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Rare earth elements (REE) were analyzed in river waters, acid mine waters, and extracts of secondary
precipitates collected in the Iberian Pyrite Belt. The obtained concentrations of the REE in river water and
mine waters (acid mine drainage - AMD) were in the range of 0.57 ug/L (Lu) and 2579 pg/L (Ce), which is
higher than previously reported in surface waters from the Iberian Pyrite Belt, but are comparable with
previous findings from AMD worldwide. Total REE concentrations in river waters were ranged between
297 pg/L (Cobica River) and 7032 pg/L (Trimpancho River) with an average of 2468 pg/L. NASC (North
American Shale Composite) normalized REE patterns for river and acid mine waters show clear convex
curvatures in middle—REE (MREE) with respect to light- and heavy—REE.

During the dissolution experiments of AMD-precipitates, heavy—REE and middle—REE generate the
most enriched patterns in the solution. A small number of precipitates did not display MREE enrichment
(an index Gdy/Lu, < 1.0) in NASC normalized pattern and produced relatively lower REE concentrations
in extracts. Additionally, very few samples, which mainly contained aluminum sulfates, e.g., pickeringite
and alunogen, displayed light—REE enrichment relative to heavy—REE (HREE). In general, the highest
retention of REE occurs in samples enriched in magnesium (epsomite or hexahydrite) and aluminum
sulfates, mainly pickeringite.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

the environment (Merten et al., 2005; Olias et al., 2005; Pérez-
Lopez et al., 2010; Lopez-Gonzdlez et al.,, 2012; Lecomte et al.,

Rare earth elements (REE) are powerful tracer for environ-
mental studies due to their very similar geochemical behavior
(Elderfield et al., 1990). Their fractionation pattern can provide
useful information on detection of mining impacts. Also, they can
be used as tracer on monitoring fate and transport of pollutants in
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2017). Concentrations and distribution (pattern) of REE in water
systems are determined by a complexity of factors, such as REE
source, fractionation within the series during water-rock or water-
colloid interaction, aqueous processes such as adsorption and
desorption, and chemical composition of water, including pH and
concentration of available ligands (Elderfield et al., 1990; Welch
et al, 2009). Previous studies have revealed that acidic waters
have significantly higher concentrations of dissolved REE rather


mailto:teresav@dct.uminho.pt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2018.04.095&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2018.04.095
https://doi.org/10.1016/j.chemosphere.2018.04.095
https://doi.org/10.1016/j.chemosphere.2018.04.095

318 T.0. Soyol-Erdene et al. / Chemosphere 205 (2018) 317—327

than fresh non-acidic surface waters. Specifically, acid mine
drainage (AMD) waters are known by their high contents of REE, in
the range of hundreds to thousands pg/L (Verplanck et al., 2001;
Borrego et al., 2012). Moreover, Nordstrom (2011) refers AMD as the
most important process, promoting remobilization of the REE from
host rocks. In this context, Migaszewski et al. (2016) obtained REE
contents of 6288 ug/L in seeps that drain mine tailings in the
Wisniéwka mining area (south-central Poland), considering them
the most distinctive REE-rich AMD surface waters across the world.
Generally these mine waters show enrichment of middle rare
earths (MREE) relative to the light rare earths (LREE) and heavy rare
earths (HREE) when normalize to Earth surface reservoirs (Olias
et al., 2005; Grawunder et al., 2014; Migaszewski and Gatuszca,
2015). However, MREE enrichment is observed also for non-acidic
waters containing high concentrations of organic matter and col-
loids (Leybourne and Johannesson, 2008). Thus, controlling factors
for MREE enrichment relative to LREE and HREE in acidic waters
(e.g., acid mine drainage) are not fully understood. Additionally,
there is still doubt that MREE enrichment pattern is not common to
acidic environment (Leybourne and Johannesson, 2008), nor it is
always generated in acidic solution (Welch et al., 2009 and the
references therein; Prudeéncio et al., 2015). The study by Welch et al.
(2009) found that dissolution of sulfide bearing materials creates
MREE enrichment in solution even though their own composition
have LREE enriched pattern. MREE enriched signature in solution
presumably results from a fractionation through REE series in acidic
condition (Elderfield et al., 1990; Welch et al., 2009; Pérez-Lopez
et al.,, 2010).

This work is focused on studying REE patterns and concentra-
tions in river waters, mine waters, and water extracts of secondary
precipitates (denominated AMD-precipitates) collected in the
Spanish sector of the Iberian Pyrite Belt (SW Spain). The main aims
are the following; 1) to evaluate impact of formation and dissolu-
tion processes of AMD-precipitates on riverine REE geochemistry;
2) to describe overall fractionation of REE during water-mineral
interaction; 3) to study capability of different AMD-precipitates
for REE release and sequestration.

2. Site description
2.1. Geology and climate

The Iberian Pyrite Belt (IPB) extends from north of Seville — in
Spain — to southern of Portugal, constituting a region known for its
large massive sulfide ore deposits (Sdez et al., 1999). From the
geological point of view, the IPB is located in the Iberian Massif
(Fig. 1-A), where two zones can be differentiated: the South Por-
tuguese Zone (SPZ) in the south, and the Ossa-Morena Zone in the
north. In the southern part, sediment from the deposits of the
Guadalquivir basin crops out. The Iberian Pyrite Belt is in the central
zone of the SPZ and is formed by igneous and Palaeozoic sedi-
mentary rocks (Antunes et al., 2010). These crop out as a strip
almost 50 km wide and 230 km long. It contains large volcanic-
hosted massive deposit of pyrite and polymetallic sulfides (partic-
ularly of Cu, Pb, and Zn).

