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The present study is focused on awater reservoir that is under the influence of AMD in the historicmining area of
Riotinto (SW Spain). Transport of particulate matter and chemical precipitation within the reservoir has caused
its clogging. Hydrochemical, geochemical andmineralogical characterization allowed to assess the degree of con-
tamination by trace elements.
The results indicate high average concentrations ofmetals andmetalloids inwater and sediments. The sediments
are strongly enriched in As, Pb, Cu, and Zn, which occurwith concentrations N1000mg/kg. Highest accumulation
was observed for As and Pb,which gave enrichment factors in the range358–471, indicative of extremepollution.
Geochemical trends show strong correlation between major elements, including Fe and Al, mobilized from the
source material.
Mineralogy of the cloggingmaterial showed a short-range of spatial variability. Among the newly formed phases
jarosite and goethite are themost abundant. They are especially concentrated in the clay size fraction. Combining
results about chemistry of the sediments andmineral distribution suggests that As is being retained by both clay
and iron-richminerals. Furthermore, results indicate that jarosite forms directly from sulphide oxidation, where-
as goethite may result from transformations undergone in the reservoir.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Oneof themost serious problems of environmental contamination is
the formation of acid mine drainage, globally known by the acronym
AMD. The severity of the problem lies in its intensity and magnitude,
associated with a generally irreversible character (Carro et al., 2011;
Grande et al., 2013a). This process results from sulphide oxidation, in
particular iron sulphides such as pyrite (FeS2). The reactions occur
when sulphide minerals are exposed to weathering, generating acidity
and sulphates, together with the mobilization of trace elements.
Detailed information about the complex chain of biotic and abiotic reac-
tions that involve the oxidative dissolution of pyrite can be found in the
classical references of McKibben and Barnes (1986), Evangelou and
Zhang (1995), Nordstrom and Southam (1997), Nordstrom and Alpers
(1999), and Keith and Vaughan (2000).

As a consequence of the global process, the affected water systems
may present pH values less than 2.5 and very high concentrations of sul-
phate and metals, which lead to strong degradation of the environment
(e.g., Grande, 2011; Gray, 1996).
AMD is a global problem,with severe consequences inmetallogenetic
provinces with sulphides around the world. It represents a dangerous
type of contamination with consequences for health, especially if it
reaches water reservoirs. The presence of high contents of metals and
arsenic is a typical problem that can be found in many abandoned min-
ing areas world widely (Borba and Figueiredo, 2003; Cheng et al., 2009;
Iskandar et al., 2012).

In the SW of Europe, major problems occur in the Iberian Pyrite Belt
(IPB) (Fig. 1), which is known worldwide by the intensity of the AMD
processes, related with the exploitation of sulphides (Carro et al.,
2011; Elbaz-Poulichet et al., 2001; Grande et al., 2013a; Sánchez-España
et al., 2005). The climate conditions together with the geology andmin-
ing history have promoted a scenario where numerouswater reservoirs
have signs of contamination by AMD (Grande et al., 2013b). The present
study was performed in one of these sites — the Marismillas reservoir,
located in the Riotinto area (Fig. 1). It receives water from the Tinto
River, known by its historical high levels of contamination by AMD.
This river basin has been focus of much attention, with numerous stud-
ies dedicated to its hydrochemistry (e.g., Cánovas et al., 2008; de la Torre
et al., 2009; Grande et al., 2011; Nieto et al., 2013; Sánchez-Rodas et al.,
2005; Sarmiento et al., 2009; Sobron et al., 2007; Vicente-Martorell
et al., 2009), to sediment geochemistry, with works such as those by
Galán et al. (2003), Ruiz et al. (2008), and Cáceres et al. (2013) as well
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Fig. 1. Location of study site with identification of water samples (L and C) and sediment samples (S1, S2, and S3).
Geological map adapted from Tornos (2006).
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as soils (Fernández-Caliani et al., 2009). Also, due to its severe acidic
contamination, microbe interactions and extreme ecology have been
topics of research, as in the works of Fernández-Remolar et al. (2004),
López-Archilla et al. (2004), Amils et al. (2007) and Stoker et al.
(2008) among others.

The Marismillas reservoir has been receiving soluble contaminants
as well as particulate matter for decades. Consequently, today, the
reservoir is clogged by the accumulation of materials related with the
evolution of AMD originated in the Riotinto complex.

Although there is an extensive bibliography on the subjects of Tinto
River and Riotinto Mine, geochemical and mineralogical evolution un-
dergone by water reservoirs submitted to extreme AMD and suffering
clogging process remains a relevant topic of research. Therefore, the fol-
lowing specific objectives were defined for the present study: i) to
describe the hydrochemistry of the acidic solution; ii) to understand
the geochemical and mineralogical behaviour of the material that has
been successively accumulated in the dam; and iii) to assess the
relationship between the enrichment processes and the presence of
secondary mineral phases. This integrated approach allows under-
standing the enrichment processes that may have environmental
and even economic relevance in the IBP and other historical mining
regions.

