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ABSTRACT

Total and dissolved rare earth elements (REE) were studied in a river reach affected by several
inputs of acid mine drainage. The first four acidic discharges were of lesser importance compared
to the last (Agrio River, coming from the Rio Tinto mines), which transported high loads of Fe and
Al (2.1 and 4.2 ton/day, respectively) together with REE (16.4 kg/day) and other trace elements. In
the acid mine drainage (AMD) sources, practically all the REE were dissolved and the North
American Shale Composite (NASC)-normalized patterns showed an enrichment in medium REE,
although some differences exist between the patterns of each source. The pH values in the river
reach upstream of the confluence with the Agrio River ranged between 8.01 to 7.03, and most of
the Fe and Al from the AMD sources precipitated. Downstream of this acidic discharge, the pH
decreased to 2.98. Upstream of the first AMD input, the dissolved and total concentrations of
>REE were very low (< 0.6 pg/L). In the river reach affected by AMD that maintains pH values > 7,
concentrations of XREE increased (up to 25 pg/L), mainly transported by the particulate phase. In
the reach downstream of the Agrio River with acidic conditions, REE behaved conservatively. The
REE NASC-normalized patterns of the river samples resemble that of the AMD sources, although
an enrichment of heavy REE in the dissolved phase is observed linked to complexation by
carbonates. Cerium and particularly La also show higher dissolved percentages, similar to HREE,
which must be due to the lower affinity of these elements to be sorbed onto Fe oxyhydroxides.
Variations in Ce and Eu anomalies are observed along the river reach as a consequence of the
different AMD inputs. However, the values of the Ce anomaly are higher in total samples than in
dissolved samples. Speciation results indicate that these differences are not caused by differences
in oxidation states but by slight differences in the hydrogeochemical behaviour of Ce with respect
to La and Nd.
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1. INTRODUCTION

Rare earth elements (REE) are a group of chemically similar metallic elements, from La to Lu.
However, as long as their atomic number increases, a decrease in their ionic radii is observed. This
process, known as lanthanide contraction, is the main one responsible for the subtle geochemical
differences among REE (Migaszewski and Galuszka, 2015). All REE occur in a trivalent state in
nature except for Ce and Eu, which can have a valence of +4 and +2, respectively, exhibiting
different behaviour under changing redox conditions.

Due to their particular properties, REE have been widely used to infer petrogenetic processes.
More recently, REE have been profusely used as tracers to unravel hydrogeochemical processes
(e.g., Johannesson et al., 1997; Dia et al., 2000; Worral and Pearson, 2001; Pérez-Lépez et al.,
2015). In addition, their similarity to trivalent actinides has allowed the prediction of the behaviour
of these elements in nature (e.g., Verplanck et al., 1999; Stille et al., 2003). On the other hand, REE
have become increasingly important in the technological industry, mainly for the production of
electronic devices; thus, REE demand has exploded worldwide in the last decade (Hatch, 2012;
Migaszewski and Galuszka, 2015). Along with the recent rise in use, there is a growing concern
about the impact of the release of REE on the environment and human health such that REE are
currently considered as emerging pollutants (Kulaksiz and Bau, 2007; Migaszewski and Galuszka,
2015; Huang et al. 2016; Kurvet et al., 2017).

The high concentrations of REE in acidic mine drainage (AMD) generated during sulphide and coal
mining have also attracted great interest in the study of 1) water—rock interaction processes (e.g.,
Ferreira da Silva et al., 2009; Grawunder et al., 2014), 2) the natural or anthropogenic origin of
acidic drainage (e.g., Verplanck et al., 1999), and 3) the potential recovery of REE from acidic mine
waters (e.g., Ayora et al., 2016; Nordstrom et al., 2017). However, the toxicity and geochemical
behaviour of REE in circumneutral waters receiving inputs of AMD (Verplanck et al., 2004,
Gammons et al.,, 2005) has attracted less attention, as opposed to other elements commonly
found at higher concentrations and/or of greater toxicity such as As, Pb, or Cd (e.g., Sarmiento et
al.,, 2009; Nieto et al.,, 2013). Thus, the main goal of this work is to study the geochemical
behaviour of REE (dissolved and particulate) along a river reach affected by several REE-rich AMD
inputs that is characterized by a progressive change from alkaline pH values to acidic conditions
(pH < 3).