The sulfides mineralization is mainly represented by massive
pyrite, followed by chalcopyrite, sphalerite, and galena. Textural
characteristics of sulfides are variable, but most of the massive
sulfides are monotonous fine grained pyrite, often framboidal and
colloform. The grains are usually fractured and brecciated (Tornos
et al., 2008), which promotes reactivity and enhances dissolution.
Gangue includes abundant quartz and aluminum silicates (mainly
chlorite), with minor amounts of carbonates. More detailed infor-
mation about mineralogy and geochemistry of the Iberian Pyrite
Belt are provided by several authors (e.g., Garcia de Miguel, 1990;

Velasco et al., 1998; Saez et al., 1999; Sanchez-Espana et al., 2000;
Tornos et al., 2008; Conde et al., 2009; Mantero et al., 2011).

The study area, in the Huelva province, has a Mediterranean
climate, which can be classified as semi-arid, due to low precipi-
tation rates. Annual precipitation is about 630 mm/year, being
mostly concentrated in the wet season from October to May.
Monthly precipitation ranges from 3 to 121 mm, corresponding to
June and December, respectively. Average annual temperature is
17.1 °C, January being the coldest month (mean 9.8 °C), while in the
summer, July and August have the highest temperatures (mean
25.7°C) (Instituto Nacional de Meteorologia; unpublished data).
More detailed climate data can be provided by Valente et al.
(2016a). The measured humidity variation, in the interval be-
tween approximately 25% and 50%, is controlled by local hydro-
logical conditions instead of seasonal fluctuations.

2.2. Mining and environmental framework

The incessant mining activity, since Roman times, led to
numerous abandoned and active mining works that are an
important source of acid, sulfates, and heavy metals. Nowadays,
there are more than 4800 ha occupied by waste dumps, open pits,
tailing dams, and mining facilities, corresponding to 88 sulfide
mines (Grande et al., 2013). Among the multitude of mines, some of
them can be considered representative of the paragenetic diversity
as well as of mining history and environmental framework of the
IPB, such as Riotinto, Tharsis, San Telmo, Herrerias, and Lagunazo.

Most of the mines were closed without environmental guide-
lines and without preventive or corrective measures to protect the
environment. Therefore, they continue to mobilizing high amounts
of acidity, sulfates, metals, and metalloids. The leachates emerging
from waste dumps, tailing dams, and other mining facilities are
discharged into the river network, being responsible for the
contamination of the receiving watercourses (Valente et al., 2013).

3. Methods
3.1. Mineral sampling and analysis

The sampling campaign was performed under strong evapora-
tion and low flow hydrological conditions (July 2015). The field
measurements of temperature and relative humidity in the sam-
pling areas gave relatively constant values throughout at least three
weeks during sampling.

Fig. 1-B represents the configuration of the river network
studied in this work. The present research was focused on the
entire Spanish sector of the Iberian Pyrite Belt, covering different
environments. One refers to waste-dumps, seepages, and leachates
in five abandoned mines. This represents proximal conditions, i.e.
near the sulfides sources. The other environment corresponds to
the receiving river network, therefore representing distal condi-
tions. For this last, eight sampling areas were established, in order
to characterize the sub-basins defined in the IPB by Ostale (2014)
(Fig. 1-B). So, there are samples of secondary precipitates from
contaminated rivers and from selected representative mines. The
following abandoned mines were designated in order to represent
the diversity of the main sources of AMD: Riotinto, Tharsis, Lagu-
nazo, San Telmo, and Herrerias. In turn, the receiving river network
comprises eight major rivers: Trimpancho, Cobica, Meca, Oraque,
Olivargas, Odiel, Tinto, and Guadiamar (Fig. 1-B).

At each sampling area there were a variable number of samples,
which were meant to cover the diversity observed in the field on
the basis of macroscopic properties. Occurrence modes, color, and
texture were used to define this diversity. In the mining areas,
samples were collected from outcrops, in exposed rocks or in
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Fig. 1. Study area. A) Geological scheme of the study area in the Iberian Pyrite Belt. Culm Group—flysch-like sequence of shales and greywakes; P-Q Group—Phyllite-Quartzite; OMZ
— Ossa Morena Zone; SPZ - South Portuguese Zone. B) River network of the Spanish sector of the Iberian Pyrite Belt with sampling sites for water and AMD-precipitates.

fractures and cavities. Also, sampling was focused on the surface of
the piles, and in drainage channels. On the receiving watercourses,
samples were collected in the dry banks, exposed rocks, and rivers
shores. In summary, secondary precipitates, mainly salt efflores-
cences were collected in order to represent the field variability,
given rise to approximately 200 complex samples. The most pow-
dery efflorescences were collected with plastic spatulas whereas
the harder crusts were separated from the substrates with a
stainless steel knife. Air temperature and relative humidity were
measured in the field with a portable Hanna Instruments hy-
grometer, model HI8564.