2. Site description

2.1. Geology and historic mining

TheMarismillas reservoir is located just inside the Riotinto complex
(RT), in the Iberian Pyrite Belt, SW Spain (Fig. 1). Here,metalmining has
a long tradition, defining a world-class volcanogenic massive sulphide
province, with more than 5000 years of mining history (Davis et al.,
2000). Nowadays, several mining fields reopen and the economic inter-
est lies on the base metals as well as precious and strategic metals as
demonstrated by the intensive exploration activities (Adamides, 2013;
Carvalho et al., 2011; De Oliveira et al., in press).

In the Riotinto mining district, the water and sediments will be
strongly controlled by the geology of the ore deposits and host rocks.
The local stratigraphic sequence comprises: i) slates and quartzites of
the PQ group, ii) slates with interbedded basalt flows and volcanoclastic
mafic rocks, iii) massive felsic rocks also interbedded with slate; and
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iv) dark slateswith conglomerates, purple and green slates andmassive
sulphides covered by a chert level. Regarding mineralization, it is
possible to find three types, though they differ in intensity: sulphide
stockwork in the volcanic rocks and slates, stratiformmassive sulphides,
and gossan formed by supergenic weathering (Tornos, 2006). The
stockwork mineralization has a mineral paragenesis comprising:
pyrite + chalcopyrite + galena + sphalerite + magnetite + quartz +
chlorite + calcite + barite + sericite. Regarding stratiform sulphides,
they form monotonous accumulations, mainly of pyrite with minus
chalcopyrite, galena, tetrahedrite, stannite, and bornite. On the topic of
host rock alteration, mafic volcanic rocks and slates are affected by
chloritic alteration whereas felsic rocks present mainly sericitic (mica)
alteration. More detailed information about the geology of the Riotinto
deposits, including genetic and structural models can be found in
Palomero (1990), Sáez et al. (1996, 1999), Tornos (2006), and Grande
et al. (2010a).

2.2. The Marismillas reservoir and environmental framework

The Marismillas reservoir receives waters from one of the most em-
blematic rivers in the IPB — the Tinto River (Fig. 1). The river has its
source in the mining area and, therefore, it is the main receptor of its
drainage. It is a worldwide example of watercourse strongly affected
by acid mine drainage processes. It has been intensively studied under
distinctive perspectives (e.g., Buckby et al., 2003; de la Torre et al.,
2011; Grande et al., 2013a; Hubbard et al., 2009; Olías et al., 2006), in-
cluding as an extreme ecological environment (Aguilera et al., 2007;
Amils et al., 2007; Sánchez-Andrea et al., 2013). Besides the peculiar
features of the Tinto River, the environmental impact caused by
5000 years of continuous mining is reflected in more than 1030 ha of
affected landscape (Grande et al., 2013a). The dam, with a surface area
of 70 ha, was built in 1878 to supply the mining complex. The reservoir
receives waters with high content of soluble metals and sulphates mo-
bilized by AMD processes in the river's headwaters. Furthermore, it
has been subject to the input of particulatematter introduced both dur-
ing seasonal rainfall and as a result of the failure of an ore washing dam
located upstream. Consequently, the Marismillas reservoir is presently
clogged with fine sediments and AMD-precipitates. In addition to min-
ing contributions, Marismillas has a source of organic matter, due to the
input of waste waters from the Nerva city. This impact of domestic
waste water, which is poorly studied in AMD systems, deserves special
attention since it may affect the behaviour of some elements present in
the acidic reservoir.

3. Methods

3.1. Hydrochemical characterization

Water samples were collected every two weeks between October
2011 and May 2012, when the dry season arrived and water ceases to
flow. Two sampling sites were selected, in order to represent the
inputwater (L) and thewater that exits the reservoir (C) (Fig. 1). During
the hydrological year, a total of 15 samples were obtained.

The pH, temperature, electrical conductivity (EC), and total dissolved
solids (TDS) were measured in the field with a multi-parameter meter
(CRISON, MM). Before use, electrodes were calibrated and tested for ac-
curacy, according to the manufacturer's instructions. Two samples were
taken for laboratory analyses using polyethylene bottles (100 mL): one
for sulphate and the other for metals. The sample for metals was filtered
with 0.45 μm pore-diameter cellulose membrane filters and acidified
with HNO3 65% suprapur to prevent precipitation. After collection, sam-
ples were immediately refrigerated, kept in the dark and stored at 4 °C
until analysis.