2. SITE DESCRIPTION

The study reach (8 km in length) comprises the upper part of the Odiel River (Fig. 1). The river runs
through rhyolite and dacite rocks belonging to the Volcano-Sedimentary Complex of the Iberian
Pyrite Belt (IPB), which contains massive sulphide deposits, and shales from the Culm Group (Sdez
et al., 1999). Pyrite is the main component of the sulphide deposits (> 90%), although minor



quantities of chalcopyrite, sphalerite, galena, and other accessory minerals are found (Tornos,
2006).

The climate of the study area is Mediterranean in type characterized by mild winters and hot
summers, with an average temperature of 16.5°C. The annual average precipitation in the area is
around 750 mm, mainly collected during autumn and winter. River flows in winter usually range
from 1 to 3 m3/s, decreasing progressively during spring and summer (Canovas et al., 2018).
However, due to the low permeability of the basin materials, the occurrence of intense rainfall
may cause flood events, strongly increasing river flow (Galvan et al., 2016).

There are four relatively small derelict mines located in the study area (Fig. 1). Concepcion mine
was intensively exploited from 1852 to 1990, with a total sulphide production of around 2 Mt.
Mining activities in San Platon (from 1907 to 1934), Esperanza (from 1906 to 1931), and Poderosa
(from 1864 to 1924) ceased earlier, and sulphide production was of minor importance (Pinedo
Vara, 1963). Several permanent AMD discharges arise from these derelict mines. A passive
treatment plant based on the Dispersed Alkaline Substrate (DAS) technology has been built at the
Esperanza mine (Fig. 1), but some acidic discharges still occur (Canovas et al.,, 2018). The
surroundings of these mines are covered by spoil heaps (Fig. 1), which also constitute a diffuse
source of dissolved and particulate metals entering the river during rainfall events.

Acidic leachates from the huge Rio Tinto mines, which were intensively exploited from 1873 to
2000 (Olias and Nieto, 2015), are collected by the Agrio River, which joins the Odiel River just at
the end of the reach (Fig. 1). The Agrio River causes strong degradation of the Odiel River water
quality (Sdnchez Espafia et al., 2006; Canovas et al., 2018).

3. METHODOLOGY

Sampling was performed in the study reach of the Odiel River during November of 2016. The main
AMD inputs into the river were sampled (points CON, SPL, ESP, POD, and AGR; Fig. 1) as well as the
river itself upstream and downstream of the confluence of each AMD source (points O1 to O8; Fig.
1). Samples were collected in HDPE bottles previously washed with a solution of 10% HNOs,
prepared with Nitric Acid 65% Merck Suprapur®. Total (raw) and filtered samples (0.2 um pore
size) were collected, acidified to pH < 2 with Nitric Acid 65% Merck Suprapur®, and refrigerated
until Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) and Inductively Coupled
Plasma-Mass Spectroscopy (ICP-MS) analysis. The particulate fraction was estimated from the
difference in values between the raw and filtered samples.

Temperature, pH, electrical conductivity (EC), and oxidation-reduction potential (ORP) were
measured in situ using a Crison MM40+ multimeter. A three-point calibration was performed for
both EC and pH (147 uS/cm, 1413 puS/cm, and 12.88 mS/cm and 4.01, 7.00, and 9.21, respectively),
while ORP was controlled using two points (240 and 470 mV). ORP measurements were corrected
to the standard hydrogen electrode to calculate pE (Nordstrom and Wilde, 1998). The alkalinity
was determined using volumetric titration test kits (HI3811). Flows were measured using an



electromagnetic flowmeter. Some discharge data were also obtained by a mass balance approach
using the MIX code, a maximum likelihood method to estimate mixing ratios, while acknowledging
the uncertainty in end-member concentrations (Carrera et al., 2004).

Samples were analysed by ICP-AES (Jobin Yvon Ultima 2) for major cations and ion
chromatography (Dionex DX-120) for Br, CI, F, NOs, NO,, PO,*, and SO;* at the R+D laboratories
of the University of Huelva and by triple-quadrupole ICP-MS (iCAP TQ ICP-MS; ThermoFisher
Scientific) for trace elements at Actlabs Ltd (Ontario, Canada). Detection limits ranged from 10 to
0.2 pg/L for the main elements (e.g., Al, Ca, Fe, Mg, Na, K, and Si) analysed by ICP-AES and from
0.0009 to 0.3 pg/L for elements analysed by ICP-MS (Supplementary Material SM2). The detection
limit for REE ranged from 0.001 pg/L for La, Ce, Nd, Sm, Gd, and Dy to 0.0003 pg/L for Er
(Supplementary Material SM3). A certified reference material (IV-STOCK-1643 by Inorganic
Ventures) was analysed to check for accuracy. Differences between certified and measured values
ranged from -1.8% to 10% (interquartile range). Precision was evaluated by analysing duplicates,
and differences among values were below 1%.