The samples were stored in closed plastic vessels and trans-
ported to the laboratory soon after being collected, in order to
prevent mineralogical changes. After that, the mineral precipitate
samples were analyzed by X-ray powder diffraction (XRD).
Morphological and compositional features were analyzed by
scanning electron microscopy (SEM—EDS; images in secondary
electrons - SE mode). Sample preparation and further details about
analytical procedures have been described elsewhere (Valente and
Leal Gomes, 2009).

3.2. Water sampling and analysis

Samples from affected rivers and from mine waters were

collected during the same period. For river waters, in addition to
the eight major rivers (Trimpancho, Cobica, Meca, Oraque, Oli-
vargas, Odiel, Tinto, and Guadiamar), a small creek — Tintillo was
also considered in order to cover the hydrochemical diversity
associated with the drainage from the big Riotinto mine. In fact,
both, Tinto and Tintillo receive contaminated drainage from this
mining complex. It was not possible to collect water sample in
Guadiamar River. So, values from the literature were used (Olias
et al., 2005) for this river water. All water samples were filtered
in the field through 0.45 um Millipore membranes into pre-cleaned,
100 mL HDPE sample bottles. The pH, electrical conductivity (EC),
and temperature of the water samples were measured in the field
with multi parameter meter (CRISON MN). Before the measure-
ment, electrodes were calibrated accurately, according to the
manufacturer's instructions. Two samples of each site were taken
for laboratory analyses: one for sulfate and other for total metals,
REE, and arsenic. The sample for metals was acidified (pH < 2) with
HNOs (65% suprapur Merck). All samples were refrigerated imme-
diately and stored at 4 °C until further analyses.

Concentrations of REE, metals and arsenic (e.g., Al, Fe, Cu, Zn) in
water samples including rivers, mine waters, and extracts obtained
by laboratory dissolution experiments of AMD-precipitates
(described below in section 3.3), were determined by Inductively
Coupled Plasma Mass Spectrometer (ICP-MS), at Actlabs
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Laboratory, Canada. The following isotopes of the REE were moni-
tored in order to minimize isobaric interferences: 3°La, 140Ce, 141pr,
146Nd, 14751‘1‘1, 153Eu, 157Gd, 159Tb, ]63Dy, 165[_[0, 166Er, 169Tm, 172Yb, and
175 u. External calibration curves were used (0.1, 2, 10, 100, 250,
500, and 1000 ng/kg) to quantify the REEs concentration in the
samples. Sulfate was determined by turbidimetry, based on the
Standard Methods 4500-E, considered appropriate for high range of
sulfate concentrations. In this method, sulfate is precipitated with
barium chloride so as to form barium sulfate crystals. Turbidity of
the BaSO4 suspension was measured in NTU units (Nephelometric
Turbidity Units) by using equipment NIGEL model and comparison
of the readings with a standard curve.

3.3. Laboratory dissolution experiments

The dissolution of selected AMD-precipitates (total 48 samples)
was simulated in the laboratory using natural samples in order to
investigate controlling factors on REE fractionation during minerals
uptake and release through rainfall episodes. A known mass of each
mineral precipitate sample (~0.2g) was dissolved in 100 mL of
ultra-pure water in batch reactors, at room temperature (20 °C)
with constant agitation (300 rpm). The experiments were per-
formed for 10 min for each sample. At the end of the experiments,
the supernatants were measured for pH, electrical conductivity and
total dissolved solids and then filtered through 0.45 pym membrane.
Each supernatant was divided into two subsamples in cleaned
HDPE bottles, one for determination of sulfate and other for metals
and REE (acidified with 65% suprapure HNO3), and were stored in
refrigerator until further analyses.

4. Results
4.1. Mineralogy of AMD precipitates

The mineralogical composition of the AMD—precipitates used in
this study is presented in Table 1. Most of the samples are sulfate
assemblages, except CO6 and RT14, which are pure goethite and
melanterite, respectively. Details of the AMD-precipitates from the
Iberian Pyrite Belt (SW, Spain) that are used in this study were
described elsewhere (Valente et al., 2016a, 2016b). Illustration of
AMD-precipitates present in some of the studied samples is shown
in Fig. 2, comprising field images and morphological aspects
observed in SEM-ES.

4.2. Geochemistry of river water and AMD

Most of the AMD samples (mine waters) have pH values between
1.8 and 3.4, and high concentration of sulfate (average of 73.7 g/L)
(Table 2) and metals. Concentrations in river waters are considerably
lower (except for Tintillo with 24.9 g/L). Metal and arsenic concen-
trations are provided in supplementary material (S1).

In the present study Fe, Cu, Zn, and As show the highest con-
centrations in mine waters, with average values ranging between
110 mg/L for Cu and 17227 mg/L for Fe (Table S1). Aluminum (Al)
and Mg have also relevant concentrations (average of 1688 mg/L
and 1688 mg/L respectively). A special water sample, from a pond
in Lagunazo mine was extremely acidic (pH=0.28) and highly
concentrated for sulfates, arsenic, and some other elements (Cu and
Fe).