Sulphate was measured by photometry whereas metals and metal-
loids (Fe, Cu, Zn, Mn, Cd, Ni, Co, AS, Sb, Pb, and Al) were determined
using atomic absorption air–acetylene spectroscopy (AAS), with a
Perkin Elmer AAnalyst 800 (Perkin-Elmer, Norwalk), equipped with
graphite furnace and hydride generator. The accuracy of the method
was verified with certified reference samples. The measurement
precision was greater than 5% RSD, whereas the detection limit
was 0.1 μg/L for Cd, As, and Al and 1 μg/L for the rest of the
elements.

3.2. Sediment sampling and analyses

The samples were collected in three drill cores (S1–S3), from the
surface to the bottom of the reservoir, during the dry season (July
2011). The location of the drill cores was selected on the basis of a
previous campaign, which allowed detecting geophysical anomalies
(Fernandez et al., 2013). S1 and S2 (Fig. 1) were located in sites that
have revealed positive magnetic and radar anomalies, respectively. In
turn, S3 represents a negative magnetic anomaly. Sub-samples for geo-
chemical and mineralogical analyses were obtained each 10 cm, given
rise to 31 samples for S1, 38 for S2, and 37 for S3.

In order to obtain reference conditions for sediment chemistry,
sampling and analyses were also performed in a clean reservoir lo-
cated in the same regional, lithological, and metallogenic context
(La Joya reservoir). Due to its location in an affluent without relevant
mining influence, the water quality of La Joya reservoir is compatible
with industrial use (Grande et al., 2013b). Therefore, this reservoir
was used to represent the baseline conditions for the IPB.

3.2.1. Mineralogy
Mineralogical studies were carried out in two grain size fractions:

b2 mm and b2 μm. The mineralogy of samples was analysed by X-ray
powder diffraction (XRD) with a Philips X'pert Pro-MPD diffractometer
(Philips PW1710, APD), using Cu-Kα radiation. The XRD diffractograms
were obtained from powders (bulk sample b 2 mm) and from oriented
aggregates (b2 μm fraction) in the interval 3 to 65°2θ and 3 to 35°2θ, re-
spectively. The equipmentwas operatedwith a 2 theta step size of 0.02°
and a counting time of 1.25 s. The data obtained were treated with
X'pert Pro-MPD software. Preparation procedures and the appropriated
XRD conditions for these kinds of samples, in particular dealing with
very low crystallinity materials, are described in Valente and Leal
Gomes (2009).

Prior to analysis, the samples were air-dried and sieved to b2mm
grain size and then crushed and ground manually using an agate
mortar and pestle. For the separation of b2 μm fraction, organic mat-
ter was previously removed by treating samples with H2O2 p.a., fol-
lowing the procedure described by Larqué and Weber (1978). This
fraction was, then, obtained by the sedimentation method and the
particle-size separation based on theoretical Stockes' Law (Larqué
and Weber, 1978; Moore and Reynolds, 1997). The clay mineralogy
was determined using the oriented preparations, which were sub-
mitted to the following treatments: air-dried, ethylene glycol (EG)-
solvated, and heated (490 °C).

Quantification of the b2 mm fraction was performed by using the
peak-height intensities of the diagnostic reflections (Valente et al.,
2012a, b). Estimation of clay minerals was deduced from the diagnostic
peaks related to their first-order basal reflections at air-dried conditions
or after EG solvation.

3.2.2. Sediment chemistry
Chemical contents of major and trace elements (Al, Fe, K, Na, Ca,

Mg, S, P, As, Cu, Mn, Pb, Zn, Cr, Co, Ni, Se, Cd, and Sc) were obtained
by inductively coupled plasma-mass spectrometry (ICP/MS) after
an extraction with HF + HClO3 + HNO3 + HCl. These analyses were
performed at laboratories of the R&D Central Services of the University
of Huelva, including analysis of duplicate samples and blanks to check
precision, whereas accuracy was obtained by using certified standards
(SPEX series).



Table 1
Hydrochemical properties.