In this paper, La through Sm are considered light rare earth elements (LREE), Eu through Dy middle
rare earths (MREE), and Ho to Lu heavy rare earths (HREE). In order to study fractionation
processes during the mixing of AMD sources and the river water, REE concentrations were
normalized using the North-American Shale Composite (NASC) values (Taylor and McLennan,
1985). Cerium (Ce*) and Europium (Eu*) anomalies were calculated from the expression
Cenasc/V[Lanasc'Prnasc] and Eunasc/V[Smnasc:Gdnasc], respectively (Taylor and Mclennan, 1985;
Worrall and Pearson, 2001). NASC-normalized REE signatures were described using the NASC-
normalized ratios, (MREE/LREE)y and (HREE/MREE)y, calculated as the average of all permutations
of these inter-element ratios (Stolpe et al., 2013). The LREE included in the ratio calculation were
La, Pr, Nd, and Sm; the MREE were Gd, Tb, and Dy, and the HREE were Ho, Er, Tm, Yb, and Lu. Both
Ce and Eu were excluded from the calculation due to their anomalous redox activity (Stolpe et al.,
2013).

Chemical speciation was also obtained using the CHEAQS program version 2017.3 (Verweij, 2017).
The CHEAQS model includes inorganic speciation and mineral equilibrium based on the National
Institute of Standards and Technology database version 8.0 (NIST, 2004).

4. RESULTS

4.1.Characterization of the main AMD sources

The first four AMD discharges into the Odiel River (Fig. 1) show low flows (from 0.3 L/s in San
Platén to 4.2 L/s in Concepcidn) whereas the flow carried by the Agrio River was noticeably higher
(41 L/s; Supplementary Material SM1). The pH values of the main AMD sources show a slight
variation, from 2.4 to 2.7. Dissolved and total concentrations are quite similar (Supplementary
Material SM2 and SM3), with the highest values detected in the Agrio River (17.7 g/L sulphate,
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1640 mg/L Mg, 1170 mg/L Al, 223 mg/L Zn, and so on), except for Fe and As which were observed
to have their highest values in San Platén (1590 and 1.4 mg/L, respectively). Each of the first four
AMD sources released Fe and Al loads between 5 and 50 kg/day to the river (Fig. 2) while those
delivered by the Agrio River were notably higher (2.2 and 4.1 ton/day of Fe and Al, respectively).

Regarding the concentrations of XREE, the highest values were observed in the Agrio River, San
Platén, and Poderosa (from 2.8 to 4.6 mg/L; Supplementary Material SM3). These values are
higher than those commonly observed in other AMD environments (generally tens to hundreds of
pg/L according to Migaszewski and Galuszka, 2005). The amount of XREE transport by the first
four AMD sources to the Odiel River ranged from 31 g/day (Esperanza) to 331 g/day (Poderosa)
while the load delivered by the Agrio River was significantly higher (16.4 kg/day).

4.2. Physico-chemical parameters and elements concentrations along the river reach

Autumn rainfalls occurring before the sampling were relatively low (75 mm). As a consequence,
the river flow exhibits intermediate to low values, from 296 L/s at sampling point O1 to 343 L/s at
08 (Supplementary Material SM1). Above the confluence of the first AMD source, pH and EC
values were 8.01 and 0.28 mS/cm (point O1), respectively, with a total alkalinity of 81 mg/L CaCOs.
Along the river reach covering points 02 to O7 (Fig. 1), pH values ranged from 7.0 to 7.7 despite
the confluence of several AMD inputs, while EC values increased progressively from 0.30 to 0.34
mS/cm and alkalinity decreased down to 66 mg/L CaCOs (Supplementary Material SM1). A drastic
change in the hydrochemical characteristics of the river is observed at point O8 beyond the
confluence of the strongly acidic and metal-rich waters of the Agrio River, with a decrease in the
pH value down to 2.98 and an increase in EC up to 2.26 mS/cm. Downstream, these conditions
continued with slight variations until the river mouth into the estuary was reached (Sarmiento et
al., 2009).