Concentrations of each REEs (La to Lu) in eight river waters
ranged from 0.57 pg/L (obtained for Lu in Cobica River) to 2579 pg/L
(Ce, in Trimpancho River). In the same way, total REE (> REE)
concentrations in river water samples were also varied within wide
range, from 297 pug/L (Cobica River) to 7032 ug/L (Trimpancho
River) (Table 2).

Table 1
Mineralogical composition of the AMD—precipitate samples submitted to dissolu-
tion experiments.” —collected in mine sites; " — collected in the receiving rivers.
Site ID Mineralogical assemblage
"COBICA co3 Hexahydrite + Pickeringite + Gypsum
Co6 Goethite
"GUADIAMAR G2 Copiapite + Alunogen + Halotrichite
G6 Copiapite + Epsomite
MHERRERIAS HE1 Epsomite + Melanterite
HE2 Epsomite + Chalcanthite (tr)+Mallardite (tr)
HE3 Hexahydrite + Gunningite + Alpersite + Gypsum
HE8 Chalcanthite + Alpersite

HE14 Hexaydrite + Pickeringite
MLAGUNAZO LZ1 Melanterite + Alunogen + Gypsum

LZ3 Magnesiocopiapite + Coquimbite + Mallardite (tr)
LZ4 Aluminocopiapite + Szomolnokite + Coquimbite
"MECA ME1 Epsomite + Pickeringite + Tamarugite
ME2 Hexahydrite + Pickeringite
ME6 Hexahydrite + Rozenite + Pickeringite
"ODIEL 0D8 Hexahydrite + Alunogen + Pickeringite

"OLIVARGAS  OL2 Copiapite + Hexahydrite + Pickeringite
"ORAQUE OR1 Epsomite + Tamarugite + Gypsum + Pickeringite
OR5 Epsomite + Pickeringite
MRIOTINTO  RT11 Magnesiocopiapite + Copiapite + Halotrichite
RT14 Melanterite
RT16 Rozenite + Boyleite
RT19 Epsmite + Copiapite + Pickeringite
RT26 Epsomite + Pickeringite-Halotrichite
RT28 Epsomite + Gypsum + Jarosite
RT3 Butlerite + Fibroferrite
RT34 Epsomite-Hexahydrite + Magnesiocopiapite
RT35 Melanterite + Copiapite + Halotrichite

RT36 Rhomboclase + Szomolnokite + Coquimbite
RT40 Copiapite + Coquimbite + Jarosite + Pickeringite
RT9 Melanterite + Gypsum

MSAN TELMO ST3 Chalcanthite + Hexahydrite + Alpersite
ST4 Epsomite + Chalcanthite + Pickeringite (tr)
ST6 Hexahydrite + Pickeringite
ST10 Epsomite + Pickeringite

MTHARSIS TH2 Szomolnokite + Ferricopiapite + Coquimbite

+ Halotrichite

TH3 Szomolnokite + Ferricopiapite
TH4 Szomolnokite + Ferricopiapite + Coquimbite
TH7 Pickeringite + Halotrichite + Gypsum
"TINTO RIVER TIR2 Copiapite + Coquimbite + Hexahydrite + Jarosite
TIR4 Magnesiocopiapite + Coquimbite
TIR5 Ferricopiapite + Rhomboclase
TIR9 Bieberite (?)+Mallardite
"TRIMPANCHO TR1 Epsomite + Alunogen + Tamarugite + Pickeringite
+ Gypsum
TR10 Hexahydrite + Tamarugite + Pickeringite
TR3 Hexahydrite + Alunogen + Pickeringite + Gypsum
TR6 Epsomite + Alunogen + Pickeringite + Gypsum
TR8 Jarosite + Coquimbite (tr)

As it is well known, the REEs are classified into three groups:
LREE (La, Ce, Pr, and Nd), MREE (Eu, Gd, Tb, and Dy), and HREE (Er,
Tm, Yb, and Lu) (Soyol-Erdene and Huh, 2013; Rollinson, 2014).
For discussion convenience, the data for La, Gd, and Lu represent
the three groups, respectively. REE concentrations in AMD and
river water from IPB were normalized to North American Shale
Composite (NASC) (Haskin et al., 1968; Gromet et al., 1984), and
presented in Fig. 3. All samples showed MREE enrichment (Gdp/
Lup = 2.00—4.68, Table 2) similarly to previously observed signa-
ture in acidic waters (Pérez-Lopez et al., 2010). Most of the sam-
ples are asymmetrically enriched with HREE relative to LREE (La/
Lu, =0.36—0.80, except for Cobica River and Olivargas River (La,/
Luy is 1.21 and 1.86, respectively) (Table 2 and Fig. 3). The Cobica
River (CO) (Fig. 3a) and Lagunazo Mine (LZ) (Fig. 3b) samples
displayed negative anomaly for Yb in the NASC normalized
pattern.
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Fig. 2. Illustration of AMD-precipitates present in some of the studied samples and sites. A — Panoramic picture of the Meca River with salt efflorescences covering the river bed. B —
Detail image of white efflorescences from Meca River, comprising mainly hexahydrite. C — Globular yellow-purple efflorescences (copiapite + coquimbite + pickeringite) growing
on the waste dumps of Tharsis Mine. D to F— Typical morphology of sulfates that compose the mineral assemblages represented in Figs. A—C, observed by SEM (ES — secondary
electrons). D — hexahydrite; E — Copiapite; F — Hexagonal coquimbite and acicular pickeringite. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