L (input river waters) n = 15 C (output waters) n = 15

Average Median SD Min Max Average Median SD Min Max

pH 2.19 2.22 0.13 1.92 2.42 2.21 2.19 0.17 1.92 2.67
T (°C) 17.94 17.60 4.42 12.80 31.20 18.99 18.00 4.99 12.60 31.20
EC (μs/cm) 9353 9940 1831 4750 11,000 11,249 11,950 2056 4750 13,190
TDS (mg/L) 5986 6360 1174 3040 7040 7214 7650 1323 3040 8430
SO4

2− (mg/L) 2457 2400 698.6 1536 3960 2023 2032 714.7 996.0 3232
Fe (mg/L) 1435 1286 724.9 314.2 2954 1566 1352 675.4 321.5 3117
Cu (mg/L) 234.7 238.6 154.2 8.600 622.7 343.0 310.2 215.4 60.80 874.7
Zn (mg/L) 92.31 91.50 72.55 4.614 197.8 99.8 83.84 92.17 5.193 254.6
Mn (mg/L) 39.91 44.96 23.29 4.037 78.38 54.83 64.77 27.91 6.670 86.40
Cd (mg/L) 0.872 0.575 0.985 0.084 4.288 1.332 1.030 1.516 0.271 7.070
Ni (mg/L) 1.067 1.096 0.507 0.277 1.980 1.409 1.390 0.665 0.327 2.499
Co (mg/L) 8.661 8.136 6.262 2.579 26.68 9.883 8.826 5.778 2.591 27.86
As (mg/L) 2.100 1.688 2.116 0.000 7.911 2.510 1.465 3.404 0.000 14.10
Sb (mg/L) 0.124 0.037 0.242 0.004 0.965 0.078 0.041 0.082 0.000 0.268
Pb (mg/L) 0.635 0.482 0.456 0.125 2.009 0.682 0.618 0.436 0.153 2.083
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4. Results

4.1. Hydrochemistry of Marismillas dam

The properties of the water are summarized in Table 1. They are
typical acid sulphate waters, with an average pH around 2.2 and sul-
phate concentrations higher than 2000 mg/L (average values). Both
sites, in the input and output waters, present high metal load with
iron as the most abundant element, followed by Cu and Zn. Elements
known by its toxicity, such as Co, As, Cd and Ni also occur in high con-
centrations. In particular, Co and As may reach contents up to 28 mg/L
and 14 mg/L (maximum values), respectively.

Fig. 2 represents the average values obtained for trace elements in
both sampling sites. In general, concentrations reach higher values in
the output waters. The average pH (Table 1) is similar in both sites.
Nevertheless, the pH range differs, showing higher fluctuation in the
output waters.
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Fig. 2. Hydrochemistry of input (L) and output waters (C). Black bars on columns are
standard error (n = 15).
Seasonal behaviour is represented in Fig. 3 through the representa-
tion of trace elements at the beginning of dry (May) and wet seasons
(November). The analysed elements behave similarly in the two sites.
For most of them, the highest contents were obtained in May. Zn and
Mn are exceptions to this trend.

4.2. Mineralogical composition

The semi-quantitative mineralogical composition estimated by XRD
in the b2 mm fraction is presented in Table 2 for the three drill cores.
The detrital materials are composed by quartz, K-feldspar, plagioclase
and mica. In the three cases, sulphides are represented by pyrite, pyr-
rhotite and marcasite. Also, the three reveal the presence of opala-CT,
barite, siderite, and hematite. These minerals, with the exception of
hematite, appear always in vestigial amounts (b5%). Another character-
istic common to the three cores is the presence of typical AMD ochreous
precipitates, namely goethite and jarosite. In general, the most
abundantminerals in the b2mm fraction are quartz, jarosite, mica, pyr-
rhotite, and hematite. Besides, clay minerals occur in low amounts
(b5%). Mineralogy is very similar in the three drill cores; however
there are some minor differences. For example, S2 is the only drill core
with identifiable calcite and ankerite; magnesite and maghemite are
absent in S1, whereas sulphur occurs only in S3.

Soluble salts, formed by evaporation of pore waters, were also iden-
tified. They are represented by the iron sulphatesmelanterite (in S1 and
S2) and rozenite (S1, S2, and S3) and by the calcium sulphate anhydrite
(S2).

In the clay sized fraction (Fig. 4), the mineralogical composition of
tree drill cores is composed, in general, by clay minerals as chlorite,
smectite and kaolinite. Also, associated minerals are present, such as
goethite, jarosite, hematite and rhodochrosite.

The most abundant minerals in this fraction, in average, are illite,
jarosite and kaolinite. Hematite, rhodochrosite and goethite are present
in smaller amounts. The other clayminerals, namely chlorite and smec-
tite occur in vestigial quantities. There are no significant differences in
the composition of clay fraction of the three cores.

