de Zn versus Cu en
aguas muestra que la relación Cu/Zn es menor durante el verano, probablemente debido
a una coprecipitación preferencial de Cu sobre Zn en sales sulfatadas solubles.
Las aguas ácidas de Tharsis llegan a los ríos Meca y Oraque, provocando un
deterioro de la calidad del agua. La carga contaminante más alta proveniente de las
minas Tharsis ocurre en el período húmedo (139 ton/día de SO4, 44 ton/día de Fe, 6.7
ton/día de Al, etc.) mientras que en el periodo intermedio, es solo una cuarta parte y en
el seco, es mínima porque los caudales son muy bajos. Debido a la intensa evaporación
en verano, los contaminantes precipitan en forma de sales evaporíticas que implican un
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almacenamiento temporal. Aproximadamente la mitad de los contaminantes liberados
llega a la cuenca del río Meca, mientras que la otra mitad vierten hacia el al río Oraque,
aunque se producen algunas diferencias según el elemento y la estación. Estos vertidos
acidifican el agua del embalse Sancho y como resultado de ello tendrán el potencial de
comprometer la calidad de las aguas del nuevo embalse de Alcolea, actualmente en
construcción aguas abajo del río Oraque.
En cuanto a los contenidos de tierras raras en las aguas ácidas, destacan las
altas concentraciones disueltas (valores medios de ∑REE entre 1,404 y 2,220 μg/L para
los diferentes muestreos). El valor más alto se produce en el período seco debido a la
evaporación en los meses de verano y una mayor interacción entre las rocas de caja y
las aguas ácidas. Las REEs muestran una correlación positiva con la conductividad
eléctrica y negativa con el pH debido a las condiciones más ácidas que conducen a una
mayor disolución de los minerales. Sin embargo, las concentraciones más altas de
ΣREE ocurren en muestras de algunas escombreras con conductividad eléctrica
relativamente baja, que deben contener minerales con altas concentraciones de REEs,
de forma que los lixiviados generados en estas escombreras están especialmente
enriquecidos en LREEs.
Por otro lado, las correlaciones más altas de MREEs y HREEs están
relacionadas con elementos típicos de las mineralizaciones hidrotermales de Mn (por
ejemplo, Ni, Mn, Mg, Li, Al y Sc) asociadas con depósitos de sulfuros. Por el contrario,
la correlación entre REEs y Fe es baja porque la concentración de Fe se ve afectada
por los procesos de precipitación de oxihidroxisulfatos. El arsénico, Cr, V y posiblemente
Th y Ga, no muestran altas correlaciones con los REEs porque serían
absorbidos/coprecipitados junto con el Fe.
Los patrones normalizados por NASC de los focos de AMD muestran un
enriquecimiento de MREEs sobre LREEs y HREEs en todas las muestras. Sin embargo,
se observó un aumento en el período húmedo de anomalía de Eu (Eu*) y las LREEs, en
relación con las MREEs y HREEs. Este hecho parece indicar una disolución preferencial
de algunos minerales, como carbonatos secundarios y las plagioclasas, ricos en LREEs
durante este período, lo que debería ser investigado en estudios futuros.
Los lixiviados de las minas de Tharsis transportan una carga significativa de
REEs disueltas, con valores más altos en el período húmedo con 6.62 kg/día de LREEs,
1.12 kg/día de MREEs y 0,54 kg/día de HREEs, mientras que es mucho menor en los
períodos seco e intermedio.
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Existen diferentes medidas que se pueden acometer para solucionar los
problemas derivados de los pasivos ambientales dejados por el abandono de la minería
de sulfuros. La mejor opción sería actuar sobre los focos de contaminación. En este
sentido, se deberían impermeabilizar y sellar las escombreras que contienen sulfuros.
Estas medidas, aunque técnicamente viables, tienen un coste elevadísimo debido a las
grandes extensiones afectadas por la minería. Por ello, es necesario seguir investigando
sobre posibles métodos económicos para evitar que se sigan produciendo lixiviados
ácidos de las escombreras. Otra medida posible es actuar en las aguas ácidas
producidas, como puede ser el uso de plantas de tratamiento pasivo mediante
neutralización con sustancias alcalinas. El tratamiento activo supone un mayor coste
económico que los tratamientos pasivos. Un buen ejemplo son las plantas de
tratamiento pasivo de mina Concepción y mina Esperanza en Huelva. El nuevo proyecto
minero, que pretende explotar nuevamente las minas de Tharsis, puede ser una buena
oportunidad para restaurar los pasivos ambientales dejados por la minería antigua y
promover la recuperación de esta zona tan degradada.
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Table AP1.1 Description and UTM coordinates of AMD sources. Coordinates:
ED_1950_UTM_Zone_30N
Sample
Point