4.3. REE in mineral extracts

Solutions obtained from laboratory dissolution experiments of
AMD-precipitates show large variability on their geochemical
behavior based on initial compositions of precipitates. Acidity for
final solutions varied from strong acidic (pH = 2.7, for G2, TH4, TIR4,
and TIR5) to weak acidic (pH = 5.2, for HE2). The mineral samples
were highly soluble, thus provided high electrical conductivity, up
to 1698 uS/cm (TIR 5) with significant concentrations of metals
(REE, Fe, Cu, and Mn) and sulfate in the solution (Table 3, Table S2).
Only six samples (CO6, G6, RT40, TIR2, TIR9, and TR8), usually
containing goethite/jarosite, copiapite, and coquimbite (Table 1),
created more insoluble residues through the dissolution experi-
ment and generated low electrical conductivity (259—870 uS/cm)
in their extracts.

Individual concentrations of REE in extracts ranged between
0.0055 pg/L (Pr) and 337 pg/L (Ce) (Table S4) whereas total REE
(>"REE) were in the range of 1.27 pg/L (HE8) to 784.9 ug/L (OL2)
with an average of 74.9 ng/L (Table 3).

REE concentrations in extract solutions are normalized to the

NASC (Haskin et al., 1968; Gromet et al., 1984) and presented in
Fig. 4 a—b comparing that with water samples collected at the same
sites. Precipitate extracts showed relative enrichment for MREE
(Gdp/Lup =1.02—-3.68, n=37) in NASC normalized pattern
excepting a few samples that are HREE enriched (Gdy/
Lu, =0.42—1.00, n=11). Additionally, most samples are asym-
metrically enriched in HREE relative to LREE (for all, average La,/
Lup =0.49 + 0.44, Table 3). Several samples (HE1, HE2, HE3, and
HES8) displayed strong negative anomaly for Ce (Ce* = 0.005—0.26),
along with depletion for other LREE (La, Pr, Nd, and Sm, Fig. 4).

5. Discussion
5.1. Properties of river waters and mine waters (AMD)

The values of in situ parameters, particularly pH, and of sulfate
in mine waters indicate typical AMD conditions (Table 2). Also,
metals (S1) are present in concentrations expected for AMD sys-
tems, in accordance with the literature (Grande, 2011). The high
concentrations obtained for Al and Mg can be explained by the
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Table 2
Field parameters, total REE concentrations, and other selected variables for river and mine water samples.

ID pH EC mS/cm TDS (mg/L) S03~ g/L SREE pg/L Lap/Lup Gdy/Lu, Ce* Eu* Yb*
River water
Tintillo Tin 23 14.6 9340 249 5806 0.38 2.01 1.10 0.83 1.01
Cobica (€0) 2.8 5.08 3250 2.56 297 1.21 3.26 0.99 0.83 0.61
Meca ME 2.7 444 2840 2.38 586 0.45 2.19 1.04 0.90 0.91
Odiel oD 34 1.87 1194 1.23 380 0.62 244 1.06 0.74 0.95
Olivargas OL 2.6 435 2780 5.12 3805 1.86 4.68 1.01 0.68 0.99
Oraque OR 25 2.66 1702 1.82 310 0.80 2.80 0.95 0.75 0.85
Trimpancho TR 1.8 31.8 20400 56.5 7032 0.79 2.78 1.02 0.90 0.94
Tinto TIR 25 9.09 5820 9.82 1528 0.36 2.00 0.97 0.76 0.95
Average 2.6 9.23 5916 13.0 2468 0.81 2.77 1.02 0.80 0.90
Stdev 0.4 10.0 6414 19.2 2723 0.51 0.89 0.05 0.08 0.13
Min 1.8 1.87 1194 1.23 297 0.36 2.00 0.95 0.68 0.61
Max 34 31.8 20400 56.5 7032 1.86 4.68 1.10 0.90 1.01
Mine water
Riotinto RT 1.8 16.2 10450 19.2 638 0.43 2.14 1.10 0.99 0.82
Tharsis TH 2.8 12.8 8170 20.9 5167 0.66 247 0.99 0.86 1.00
Lagunazo Lz 0.28 114 73200 181 2414 0.91 2.67 0.95 0.79 0.14
Average 1.6 65.3 30610 73.7 2739 0.67 243 1.01 0.88 0.65
Stdev 1.3 69.4 36910 929 2282 0.24 0.27 0.08 0.10 0.45
Min 0.28 16.2 8170 19.2 638 043 2.14 0.95 0.79 0.14
Max 28 114 73200 181 5167 0.91 2.67 1.10 0.99 1.00

X, indicates NASC normalized value of X element; Ce* = Ce,/(2Pr-Nd,,); Eu* = 2 x Eu,/(Smy, + Gd,,); Yb* =2 x Yb,/(Tmj, + Lu,) (Byrne and Sholkovitz, 1996; Soyol-Erdene and

Huh, 2013).

dissolution of abundant felsic host rocks, enhanced by the strong
acidity of the environment. Average concentrations of metals and
arsenic are considerably lower in mine waters. Dilution and other
natural attenuation processes may be contributing to these lower
values. This is the case of precipitation and adsorption of trace
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Fig. 3. NASC-normalized REE patterns for water samples. (a) River waters (this study,
n = 8) comparing with worldwide rivers (WR*) average (Martin and Whitfield, 1983);
(b) Acid mine drainage (this study, mine waters, n = 3) comparing with literature
results of Tharsis mine (TH*) (Fernandez-Caliani et al., 2009) and Sao Domingos (SD**)
(Elbaz-Poulichet and Dupuy, 1999).

elements into iron oxyhydroxides, extensively observed in this type
of systems (e.g., Sanchéz-Espana et al., 2005; Valente et al., 2013).