Fig. 5 presents XRD patterns of a sample, showing the typical d-
reflexions of the identified minerals, including in the clay-size fraction.
Jarosite was identified by the most important reflections at ~3.08 Å
and ~3.11 Å, together with the series of reflections given by Brindley
and Brown (1980). Generally, the XRD patterns show symmetric and
sharp reflections (Fig. 5) indicating the presence of jarosite with high
degree of order. On the contrary, goethite appears with diffraction
broad and weak peaks at 4.16–4.18 Å and 2.69–2.70 Å. The large
shape of the peaks and their low intensity seem to indicate the presence
of poorly crystallized goethite.
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Fig. 3. Temporal variations of Marismillas waters.
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Fig. 6 shows the relation between goethite, jarosite and pyrite in the
sub-samples, with depth. The first two represent the typical ochreous
AMD-precipitates, whereas pyrite was selected as the main primary
precursor. Goethite is considerably less abundant than jarosite at all
depths. Also, its contents are relatively stable in values b5%. On the con-
trary, jarosite varies considerably in the three cores in the range 5–25%.
The spatial evolution in the three drill cores is identical, although there
is some lag between them. For example, S1 is especially abundant in
jarosite between 1 and 1.5 m depths, while S2 has a higher content
around 2 m. In turn, in S3, the highest levels of jarosite are observed
close to 2.5 m depth.

4.3. Chemical composition

Table 3 summarizes the chemistry of the material accumulated in
the reservoir (fraction b 2 mm). The three cores show high contents of
metals and metalloids (Cu, Zn, Pb, and As), which present average con-
centrations above 1000mg/kg. Contamination by Pb and As is especially
noted, with both elements reaching maximum concentrations of about
12,000 mg/kg in S2.

Fe and Al are major chemical components, although the average
contents are near the baseline values obtained for La Joya sediments.
However, most of the metals and metalloids, especially the ones of
Table 2
Estimation of the mineral composition by XRD of the b2 mm fraction.

Mineral (%) S1 S2 S3

Quartz Abundant Abundant Abundant
Opala-CT Traces Traces Traces
Feldspar Present Present Present
Plagioclase Present Present Present
Mica Present Present Present
Clay minerals Traces Present Present
Jarosite Present Present Present
Barite Traces Present Present
Anhydrite nd Traces nd
Melanterite Present Traces nd
Rozenite Traces Traces Traces
Magnesite nd Present Traces
Rhodochrosite Traces Traces Present
Siderite Traces Present Traces
Calcite nd Traces nd
Ankerite nd Traces nd
Magnetite Present Traces nd
Maghamite nd Traces Traces
Hematite Present Present Present
Goethite Traces Traces Traces
Pyrite Present Present Present
Pyrrhotite Traces Traces Traces
Marcasite Traces Present Present
Sulphur nd nd Traces

b5% — traces; 5–25% — present; 27–75% — abundant; nd— not detected.
major environmental concern (As, Pb, Cu, Zn, Cd, and Co) are several or-
ders of magnitude above the baseline values. Identical behaviour was
observed for S, always above baseline. Also, P occurs with higher values,
especially in S1. On the contrary, the sediments are impoverished in al-
kaline elements, such as Ca, Na, andMg, aswell as inMn. In turn, similar
contents of Cr occur in Marismillas and in the baseline reservoir. The
majority of trace elements seem to present a short range of variability
between the three drill cores. Nevertheless, S1 presents somewhat
higher levels of Pb, As, and Ni.

The association betweenmajor and trace elements was investigated
by using the universe of samples. Fig. 7 shows the relationships between
some abundant and relevant elements (Fe, Al, As, Cd, and Zn). Fe and Al
show positive strong correlation, with Pearson coefficients of 0.999.
Identically, As shows a very strong positive trend with both Fe and Al,
with Pearson coefficients N0.73.

5. Discussion

Marismillas reservoir suffers the influence of AMD processes. This is
demonstrated by values obtained for input and output waters, in agree-
mentwith results obtained by other authors (de la Torre et al., 2011) for
the Riotinto area.

Comparing the two sampling sites (Fig. 1), L shows lower values of
trace elements than site C (Fig. 2). This slight increase of pollutant
concentration in water after being stored in the reservoir should be
reflecting the input of mine wastes. At such low pH (b2.2, Table 1)
dissolution occurs, including of the more inert minerals, such as sili-
cates. The fine grain size of the accumulated material enhances the
weathering processes. Therefore, output waters behave like a leachate
carrying the mobilized elements. In addition, evaporation may be con-
tributing for such higher concentrations in the outflowing waters.

Depending on pH and water chemistry fluctuations, trace elements
undergo continual changes between dissolved, precipitated, and sorbed
forms, as recorded in similar environments (Burt et al., 2011). Therefore,
there is also retention of pollutants in the reservoir, namely through pre-
cipitation of supergenic minerals (e.g., soluble salts and ochreous precip-
itates). This is demonstrated by slight decrease in sulphate observed in
the output waters. Additionally, surface reactions on high specific surface
phases, should play scavenge roles in the reservoir. These assumptions
are suggested by the mineralogy and chemical composition of the accu-
mulatedmaterial, as synthetized in Table 4. Data onporewater chemistry
and saturation indexes, presently under evaluation, would allow validat-
ing the assumptions based on hydrochemistry and mineralogy.