Type

T1

Stream

T2

AMD source

T3

Stream

T4

AMD source

T5

AMD source

T6

Stream

T7

AMD source

T8

AMD source

T9

AMD source

T10

AMD source

T11

AMD source

T12

Stream

T13

AMD source

T14

Stream

T15

AMD source

T16

AMD source

T17

Stream

Description
Small creek receiving difusse AMD from an
area with mining-affected soils
Permanent spring at the toe of dumps from
Filón Centro open pit
Confluence of T1, T2 and some unaffected
streams
Permanent spring at the toe of sulphide
dumps from Filón Centro open pit
Adit
Confluence of T4, T5 and other unaffected
streams
Permanent spring from Corta Esperanza
open pit
Permanent spring at the toe of sulphide
dumps from Corta Esperanza open pit
Semipermanent spring at the toe of sulphide
dumps from Corta Esperanza open pit
Permanent spring at the toe of sulphide
dumps from Corta Esperanza open pit
Semipermanent spring at the toe of sulphide
dumps from Corta Esperanza open pit
Outflow from a acid water pond where T7,
T8, T9, T10 and T11 converge
Semipermanent spring at the toe of mixed
dumps from Corta Esperanza open pit
Semipermanent spring at the toe of sulphide
dumps from Corta Esperanza open pit
Permanent spring at the toe of sulphide
dumps from Corta Esperanza open pit
Confluence of T15 and T16

AMD source

Permanent spring from Lapilla Mine

T19

AMD source

Permanent spring from Lapilla Mine

T20

Stream

Confluence of T17 and T18

Stream

Mixed dumps

Sulphide
dumps
Other
AMD
sources

Sulphide
dumps
Sulphide
dumps
Sulphide
dumps
Sulphide
dumps
Sulphide
dumps

Mixed dumps

Confluence of T12 and T13

T18

T21

Classification
Fig 5.11
Other
AMD
sources

Confluence of T19, T20 and other unaffected
streams
Semipermanent spring at the toe of sulphide
dumps from Filón Norte open pit
Permanent spring at the toe of sulphide
dumps from Filón Norte open pit

T22

AMD source

T23

AMD source

T24

Stream

Confluence of T22 and T23

T25

AMD source

Permanent spring at the toe of sulphide
dumps from Filón Norte open pit

T26

Stream

Confluence of T24 andT25

T27

AMD source

Semipermanent spring at the toe of Roasted
pyrite ash dump

T28

Stream

Confluence of T26 and T27

T29

Pond

Small reservoir slightly affected by AMD
Semipermanent pond at sulphide dumps
from Filón Norte open pit

T30

Pond

T31

AMD source

Permanent spring at the toe of sulphide
dumps from Filón Norte open pit

T32

AMD source

Permanent spring at the toe of sulphide
dumps from Filón Norte open pit

T33

AMD source

Semipermanent spring at the toe of sulphide
dumps from Filón Norte open pit

T34

AMD source

Semipermanent spring at the toe of sulphide
dumps from Filón Norte open pit

Sulphide
dumps
Sulphide
dumps
Other
sources
Other
sources

AMD
AMD

Sulphide
dumps
Sulphide
dumps
Sulphide
dumps
Roasted pyrite
ash dump

Sulphide
Dumps
Sulphide
dumps
and
pyrite muds
Sulphide
dumps
and
pyrite muds
Sulphide
dumps
and
pyrite muds
Sulphide
dumps