5.2. REE in river waters and mine waters

Dissolved > REE concentrations were relatively high for IPB
rivers (n=8) (Table 2 and Fig. 3) with factor by up to 103 than
worldwide riverine average (Martin and Whitfield, 1983; Goldstein
and Jacobsen, 1988; Byrne and Sholkovitz, 1996; Leybourne and
Johannesson, 2008). However, considering also the mine water
samples (n = 3), the results are normal for mining contexts (e.g.,
Ferreira da Silva et al., 2009).

Average of >_REE for river waters (n =8, 2468 ng/L) (Table 2) is
higher than previously reported values from AMD affected rivers,
such as Guadiamar (120—164 ug/L), Agrio (127—210 pg/L) (Olias
et al, 2005), Tinto (97.2+47.6ug/L), and Odiel River
(871 £29.3 pug/L) (Elbaz-Poulichet and Dupuy, 1999). Additionally,
total REE (>_REE) concentrations in mine waters studied here were
calculated as 638 pg/L (Riotinto), 5167 ug/L (Tharsis), and 2414 ug/L
(Lagunazo) with an average > REE of 2739 pg/L (Table 2). These
values were also higher than that reported in other mines from IPB
(118—372 pg/L for Sao Domingos mine) (Pérez-Lopez et al., 2010).
Nevertheless, they are in the range of observed values from AMD
samples, such as from Lousal mine, also in the IPB (372—2846 pug/L,
pH = 1.9-3.0) (Ferreira da Silva et al., 2009), and Ronneburg ura-
nium mining, Germany (1600—3000 pg/L, pH = 2.77—-3.55) (Merten
et al., 2005).

When comparing the obtained results (Fig. 3) with literature
(Fernandez-Caliani et al., 2009), the NASC-normalized AMD con-
tents for the samples TH, RT, and LZ are much higher than Tharsis
mine (TH*) and Sao Domingos mine (SD1** and SD3**) (sample
references from the above citation). The leachate from the waste
dumps of Tharsis mine is enriched in REE by two order of magni-
tude than that observed from AMD affected stream water near the
same mine (Fernandez-Caliani et al., 2009). The less pronounced
enrichment of REE might be resulted from dilution of stream water.

In Table 2 and Fig. 3, NASC normalized REE pattern for most
water samples, excluding Cobica River and Olivargas River, illus-
trated HREE enrichment relative to their LREE (Lap/
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Table 3