5.1. Mineralogical hosts

The mineralogy of the reservoir indicates the presence of inherited
minerals and of newly formed phases. The first type reflects themineral
assemblages of the ore paragenesis (e.g., pyrite) and host rocks (e.g.,
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Fig. 5. XRD pattern of a typical sample.
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mica and clay minerals, such as chlorite). They consist of particles that
were dragged directly from waste dumps and ore piles. Among
inherited minerals, there are also carbonates, such as rhodochrosite,
siderite and ankerite. Their unexpected persistence in such strong acidic
conditions may be due to passivation by iron precipitation. The second
type of minerals, originated by chemical precipitation, comprises solu-
ble salts and ochreous precipitates as summarized in Table 4. Both are
known to play key roles in retention of metals in AMD environments
(Jambor et al., 2000; Maia et al., 2012; Nordstrom and Alpers, 1999;
Valente et al., 2013). However, their efficacy should be very dependent
on seasonal fluctuations.

In the case of the hydrated sulphates (melanterite, rozenite and
anhydrite, Table 4), their skill as sinks of Fe and other trace elements
(Cu, Zn, and As) by precipitation, coprecipitation and adsorption
(Jambor et al., 2000; Lottermoser, 2003; Nordstrom and Alpers, 1999)
is controlled by solubility. Since their formation is driven by evaporation
that allows reaching oversaturation, the retention of metals will be
effective only in dry periods.

Regarding ochreous precipitates, the relationships between jarosite,
goethite, and pyrite (Fig. 6) indicate that jarosite is always more abun-
dant than goethite. These ochreous may be formed by direct oxidation
of pyrite or by transformation controlled by pH and sulphate contents
as stated in the literature (Bigham and Nordstrom, 2000; Bigham
et al., 1994). Equilibrium conditions known for the relationship be-
tween jarosite and goethite (Acero et al., 2006; Bigham et al., 1994;
Nordstrom and Alpers, 1999; Stoffregen et al., 2000) suggest that
jarosite is stable in this pH range (pH b 2.2).

The vertical profiles of mineral distribution are different from others
obtained in mining pit lakes and dams in other regions, where goethite
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Table 3
Major and trace element composition analysed in the fraction b2 mm.

% mg/kg

Al Fe K S As Ba Ca Cu Mg Mn Na P Pb Ti Zn Cr Co Ni Se Cd Sc

S1
(n = 31)

Average 11.7 12.1 1.96 4.16 2952.5 2715.1 3090.1 1323.7 3224.9 174.50 2391.9 985.27 5180.1 3458.9 1027.3 77.043 24.956 61.206 19.216 5.6009 13.062
Median 8.31 8.47 2.03 3.64 2275.1 2892.1 327.43 1115.1 3104.9 142.93 2265.0 1009.4 4977.9 3363.5 707.72 65.646 18.610 50.955 17.767 1.8370 12.854
SD 7.68 8.20 0.74 1.87 1994.1 1048.3 15,130 841.11 1332.9 129.58 901.37 341.22 2250.4 1316.2 1201.4 43.325 20.031 46.554 8.8884 8.2113 5.0574
Min 5.21 5.30 0.02 1.81 976.15 41.559 149.50 90.522 1207.1 52.238 521.26 422.06 61.311 51.381 190.15 15.602 74.652 2.3630 0.9296 0.4940 2.9638
Max 31.0 33.1 3.23 10.2 9874.9 4491.7 84,605 3746.9 8170.9 722.57 4933.2 1900.9 10,038 5716.6 6616.8 192.56 106.55 219.98 49.085 35.008 25.382

S2
(n = 38)

Average 9.43 9.69 1.97 3.42 2654.5 2270.3 372.69 1244.3 2941.2 145.84 2210.2 761.8 5528.8 3683.8 1174.8 60.777 19.501 18.913 16.123 3.5797 11.600
Median 7.82 8.04 1.98 3.33 2338.4 2361.8 353.08 1090.9 2870.2 121.37 2197.8 730.58 5455.6 3738.3 656.26 59.501 13.463 14.94 14.607 2.2947 11.183
SD 4.94 5.28 0.53 1.31 1898.3 7,39.69 128.71 814.10 695.35 70.998 389.45 191.48 1895.1 955.29 1566.6 25.086 20.316 13.910 6.2215 3.2554 2.7119
Min 5.51 5.58 0.40 1.56 1156.3 584.63 138.59 246.00 1649.4 59.313 947.10 335.86 1595.2 627.84 200.82 30.937 57.209 4.8764 5.0824 0.4848 6.2254
Max 29.6 31.9 3.35 7.64 12,109 3900.0 688.60 4369.1 4706.6 410.68 2887.3 1069.6 11,922 5325.5 8749.9 145.04 112.48 63.780 32.714 13.827 17.800

