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Abstract

This paper investigates the mobility and fluxes of REE, Y and Sc under weathering conditions
from an anomalously metal-rich phosphogypsum stack in SW Spain. The interactions of the
phosphogypsum stack with rainfall and organic matter-rich solutions, simulating the weathering
processes observed due to its location on salt-marshes, were simulated by leaching tests (e.g. EN
12457-2 and TCLP). Despite the high concentration of REE, Y and Sc contained in the
phosphogypsum stack, their mobility during the leaching tests was very low; less than 0.66% and
1.8% of the total content of these elements were released during both tests. Chemical and
mineralogical evidences suggest that phosphate minerals may act as sources of REE and Y in the
phosphogypsum stack while fluoride minerals may act as sinks, controlling their mobility. REE
fractionation processes were identified in the phosphogypsum stack; a depletion of LREE in the
saturated zone was identified due probably to the dissolution of secondary LREE phosphates
previously formed during apatite dissolution in the industrial process. Thus, the vadose zone of
the stack would preserve the original REE signature of phosphate rocks. On the other hand, an
enrichment of MREE in relation to HREE of edge outflows is observed due to the higher influence
of estuarine waters on the leaching process of the phosphogypsum stack. Despite the low mobility
of REE, Y and Sc in the phosphogypsum, around 104 kg/yr of REE and 40 kg/yr of Y and Sc are
released from the stack to the estuary, which may imply an environmental concern. The
information obtained in this study could be used to optimize extraction methods aimed to recover
REE, Y and Sc from phosphogypsum, mitigating the pollution to the environment.
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1. Introduction

Rare Earth Elements (REE) are a group of chemically similar metallic elements (i.e. lanthanide
series). Although traditionally scandium (Sc) and yttrium (Y) were also included in this group,
only Y is currently considered as lanthanide (Chakhmouradian and Wall, 2012), forming a group
known as REY elements (Ayora et al., 2016). This group of elements, arbitrarily divided into light
(LREE: La to Nd), medium (MREE: Sm to Gd) and heavy (HREE: Tb to Lu plus Y) (Hatch,
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2012), are becoming increasingly important in the transition to a green, low-carbon economy due
to their essential role in permanent magnets, lamp phosphors, rechargeable NiMH batteries,
catalysts and other applications (Binnemans et al., 2013). REE are not considered as essential
elements for living organisms, although they may have unknown functions in the organisms,
especially in innumerable biochemical processes (Migaszewski and Galuszka, 2015). On the
contrary, some studies suggested that high concentrations of REE may cause significant
environmental impacts on living organisms (e.g. Oral et al., 2010; Pagano et al., 2015). The
growing use of these elements by industry has led to an inherent increase of REE emissions into
the environment. Thus, it is of paramount importance to address the potential release and transport
of REE during all stages of industrial processes. A potential source of REE, Y and Sc to the
environment is the fertilizer industry which produces the phosphoric acid needed for fertilizer
manufacturing. Phosphoric acid is commonly produced by the chemical reaction of the phosphate
rock with sulfuric acid, a process known as wet chemical treatment, responsible for around 90%
of the worldwide phosphoric acid production (USGS, 2016). As a result, a by-product known as
phosphogypsum is generated. Phosphogypsum is mainly composed of gypsum (CaSO42H>0)
although may also contain other minor solid phases such as reaction products of the wet process
(e.g. alkali fluorosilicates and fluorides), unreacted phosphate rock and gangue mineral particles
(e.g. quartz, organic matter and feldspars) (Lottermoser, 2010). The presence of wastewaters from
the industrial process, mainly phosphoric, sulfuric, and hydrofluosilicic acids, trapped in the
interstices of mineral particles confers to phosphogypsum its acidic nature. In addition, this
residual water contains high levels of metals, metalloids and radionuclides (Luther et al., 1993).
Due to the high level of impurities, phosphogypsum are often stockpiled in stacks close to the
factories and finally covered, and rarely recycled.

During the wet process, elements contained in the phosphate rock are released from their host
phases into solution and partitioned into phosphoric acid or phosphogypsum, according to their
solubility (Rutherford et al., 1994). Uranium, Th and Pb-210 concentrate in the phosphoric acid
whereas most of the Ra-226 and Po-210 are finally contained in phosphogypsum (Lottermoser,
2010). According to different authors (e.g. Rutherford et al., 1994; Al-Masri et al., 2004; Pérez-
Lopez et al., 2011), metals (e.g. Cd, Cu and Zn) are preferentially transferred into phosphoric
acid. In the case of REE, around 70-85% originally present in phosphate rocks are concentrated
in solid phosphogypsum (Binnemans et al., 2015). The weathering of phosphogypsum stacks
constitutes an environmental concern due to the release of pollutants into the surrounding
environment (e.g. Bolivar et al., 2002; Tayibi et al., 2009; Pérez-Lopez et al., 2015; El Zreli et
al., 2016). Unlike metals, metalloids and radionuclides, the mobility of REE in phosphogypsum
stacks has not been studied in detail nor have their fluxes into the environment been quantified,
despite the potential interest for recovery of these elements from phosphogypsum (e.g. Binnemans
et al., 2015; Cénovas et al., 2017). This issue is especially significant taking into account the
worldwide growing production of phosphogypsum to support the increasing levels of farming
production; around 100-280 Mt of this by-product is generated per year (Parreira et al., 2003) and
deposited near the industries due to its limited recycling. An improved understanding of REE
behavior during low-temperature water—rock interaction in industrial waste landfills is needed.
Thus, this study investigates the factors controlling the mobility of REE under weathering
conditions in a phosphogypsum stack in SW Spain and quantifies the REE fluxes to the
environment.