Sulphate and metal concentrations exhibit low values in the dissolved (8.4 mg/L sulphate and
below 3 pg/L for As, Cu, Co, Zn, etc.) and total samples (< 10 pg/L for the latter trace metals)
upstream of the confluence with the first AMD input (point O1). Then, as a consequence of the
AMD inputs, the sulphate concentration progressively increases up to a value of 72 mg/L at 07,
which is subsequently increased to 2061 mg/L below the confluence with the Agrio River. The
dissolved concentrations of Fe and Al remain relatively low (< 0.3 mg/L) along the river up to point
07 (Fig. 2) because there is intense precipitation of these elements when the AMD inputs are
neutralized by mixing with circumneutral river water (Canovas et al., 2018). Thus, the transport of
these elements primarily takes place in the particulate matter, and the total concentrations (up to
5.4 mg/L Fe and 1.6 mg/L Al) are much higher than the dissolved concentrations. During the
mixing of the Agrio and Odiel river waters, intense precipitation of Fe is observed, as
demonstrated by the higher concentrations of total Fe (41 mg/L) compared to dissolved Fe (27
mg/L; Supplementary Material, SM2). On the other hand, total and dissolved Al concentrations are
similar (Fig. 3; Supplementary Material SM2).



In the case of Mn and to a lesser extent Zn, total and dissolved concentrations are approximately
similar along the reach (Fig. 2); thus, transport takes place mainly in the dissolved phase.
Analogous behaviour is observed for Cd, Co, and Ni (Supplementary Material SM4). The evolution
of As, Cu, and Pb along the river reach shows a different behaviour, with a greater significance of
particulate transport (Fig. 2).

Dissolved concentrations of ZREE increase from 0.07 pg/L at O1 to 0.16-1.82 pg/L between points
02 and O7. These values are similar to those found in other rivers worldwide, ranging from ng/L to
tens of ug/L (Elderfield et al., 1990; Leybourne and Johannesson, 2008; Migaszewski and Galuszka,
2015). At 08 sampling point the confluence of the Agrio River, which carries acidic and metal-rich
waters from the Rio Tinto mines (Canovas et al., 2018), causes a pH decrease below 3. In these
conditions REE behave conservatively, reaching a dissolved concentration of 553 pg/L. This value,
several orders of magnitude higher than those found in natural waters, are common in the AMD-
affected waters of the IPB (Ferreira da Silva et al., 2009; Ayora et al., 2016) and other acidic
streams worldwide (e.g. Gammons et al., 2005; Migaszewski and Galuszka, 2015). On the other
hand, total concentrations of XREE are relatively low upstream the confluence with the first AMD
input (0.52 pg/L, point O1) but undergo a sharp increase until point O5 (25 pg/L). Downstream of
this point, there is a reach of around 4 km in length (Fig. 1) with an absence of AMD sources where
dissolved and total XREE concentrations decrease, as for other elements (Fig. 2). Below the
confluence with the Agrio River almost 100% of the XREE is transported in the dissolved phase

(Fig. 2).
4.3.REE NASC-normalized patterns

All AMD sources are characterized by exhibiting NASC-normalized patterns with an enriched MREE
signature (Fig. 3), which is commonly found in this type of water (e.g., Gimeno-Serrano et al.,
2000; Verplanck et al., 2004; Ayora et al., 2016). However, some differences can be appreciated.
The Agrio River shows the highest value of Ce* (1.21, whereas the rest of the AMD sources range
from 0.99 to 1.03) and Eu* (0.89, whereas the rest range from 0.63 to 0.83; SM3). The AMD from
San Platén stands out by its low HREE content (low values of (MREE/LREE)y and (HREE/MREE)y
ratios). Poderosa also shows a pattern with a depleted HREE signature in relation to MREE,
although to a lesser extent than San Platén, and the lowest negative Eu* (0.63). Concepcion stands
out by showing a relatively flat pattern, even though there is a slight HREE depletion. Esperanza
exhibits a similar pattern to that of the Agrio River (Fig. 3), although with the lowest value of Ce*
(1.00). The NASC-normalized patterns of the AMD sources remained constant throughout the year
despite the seasonal variations in REE concentrations related mainly to dilution processes during
rainy periods (Olias et al., 2017).