S3
(n = 37)

Average 9.30 9.53 1.86 3.40 1983.3 2786.8 331.79 1479.9 2794.9 143.41 2227.5 714.68 4789.9 3551.9 974.46 66.191 24.883 23.901 14.661 5.3875 11.465
Median 8.28 8.40 1.86 3.14 1734.5 2965.3 298.47 1055.5 2754.0 127.34 2174.3 613.77 5028.8 3517.3 511.69 67.736 14.528 18.375 13.469 2.2360 12.109
SD 4.83 5.20 0.53 1.52 1262.8 924.60 127.33 1411.2 623.67 67.395 462.97 580.73 1672.1 1038.3 1017.1 24.683 33.737 22.036 5.0573 7.9817 28.399
Min 5.39 5.48 0.13 1.74 1000.5 100.70 203.37 63.147 1696.1 77.591 454.42 229.79 161.59 295.33 192.24 33.779 67.329 10.316 2.8683 0.2796 3.8543
Max 32.5 35.0 2.58 9.18 8344.6 3984.6 710.56 7447.3 4890.0 449.80 2917.4 3533.5 9469.3 5054.9 5142.8 160.4 207.67 108.88 25.724 43.405 15.807

La Joya 8.60 3.88 1.76 0.02 12.071 303.54 6111.8 25.479 5898.8 614.20 5261.6 237.64 22.088 4190.7 60.593 69.579 15.269 – 1.7328 0.1787 20.154
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Table 4
Summary of the composition of the accumulated material. Q = quartz; O-CT = opala-CT; F = K-feldspar; P = plagioclase; Mi = mica; CM = clay minerals; Jt = jarosite; Ba =
barite; Anh = anhydrite; Mel = melanterite; Roz = rozenite; Mg = magnesite; Rho = rhodochrosite; Sid = siderite; Ank = ankerite; Mgn = magnetite; Mgh = maghemite;
Hem = hematite; Go = goethite; Py = pyrite; Pyr = pyrrhotite; Marc = marcasite; Su = sulphur.

Composition b2 mm fraction

S1 S2 S3

Inherited minerals Q N Mi N Py N P = Hem N F = CM N

Marc = Rho = Sid N Pyr N Ba =
Mg = Mgn = Mgh = O-CT

Q N Mi N Hem = Py N P N F = CM N

Marc = Rho = Sid N Pyr = Ba N Ca =
Mg = Ank = Mgn = Mgh = O-CT

Q N Mi N Py N P = Hem N F = CM =
Sid N Marc N Rho N Ba = Pyr = Su N

Mg = Mgn = Mgh = O-CT
Supergene
minerals

Ochre-precipitates Jt ≫ Go Jt ≫ Go Jt ≫ Go

Soluble salts
Mel N Roz Anh = Roz Roz

Geochemistry Fe ≈ Al N Pb N As N Cu N Zn N Mn Fe ≈ Al N Pb N As N Cu N Zn N Mn Fe ≈ Al N Pb N Ba N As N Cu N Zn N Mn
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Fig. 8. Enrichment factors. Black bars on columns are standard error (n = 31–38).
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and environmental relevance of the trace elements in the Marismillas
reservoir.

5.2. Geochemical trends

Fig. 6 shows linear relationships between Fe, Al, and As, suggesting a
close association in the sediments. In general, correlations can be ex-
plained by the source of input of the elements or by their geochemical
behaviour, namely mobility or retention in specific mineralogical
hosts. So, the behaviour of Fe and Al (Fig. 7a) indicates strong positive
correlation (r2 = 0.999) between major elements mobilized from the
source materials, both sulphides (Fe) and felsic host rocks (Al). Also,
Cd and Zn are typical of sphalerite composition. So, their close relation
in S1 and S2 (r2 ≈ 0.73, Fig. 7) can be due to the common primary
source, although this sulphide has not been identified by XRD analyses.
Furthermore, As appears highly correlatedwith Al (r2= 0.74–0.88) and
with Fe (r2 = 0.73–0.88). These associations may indicate that As is
being retained by iron-rich materials, such as jarosite, as described by
other authors (Iskandar et al., 2012). In fact, jarosite is a member of the
isostructural jarosite–alunite group of minerals, with As and Al being
often included in its structure (Hudson-Edward and Edwards, 2005),
which could be contributing to such correlation. The obtained associa-
tions also suggest that Al-phases, like the clay minerals may be retaining
As. However arsenic aqueous species are anionic or neutral at low pH,
which difficult their adsorption onto clay minerals. This is an interesting
issue to develop on the Marismillas sediments. Sequential extraction
and spectroscopic techniques, namely X-ray absorption fine structure,
are being prepared to apply to the sediments as they could provide evi-
dence that As is being retained by the clay minerals, mainly smectite.