Total REE concentrations and other selected variables for AMD-precipitate extracts.
Sample ID pH EC pS/cm TDS mg/L S03~ g/L SREE pg/L Lap/Luy Gdp/Lu, Ce* Eu* Yb*
Co3 4.0 1390 889 0.935 18.8 0.14 0.89 1.04 0.91 1.00
CO6 3.6 259 166 0.081 12.1 0.98 2.30 1.16 0.99 1.02
G2 2.7 1666 1066 1.18 63.9 145 2.10 1.26 0.87 1.03
G6 31 731 468 0.292 64.4 0.89 248 1.10 0.85 1.03
HE1 49 1295 829 1.04 184 0.04 1.57 0.05 1.14 0.94
HE14 4.2 1300 832 137 70.2 0.29 1.30 1.05 0.88 1.01
HE2 5.2 1362 872 0.916 118.5 0.02 0.79 0.005 1.10 0.95
HE3 5.0 1646 1054 1.36 93.5 0.0005 0.87 0.26 0.79 0.96
HE8 4.6 1384 886 0.984 1.27 0.24 0.72 0.05 0.81 0.40
LZ1 3.1 1418 907 0.861 240 1.46 2.23 1.13 0.89 1.00
LZ3 2.8 1621 1038 1.06 20.6 0.95 1.40 0.83 0.80 1.07
L74 2.9 1528 978 1.01 258 0.77 132 1.07 0.84 0.98
ME1 3.7 1294 828 1.04 35.2 0.14 0.71 0.98 0.98 1.02
ME2 4.0 1362 871 1.07 38.6 0.09 0.63 0.93 0.99 1.02
ME6 4.1 1395 893 111 123.2 0.12 1.29 1.20 0.86 1.00
0OD8 4.4 1304 834 0.956 102.7 0.35 1.57 1.09 0.85 1.01
OL2 33 1504 963 1.00 784.9 143 292 1.15 0.95 1.02
OR1 4.0 1388 889 0.922 19.9 0.11 0.49 1.09 0.78 1.03
OR5 4.1 1234 790 0.863 65.3 0.42 1.32 1.11 0.83 1.00
RT11 2.8 1495 957 1.00 204 0.25 0.77 0.79 1.13 1.04
RT14 3.7 1278 818 0.850 18.2 0.52 1.99 1.26 1.05 1.01
RT16 33 1531 980 112 373 0.31 1.61 1.30 1.05 1.01
RT19 4.0 1133 725 0.896 96.0 0.20 1.27 1.21 0.85 1.03
RT26 41 1245 797 0.901 205.6 0.31 2.23 1.12 0.95 1.00
RT28 3.5 1009 645 0.615 123.0 0.20 1.25 1.01 0.98 1.01
RT3 2.8 1162 744 0.910 3.23 0.42 1.21 1.13 0.98 0.98
RT34 2.9 1602 1025 1.02 19.6 0.32 1.50 1.25 1.06 1.01
RT35 3.6 1343 859 0.892 229 0.33 1.49 1.28 1.07 1.02
RT36 35 1178 754 0.649 183 0.31 1.50 1.30 1.09 1.00
RT40 34 870 557 1.34 16.5 0.22 1.00 1.24 0.99 1.04
RT9 3.9 1221 781 0.854 221 0.49 2.03 1.19 0.85 0.96
ST3 3.4 1348 863 111 236.1 0.18 2.06 0.93 0.39 0.72
ST4 4.5 1329 851 0.985 92.8 0.17 1.66 1.13 0.44 0.80
ST6 4.5 1159 742 0.882 58.9 0.17 1.62 1.12 0.67 0.96
ST10 5.0 1383 885 0.959 614 1.46 1.99 0.91 1.08 1.34
TH2 2.8 1639 1049 117 222 1.03 1.94 1.14 1.20 1.07
TH3 2.8 1326 848 0.702 30.0 0.15 0.42 1.14 1.43 0.47
TH4 2.7 1617 1035 1.19 4.96 0.47 1.94 0.97 117 1.03
TH7 3.5 1289 786 1.06 181.7 0.54 1.64 1.22 1.01 1.03
TIR2 3.2 734 470 0.308 29.0 0.48 1.69 1.16 0.86 1.03
TIR4 2.7 1678 1074 1.14 15.8 0.34 148 1.08 0.92 1.02
TIRS 2.7 1698 1086 1.21 35.1 0.11 1.19 1.17 0.87 1.04
TIR9 3.9 786 503 0.514 226 0.30 0.94 0.96 0.87 1.04
TR1 3.2 1521 973 1.09 102.6 0.70 1.87 1.15 1.01 1.02
TR10 43 1388 888 1.03 66.4 0.07 1.02 1.10 0.94 1.02
TR3 3.2 1489 953 1.15 734 0.57 1.52 1.14 0.98 1.02
TR6 34 1422 919 1.07 247.1 1.85 3.68 137 1.07 1.03
TR8 3.6 302 194 0.057 129 1.01 1.88 131 1.00 1.02
Average 3.6 1297 829 0.932 749 0.49 1.53 1.03 0.94 0.98
Stdev 0.7 315 202 0.287 120 0.45 0.63 0.31 0.17 0.14
Min 2.7 259 166 0.057 1.27 0.0005 0.42 0.005 0.39 0.40
Max 5.2 1698 1086 137 784.9 1.85 3.68 1.37 143 1.34

X, indicates NASC normalized value of X element; Ce* = Ce,,/(2Pr,-Nd,,); Eu* = 2 x Eu,/(Smy, + Gdy); Yb* = 2 x Yb,/(Tm,, + Luy,) (Byrne and Sholkovitz, 1996; Soyol-Erdene and

Huh, 2013).

Lu, = 0.36—0.80). Not all samples show relevant Ce anomaly the similar behavior observed for both water samples (LZ and CO)

(Ce* = 0.93 + 0.06) and several samples (LZ, CO, OR, and RT) are
displaying considerable negative anomaly for Yb (Yb* = 0.14—0.85).
In these last cases, and according to the available data, Yb is being
probably retained by AMD-precipitates, as it observed for CO and LZ
in Fig. 4.

Lagunazo Mine (LZ) is a special sampling point, since it receives
water from waste dumps with extremely low pH values (0.28). Such
acidic conditions, associated with the presence of pyrite ashes, may
be affecting the typical dissolution—precipitation processes as well
as governing the mechanisms of adsorption or incorporation of Yb
into the newly formed salts. It seems that such anomalous condi-
tions favor incorporation into the AMD-precipitates. This
assumption seems to be confirmed by the regional trend. In fact,
the Cobica River (CO) receives water from Lagunazo mine, justifying

(Fig. 3). In Cobica River, the Yb anomaly could be less pronounced
because this river also receives water from other mines, such as
Herrerias.

In AMD affected rivers, significant amount of REE is released to
the aquatic system and then co—precipitate with secondary min-
erals in result of evaporation in dry weather. Therefore, the sea-
sonal variation including processes of evaporation (during
summer) and dissolution (during winter) may play a major role in
the redistribution of REE. The NASC-normalized REE patterns pre-
sumably illustrate fractionation within the series in relation with
the composition and crystalline structures of the secondary
precipitates.