The REE signature of the AMD inputs influences the NASC-normalized pattern of the total
concentrations along the sampling points in the river (Figs. 3 and 4). However, the dissolved
concentrations show different patterns. An interesting observation is the (HREE/MREE)y
enrichment in the dissolved samples with respect to the total samples along the reach (Fig. 4B).
Also, the confluence of the first AMD input causes an increase in Ce* in the river in both the



dissolved and, above all, total concentrations (Fig. 4C). Values of Ce* in the total concentrations
are generally higher than in the dissolved along the river reach. The opposite tendency is observed
for Eu*; a decrease is observed in both dissolved and total concentrations along the reach as a
consequence of the AMD inputs except at 03, which suggests the existence of not sampled acidic
diffuse inputs. In the reach between points 06 and 07, characterized by the absence of AMD
inputs, a decrease in Ce* in dissolved samples is observed whereas Eu* increases (Fig. 4C and D).

4.4, REE speciation

The chemical speciation of REE shows that carbonate complexes (REE(COs)* and REE(COs);)
predominate between O1 and O7. However, sulphate complexes (REE (SO4)*) prevail at 08, where
acid pH values and higher sulphate concentrations are observed. On the other hand, some
differences can be appreciated between individual REE (Fig. 5). Thus, the carbonate complexes for
the HREE (represented by Yb) constitute more than 95% of the total up to O7, while lower values
(from 59 to 98%) are observed for LREE (represented by La) in favour of free forms and sulphate
complexes (Fig. 5). A growing increment in the proportion of these latter species is observed
concomitant with the progressive increase of sulphate concentrations along the river reach.
However, some fluctuations in this evolution are observed due to pH changes that control the
COs% concentration and, thus, the significance of carbonate complexes. On the other hand, Gd
shows an intermediate behaviour, with a lower percentage of carbonate complexes with respect
to Yb and a lower percentage of sulphate complexes and free forms than La (Fig. 5).

5. DISCUSSION
5.1. REE concentrations along the river reach

Figure 6 shows a clear inverse relationship between dissolved XREE concentrations and pH. This
relation has been previously reported in other rivers both affected by AMD (Verplanck et al., 2004;
Sun et al., 2012; Stewart et al., 2017) and not affected (e.g., Elderfield et al., 1995; Xu and Han,
2009). Total XREE concentrations are much higher than dissolved concentrations at pH values
above 7; thus, the transport of ZREE along the river is mainly carried out by particulate matter (70
to 97% of the total). This situation is reversed at pH below 3 due to the acidity limiting surface
adsorption processes onto the particulate matter (Sholkovitz, 1995), and thus, almost 100% of
2REE transport is carried out by the dissolved phase (Fig. 2). It can be calculated that the sum of
the XREE loads at points O6 and O7 is similar to the load at point 08, despite intense Fe
precipitation. This fact is in agreement with Verplanck et al. (2004), who reported a conservative
behaviour of XREE below pH 5.1 and REE sorption/coprecipitation at pH values between 5.1 and
6.1, and with Gammons et al. (2005), who observed REE removal when pH increased from 4.3 to
6.1. Ferreira da Silva et al. (2009) and Prudencio et al. (2015) also reported that REE were removed
from solution during pH increases from 3 to 6. More recently, Ayora et al. (2016) found
preferential removal of REE with Al precipitates (above pH 4.5) during AMD treatment. In this
sense, Figure 7 shows that the percentage of dissolved REE (represented by La) in samples
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collected along the river follows a similar evolution to that of Al. This seems to indicate REE
removal due to the coprecipitation with this element, as previously observed by Gammons et al.
(2005) and Ayora et al. (2016).

A decrease in the percentage of dissolved XREE is observed from points O1 to O5, despite a slight
decrease in the pH values, due to the increase in particulate concentration by
sorption/coprecipitation of REE during the neutralization of the AMD inputs by the river water
(Fig. 2). Downstream of 06, the dissolved percentage increases (Fig. 7) due to the decrease of
particulate matter by sedimentation.