5.3. Enrichment factors

The geochemistry of the sediments (Table 3) exposes the influence
of mining contamination through the high contents of elements with
typical mining source, such as sulphur and trace elements. However
there are also signs of organic contamination. This indication is provided
by the high content of P, relative to the baseline conditions. In the
absence of phosphate minerals from the host rocks, its presence must
bedue to the incomeof domesticwastewater.Moreover, the highest con-
tent was observed in the drill core closest to the source of waste water.

Often, enrichment factors (EFs) are determined relative to geochem-
ical background, which represents the natural element concentration,
for example using pre-anthropogenic sediments, such as in the work
by Borrego et al. (2013). In the present study, the concept of baseline
conditions as defined by Salminen and Gregorauskiene (1997) was
preferred to obtain enrichment factors. Here, baseline obtained in La
Joya reservoir represents reference concentrations in a region under
human disturbance, such as the case of IPB, allowing monitoring envi-
ronmental changes, as stated by Yanguo et al. (2002).

The EF reflects the degree of enrichment of an element by dividing
its ratio to a normalizing element by the ratio found in the baseline
(Borrego et al., 2013; Covelli an Fontolan, 1997; Lee et al., 1997;
Prudêncio et al., 2010; Yanguo et al., 2002). This calculus performs in ac-
cordance with Eq. (2), where El is the concentration of the potentially
enriched element and Sc is the concentration of the proxy element. In
the present work, normalization was carried out by using Sc, as its
geochemical behaviour is similar to that of Al, but it has weaker activity
in the supergene environment (Yang et al., 2010). EF N 1 denotes that
the trace element acts like a pollutant.

EF ¼ Elð Þ= Scð Þ½ �Marismillas= Elð Þ= Scð Þ½ �baseline ð2Þ

Fig. 8 plots the enrichment factors for metals and metalloids in the
Marismillas reservoir. EF follows the order As ≈ Pb N Cu N Cd N Zn N

Se N Fe N Co N Al, providing indication about strong contamination,
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particularly by Pb and As. On the contrary, Mn shows EF b 1, which con-
firms this metal poverty relative to the baseline concentrations. In the
cases of As and Pb, EFs are in the range from 358–471. In agreement
with classification proposed by Sutherland (2000), such values indicate
extreme pollution by As, Pb, Cu, and Cd since EF N 40. Such enrichment
processes should be related with the concentration of trace elements in
clay minerals and in the ochreous precipitates, jarosite and goethite.
Furthermore, since the sampling campaign was carried out in summer,
under very dry conditions, coprecipitation and adsorption on rozenite
and melanterite may also contribute to such enrichment as observed
by Valente et al. (2013) for soluble salts formed in the Tharsis mines,
also in the IPB.

6. Conclusions

Historic mining activities in the Riotinto area together with natural
contamination by ARDhave resulted inwater and sediment contamina-
tion of Marismillas reservoir. Moreover, transport of particulate matter
and chemical precipitation led to the clogging of the reservoir. Concen-
trations of trace elements in water showed variability among two sites:
in the input river waters and in output waters, with higher values at the
last site. This was explained by the contribution of minewastes dragged
fromwaste dumps and by geochemical andmineralogical evolution un-
dergone in the reservoir. Mineralogy of the clogged material showed a
short-range of spatial variability since XRD analyses indicated similar
composition for the three drill cores. Among the newly formed phases,
jarosite and goethite are the most abundant. Combining data about
mineral distribution and crystallinity, suggests that jarosite forms
directly from sulphide oxidation, whereas goethite my result from
transformations undergone in the reservoir.

The geochemistry of the cloggingmaterial revealed high contents of
elements mobilized from AMD/ARD processes. Analysis of geochemical
trends indicated that Fe, Al and As are strongly correlated in the sedi-
ments. This association suggests that As is being retained by iron-rich
materials, such as jarosite and, probably, by Al-phases like the clay
minerals identified in the reservoir.

The extent of the enrichment in trace elements in Marismillas
was assessed relative to a clean reservoir used to define baseline con-
ditions for the IPB (La Joya reservoir). The results demonstrated that
Marismillas sediments are strongly enriched in environmental and
economic relevant trace elements. Higher EFs were obtained for As
and Pb (358–471), followed by Cu (EF near 100).
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