X

Y

135298

4169034

135171

4168751

133888

4168718

135867

4168138

136340

4167557

136018

4165954

137642

4167919

137768

4167866

138193

4167825

138235

4167802

138226

4167786

138402

4167775

138555

4167443

138709

4167410

138857

4167802

138872

4167804

138818

4167283

138179

4166777

138553

4165994

139364

4165556

139539

4165401

138487

4168782

138502

4168766

138527

4168768

138553

4168695

138638

4168739

139246

4169339

139261

4169416

138138

4169081

138118

4169413

137998

4169335

137969

4169334

137903

4169393

137935

4169497
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Sample
Point

Type

Description
Permanent spring at the toe of sulphide
dumps from Filón Norte open pit
Permanent spring at the toe of sulphide
dumps from Filón Norte open pit
Confluence of T31, T32, T33, T34, T35 and
T36

Classification
Fig 5.11
Sulphide
dumps
Sulphide
dumps

X

Y

137941

4169527

137989

4169519

138205

4169623

138206

4169725

138364

4169415

138474

4169385

T35

AMD source

T36

AMD source

T37

Stream

T38

AMD source

T39

AMD source

T40

AMD source

T41

Stream

Confluence of T39 and T40

138547

4169429

T42

Stream

Confluence of T37 and T38

138587

4169481

T43

Stream

Confluence of T41 and T42

138658

4169436

T44

Stream

Confluence of T28 and T45

139488

4169435

T45

Stream

Downstream T43

139406

4169476

T46

Stream

Downstream T45

140672

4169385

T47

AMD source

Permanent pond at the toe of sulphide
dumps from Filón Norte open pit

137524

4170054

T48

Pond

Small reservoir slightly affected by AMD

137537

4170085

Permanent spring at the toe of sulphide
dumps from Filón Norte open pit
Permanent spring at the toe of sulphide
dumps from Filón Norte open pit
Permanent spring at the toe of mixed dumps
from Filón Norte open pit

Sulphide
dumps
and
pyrite muds
Sulphide
dumps
Mixed dumps

Sulphide
dumps
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Figure AP1.1 Picture of the sampling point T37 (dry period).

Figure AP1.2. Picture of the sampling point T46 (wet period).

100

Appendix I. Description and pictures of sampling points

Figure AP1.3. Picture of the sampling point T2 (wet period).

Figure AP1.4. Picture of the sampling point T34 (wet period).
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Figure AP1.5. Picture of the sampling point T36 (wet period).

Figure AP1.6. Picture of the sampling point T10, T11 (wet period).
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han sido retirados de la tesis debido a restricciones relativas a derechos de autor. Dichos

artículos han sido sustituidos por su referencia bibliográfica, enlace al artículo y
resumen.
- Moreno González, R. , Olías, M., Macías, F., Cánovas, C. R., & de Villarán, R. F. (2018).
Hydrological characterization and prediction of flood levels of acidic pit lakes in the
Tharsis mines, Iberian Pyrite Belt. Journal of Hydrology, 566, 807–817.
https://doi.org/10.1016/j.jhydrol.2018.09.046
Enlace al artículo: https://doi.org/10.1016/j.jhydrol.2018.09.046
RESUMEN:
Opencast mining operations frequently lead to the creation of large voids that become
anthropogenic lakes when the water table recovers. In the case of sulfide mining the
stored water is of an acidic nature with significant concentrations of toxic metals and,
therefore, a high pollutant potential. The main goal of the present work is to
characterize the hydrological functioning and evolution of four acidic mine pit lakes in
the abandoned mines of Tharsis, which is the second most important mine district in the
Iberian Pyrite Belt (IPB). We present a simple methodology based on the use of the
available orthophotographs and a Digital Terrain Model (DTM) together with the water
balance of the pit lakes, which could be applied to other abandoned mining sites, where
there is often a lack of hydrogeological information that prevents the application of
more complex models. The accumulation of large volumes (5.2 × 106 m3) of acidic and
metal-rich waters in these pit lakes poses a serious environmental concern, with
dissolved concentrations up to 2000 mg/L of Fe, 223 mg/L of Al, etc. Sierra Bullones and
Filón Norte are connected underground and present the same evolution, with water
transfers from Sierra Bullones to Filón Norte. The water level in both pit lakes is
increasing, with an average rise of 2.8 m/yr since the beginning of flooding. However,
the increase in the evaporation rate, as a result of the larger flooded area as the water
level rise, would induce a hydrological equilibrium before reaching the overflow level,
leading to the formation of a terminal lake. On the other hand, the water level in Filón
Centro and Filón Sur pit lakes remain approximately stable. The first behaves as a flowthrough or terminal lake, depending on the annual rainfall, while the second acts
permanently as a flow-through lake.
-Moreno González, R., Cánovas, C. R., Olías, M., & Macías, F. (2020). Seasonal variability
of extremely metal rich acid mine drainages from the Tharsis mines (SW Spain).
Environmental Pollution, 259, 113829. https://doi.org/10.1016/j.envpol.2019.113829
Enlace al artículo: https://doi.org/10.1016/j.envpol.2019.113829
RESUMEN:

The Tharsis mine is presently abandoned, but the past intense exploitation has left large
dumps and other sulphide-rich mining wastes in the area generating acid mine drainages
(AMD). The main goal of this work is to study the effect of hydrogeochemical processes,
hydrological regime and the waste typology on the physicochemical parameters and
dissolved concentrations of pollutants in a deeply AMD-affected zone. Extreme
leachates are produced in the area, reaching even negative pH and concentrations of up
to 2.2 g/L of As and 194 g/L of Fe. The results of the comparison of ore grades of sulphide
deposits with dissolved concentrations in waters shows that Pb is the least mobile
element in dissolution probably due to the precipitation of Pb secondary minerals
and/or its coprecipitation on Fe oxyhydroxysulphates. Arsenic, Cr, and V are also
coprecipitated with Fe minerals. Seasonal patterns in metal contents were identified:
elements coming from the host rocks, such as Al, Mn and Ni, show their maximum values
in the dry period, when dilution with freshwater is lower and the interaction of waterrock processes and evaporation is higher. On the other hand, As, Cr, Fe, Pb and V show
minimum concentrations in the dry period due to intense Fe oxyhydroxysulphate
precipitation. In this sense, large sulphide rich waste heaps would be a temporal sink of
these elements (i.e. Pb, As, Cr and V) in the dry period, and a significant source upon
intense rainfalls.
- Moreno González, R., Cánovas, C. R., Olías, M., & Macías, F. (2020). Rare earth elements
in a historical mining district (south-west Spain): Hydrogeochemical behaviour and
seasonal
variability.
Chemosphere,
253,
126742.
https://doi.org/10.1016/j.chemosphere.2020.126742
Enlace al artículo: https://doi.org/10.1016/j.chemosphere.2020.126742
RESUMEN:
This work deals with the distribution of rare earth elements (REE) in the abandoned
Tharsis mines under different hydrological conditions. High concentrations of REE were
observed; mean value of 1747 μg/L. The highest concentrations of REE were recorded
during the dry period (DP, mean of 2220 μg/L) due to high evaporation and strong
water-rock interactions. However, some sampling points showed the highest REE
concentrations during the wet period (WP) due to the washing out of large dumps during
intense rainfall. The concentration of REE shows a positive correlation with electrical
conductivity (EC) and a negative correlation with pH because more acidic conditions
enhance dissolution of minerals. However, the highest concentrations of REE occurred
in samples with intermediate levels of metal pollution and EC values. The highest
correlations of middle REE (MREE) and heavy REE (HREE) occurred with elements related
to hydrothermal mineralisation of Mn and Ni, associated with sulphide deposits. The
normalised patterns of the AMD sources showed an enrichment of MREE over light REE
(LREE) and HREE in all samples. The use of REE patterns as geochemical tracers
confirmed the conservative behaviour of REE in the fluvial network, that is, they are not
affected by the precipitation of mineral phases. The quantification of REE released from
AMD sources to water bodies reveals that, although the highest concentrations occur
during the DP, the main load of REE occurs during the WP, due to the highest discharges,
with 6.62 kg/day of LREE, 1.12 kg/day of MREE, and 0.54 kg/day of HREE.
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