5.2. REE fractionation processes along the river reach

As shown in section 4.3, the NASC-normalized patterns of total concentrations along the river
reach vary influenced by the pattern of the different AMD inputs (Figs. 3 and 4), whereas the
dissolved NASC-normalized patterns are also affected by in-stream processes. This can be clearly
seen from the differences in the NASC-normalized patterns between points 06 and O7, which is a
long subreach without any AMD input (Fig. 1). The NASC-normalized patterns for total samples
(Figs. 3 and 4) are similar at both points, although the concentrations are much lower at O7 due to
sedimentation processes. On the contrary, the patterns for the dissolved concentrations show
clear differences (Figs. 3 and 4).

Figure 8 shows that, in general, the lowest dissolved percentages are observed for LREE (except
for La and, to a lesser extent, Ce) and MREE whereas the highest are found for HREE. For the HREE,
our data apparently disagree with results previously obtained by other authors (e.g., Verplanck et
al., 2004; Liu et al., 2017), who reported preferential removal of HREE from solution during Fe
oxyhydroxide precipitation while LREE, especially La, tend to remain dissolved. However, the pH
values of Verplanck et al. (2004) are lower than 6.2 whereas in the Odiel River, with pH between 7
and 8 upstream of the Agrio River, the formation of carbonate complexes with HREE (Fig. 5) must
have a greater influence, and therefore it counteracts the preferential removal of HREE by
oxyhydroxide precipitates. In this sense, Leybourne et al. (2000) and Johannesson and Lyons
(1994) reported preferential REE complexation by carbonate in water as well as LREE-depleted
NASC-normalized REE patterns and higher enrichment in HREE than in MREE. A similar conclusion
was obtained by Sholkovitz (1995) who showed that suspended and colloidal particles in river
water are typically LREE-enriched compared to NASC with preferential loss from solution by
adsorption following the order LREE > MREE > HREE. In brief, Ce and particularly La have higher
dissolved percentages (Fig. 8) because they are less intensely sorbed by Fe oxyhydroxides while
HREE also have high dissolved percentages because of the preferential formation of carbonate
complexes. Both processes lead to fractionation of REE between dissolved and solid phases.

On the other hand, as noted in section 4.3, Ce* tends to be higher in total samples while the
opposite is observed for Eu* (Fig. 4C and D). In the case of Ce*, the high oxidizing capacity of Fe
oxyhydroxide-precipitating systems may enhance the oxidation of Ce(lll) and its partition into the
solid phase (Bau, 1999). However, speciation results provided by CHEAQS show that Ce (and also



Eu) is found in its trivalent form, and these differences cannot be explained by different oxidation
states. Instead, this seems to be related to the higher tendency of La to remain dissolved, which
decreases the anomaly value. Thus, a remarkable decrease of the negative Ce* in the dissolved
phase takes place between 06 and O7 (Fig. 4C), despite the absence of any AMD inputs. Between
these points the dissolved and total concentrations of La, Ce, and Nd decrease, but not to the
same degree. The dissolved concentration of La decreases by 72% with respect to the value at 06
(Fig. 9) while Ce decreases 81% and Nd 83%, which explains the decrease in the Ce* value. On the
contrary, total concentrations of La, Ce, and Nd decrease by a similar percentage (77-78%)
between points 06 and O7; thus, there are no differences in Ce* (Fig. 4C). In the same way, the
variations in Eu* between the total and dissolved phases could also be due to slight
hydrogeochemical differences between Sm, Eu, and Gd.

5.3. Possible ecotoxicity of REE

High concentrations of REE could lead to ecotoxicity problems such as disruption of bone-integrity
and cellular signalling by competition between La and Ca or Mg, substitution of Fe by Sc, lipid-
peroxidation and phosphate deficiency (Gonzalez et al., 2014). The toxicity of REE depends on
several factors such as the exposure method, the life stage of the organism and the nature and
concentration of the REE (Gwenzi et al., 2018). In this way, insoluble forms of lanthanides have
shown low toxicity, while higher toxicity was reported for soluble compounds (Lambert and
Ledrich, 2014). On the other hand, an increase in toxicity has been considered with increasing REE
atomic number, thus HREE have been usually predicted to be more toxic than LREE (Gonzalez et
al., 2014). However, REE ecotoxicological experiments found in literature provides contradictory
results due to the lack of information on REE chemical speciation, the formation of insoluble
species during the tests and the existence of other compounds that may pose a toxicity risk for
living organisms (Gonzalez et al., 2014).