MREE and asymmetric HREE enrichment of the NASC normal-
ized pattern of acid waters is still not well explained and results are
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Fig. 4. a. NASC—normalized REE patterns for aqueous solution extracts (solid lines) comparing with water samples (dashed lines). Guadiamar River data from the literature (Olias
et al., 2005). b. NASC—normalized REE patterns for aqueous solution extracts (solid lines) comparing with water samples (dashed lines).
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Fig. 4. (continued).

sometimes contradictory. Some authors suggested that it is due to
preferential release of HREE from the solution by Fe oxyhydroxides
(Olias et al., 2005), but other authors have considered a preferential
adsorption of the LREE relative to oxyhydroxides (Elderfield et al.,
1990). Moreover, some secondary minerals, such as jarosite, pref-
erentially incorporate LREE rather than MREE and HREE, but it
generates MREE enriched pattern when reacted with slightly acidic
solutions (Welch et al., 2009). An interesting finding of the present
study was the LREE enrichment relative to HREE observed in
samples with aluminum sulfates. This is an exception to the general
behavior observed in the NASC normalized REE patterns, high-
lighting the key role of Al-sulfates, namely pickeringite, for REE
retention. Through the facts, fractionation within the REE series can
be generally reasoned by results of liquid—solid interactions at the
different environmental conditions.

5.3. REE fractionation during mineral dissolution

Since water bodies affected by AMD have unique signatures for
both of NASC normalized pattern and concentration of REE (Merten
et al.,, 2005), mineral precipitation and re-dissolution under sea-
sonal variation conditions can control REE mobility and fraction-
ation within the series.

It is worth mentioning that low crystalline phases, such as
schwertmannite and basaluminite, known by their retention abil-
ity, were not observed in any mineralogical assemblage (Table 1).
However they are typical AMD-precipitates, and already identified
in other works in the IPB (Ayora et al., 2015; Sdnchez-Espana et al.,
2005). The strong aridity and the absence of dilution conditions in
the sampling period (July) may justify the absence of these phases.
Instead, there is the iron oxyhydroxide goethite, for example in
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sample CO6. This sample, composed by pure goethite, has lower
concentrations from Sm to Lu than CO3. In fact, this last presents a
simple assemblage typically observed in the IPB rivers during
summer (Valente et al., 2016a), dominated by magnesium and
aluminum sulfates. Hence, the iron oxyhydroxide seems less effi-
cient than the sulfates in the retention of these REE. Likewise, the
assemblage composed by butlerite + fibroferrite (RT3) shows the
lowest concentrations, suggesting that these iron sulfates have
lower ability for REE retention than the magnesium and aluminum
sulfates (for example RT26, RT28, and RT19) (Table 1).

The extracts from Herrerias mine (HE) show different REE
patterns, which can be explained by the different source of the
samples. HE14 has a pattern similar to the river waters, which is in
accordance with its sampling in a small creek that receives AMD
from different waste dumps inside the Herrerias complex. On the
other hand, HE1, HE2, HE3, and HES8 represent a singular mining
space. These four samples display the most negative Ce anomalies
of the studied samples. Also, they show very high concentrations
of Cu and Mg. This behavior can be related with special redox
conditions of the sampling site, since they were located under a
covering plastic of an artificial pond for the collection of acid
waters. Likewise, the lithology of the materials that are under the
plastic could also affect the processes of neoformation when
dealing with wastes coming from different sources (including
from Cu-rich paragenesis) and also with a grain size much smaller
than that of the waste dumps (silt and fine sand). Moreover, this
pond received tailings from the treatment plant, which implies
the presence of other substances used in flotation (xanthates,
cyanides, sparkling, collectors, etc). Further investigation must be
carried out to assess the influence of these factors on REE
fractionation.

San Telmo Mine is the only studied site with abundant copper
sulfates. Specifically, ST3 is the most chalcanthite enriched sample.
Taken in consideration this mineralogical singularity, one may hy-
pothesize that chalcanthite could be responsible for the Gd
anomaly.

Samples from Guadiamar (G1 and G2) show similar REE pattern.
Such a behavior is probably controlled by the common presence of
copiapite. In turn, in Meca samples (ME), the observed trend could
be attributed to the magnesium and aluminum sulfates. So, in the
present study, the highest retention of REE occurs in samples
enriched in magnesium (epsomite or hexahydrite) and aluminum
sulfates, mainly pickeringite.

6. Conclusions

It is possible to assess that forming and dissolution of mineral
precipitates in acid mine drainage have significant contribution on
REE distribution in acidic waters. AMD and river water samples as
well as water extracts of the AMD-precipitates reveal the enrich-
ment of MREE in their NASC normalized pattern. Moreover, in most
cases, the mineral precipitates retain HREE relative to LREE. As
observed in other mining regions, relevant negative anomalies for
Ce were observed for some mineral extracts and were presumably
controlled by mineralogical composition. In highly acidic environ-
ments, Yb showed unique negative anomaly in aquatic phase,
probably due to preferential incorporation into the solid phases.

The highest retention of REE occurs in samples enriched in
magnesium (epsomite or hexahydrite) and aluminum sulfates,
mainly pickeringite, probably reflecting the absence of other low
crystalline fixing phases, like schwertmannite. However, further
investigations are required in order to explain the reason of
different extensions of MREE enrichment and other REE anomalies
in acidic mine affected environments.
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