AMD formation leads to the release of significant quantities of REE into the watercourses,
however, in circumneutral waters like those found in the studied reach, a predominant
transference from the dissolved to the particulate phase takes place, limiting the ecotoxicity risk.
On the other hand, despite the low content in HREE compared to LREE in AMD waters, the
complexation of HREE by carbonates in circumneutral waters favours its solubility, thus increasing
their toxicity. From the study of mollusc communities in the Odiel River Pérez-Quintero (2011)
reported a good ecological quality status upstream of the first AMD input (sampling point 01)
while turned to poor between points 02 to O7. Downstream of the Agrio River confluence, with
pH values close to 3, the natural river communities completely disappear. The role of the REE
concentrations in these ecological effects is not clear because of the presence of other trace
metal/loids in the water such as Al, As, Cd, etc. (Supplementary Material SM2), which must
contribute to the ecotoxicity problems, masking the influence of REE as indicated by Gonzalez et
al. (2014).

6. CONCLUSIONS



The studied river reach receives several AMD inputs; however, upstream of the Agrio River the
higher river streamflow and water alkalinity is enough to maintain pH values above 7. This causes
the precipitation of dissolved Fe and Al delivered by the AMD sources, leading to the occurrence of
large amounts of particulate matter.

AMD sources also carry high quantities of ZREE to the Odiel River, i.e., 16.4 kg/day from the Agrio
River. However, whereas pH values remain above 7, dissolved XREE concentrations stay relatively
low (< 1.8 pg/L) and ZREE transport takes place mainly in the particulate matter (between 70 and
97% of the total). On the contrary, the transport of other trace elements such as Cd, Co, Ni, Mn,
and Zn is mainly carried out by the dissolved phase. When pH values decrease down to 3, REE
behave conservatively in the river, and transport is performed in the dissolved phase. Due to the
existence of significant concentrations of other metal/loids in these systems, the ecotoxicological
effects of the REE is not clear and should be the subject of further investigations.

The NASC-normalized REE patterns of total concentrations in the river accurately resemble that of
the corresponding AMD sources, and in the absence of further AMD inputs, remain invariable.
However, the total REE concentration decreases as a result of sedimentation processes. On the
other hand, the NASC-normalized patterns of dissolved REE in the river are strongly affected by
the AMD inputs but deviate from them due to 1) the tendency of LREE, especially La, to remain
dissolved during Fe oxyhydroxide precipitation and more importantly 2) HREE complexation by
carbonates, which favours its permanence in solution. This process is clearly evident in the longest
subreach, between points 06 and 07, where fractionation processes occur despite the absence of
further AMD inputs.

Variations in the Ce and Eu anomalies are observed along the river reach as a consequence of the
different AMD inputs. Nevertheless, there are striking differences between the dissolved and
particulate phases. The values of Ce* are slightly higher in total samples than in dissolved samples,
whereas the opposite is observed for Eu*. Speciation results seem to indicate that this is not
caused by differences in oxidation states but by slight differences in the Ce hydrogeochemical
behaviour with respect La and Nd. In this way, due to the higher affinity of La for remaining
dissolved in relation to Ce and Nd, a slight decrease in Ce* is produced in the dissolved phase. In
the same way, small differences in the behaviour of Eu with respect to Sm and Gd can also cause
variations in Eu* between the dissolved and particulate phases.
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Figure 5. Speciation of La, Gd, and Yb along the river reach showing the change of the dominant
species to the end of the river reach (point 08) and the increase of carbonate complexes from
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Figure 6. Relationship between pH and both total and dissolved REE concentrations, showing the
importance of pH on the REE solubility control.

Figure 7. Evolution of the dissolved fraction of some elements along the river reach. REE,
represented by La, show an evolution similar to Al.

Figure 8. Dissolved fraction of individual REE in the river sampling points. Point O8 is not shown
because the dissolved percentage is close to 100% for all REE. The highest dissolved percentages
are observed for HREE and, in some cases, La and Ce.

Figure 9. Decrease of individual REE concentrations at O7 with respect to O6 showing the
existence of in-stream processes.
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SM4. Total and dissolved concentrations along the river reach (sampling points O1 to 08, blue
lines) and inputs from AMD sources (red vertical bars) of trace elements not represented in Figure
2. Dissolved and total inputs of AMD sources are similar.
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Figure 2
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Figure 6
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Figure 8
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