2. Methods
2.1. Site description

A fertilizer plant was operating via wet treatment near Huelva city (SW Spain) during almost 40
years (from 1967 to 2010). Sedimentary phosphorite was imported mainly from Morocco to
manufacture the phosphoric acid. As a result, around 100 Mt of phosphogypsum were directly
dumped on 12 km? of salt-marshes of the Tinto River estuary, less than 100 m from the city (Fig.
1). The implementation of a closed-circuit system in 1997 promoted the existence of process water
ponds in the central part of the stacks and a system of perimeter channels for collecting all
leakages from the piles (Fig. 1). The singularity of this phosphogypsum stack relies on the facts
that wastes were deposited over the marshland without any type of isolation and within the tidal
prism of the estuary. Under these circumstances, this stack is strongly weathered not only by a
downward flow of rainwater during rainy episodes but also by an upward flow of seawater during
tidal cycles. In case of weathering by rainwater, these episodes are especially significant as
rainfall events in Mediterranean regions are scarce but intense. In addition, the absence of
composite liners in the bottom of the stack causes the interaction of these wastes and their
weathering agents with the organic matter-rich marshland. As a result, the weathering of the
phosphogypsum can occur under oxidizing conditions in the shallowest part and under reducing
conditions in the deepest part in contact with the marsh (Pérez-Lopez et al., 2015). Moreover, this
phosphogypsum contains anomalously high concentrations of some toxic elements in comparison
to others around the world (Macias et al., 2017). In order to avoid the release of pollutants to the
estuary during rainy events, the stack has been partially restored. Despite the decrease in the
pollutant release observed, these measures seem to be insufficient as permanent edge outflows
continue being released from the toe of the stack (Pérez-Lopez et al., 2016). The main chemical
difference between edge outflows emerging from the bottom of the stack and process waters
stored in surface ponds is the higher element concentration in the latter due to the large residence
time in the close-circuit system and to evaporation. Detailed descriptions of physical and
environmental setting of Huelva phosphogypsum stack can be found in Pérez-Lopez et al. (2015,
2016) and Macias et al. (2017).

2.2. Sampling and analytical techniques

2.2.1. Water and solid samples

Edge outflows were sampled along the perimeter of the phosphogypsum stack during the dry and
rainy seasons (June and November 2014). In addition, some samples of process water contained
in central ponds and perimeter channels of the stacks were taken (Fig. 1). In total, 121 water
samples were collected during both campaigns. The pH, redox potential (ORP), electrical
conductivity (EC) and temperature were measured in the field using a portable Multiparametric
Crison MM 40+ equipment. Measured ORP values were referenced to the standard hydrogen
electrode (Eh), as proposed by Nordstrom and Wilde (1998). Water samples were filtered with
0.10 um membrane filters and divided into two aliquots; one unacidified for anion and ammonia
determination and the other acidified with HNOj3 to pH < 1 for major and trace element analysis.
From an operational point of view, concentrations determined in filtrates were considered to be
dissolved.

Concentrations of anions (POs, Br, Cl and F) and ammonia in unacidified aliquots were analyzed
by high performance liquid chromatography (HPLC) using a Metrohm 883 basic ion
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chromatograph (IC) equipped with Metrosep columns. The acidified samples were analyzed using
Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES; Jobin Yvon Ultima 2)
for major elements (Al, Ca, K, Mg, Na and S) and Inductively Coupled Plasma-Mass
Spectroscopy (ICP-MS; Agilent 7700) for REE, Y and Sc. Detection limits were: 0.2 mg/L for S;
0.1 mg/L for Na; 0.05 mg/L for K and Mg; 0.02 mg/L for Al and Ca; and 0.1 pg/L for REE, Y
and Sc. All analyses were performed in the laboratories of the University of Huelva. Three
laboratory standards, prepared with concentrations within the range of the samples, were analyzed
with every 10 samples to check for accuracy. Furthermore, dilutions were performed to ensure
that the concentration of the samples was within the concentration range of the standards. Blank
solutions with the same acid matrix as the samples were also analyzed. The average measurement
error was less than 5%. In addition, the quality of analysis was verified with an OREAS904
certified reference material. The difference between certified and measured values ranged from
0.4% (Ce) to 8.0% (Ho). A triplicate analysis was performed in order to evaluate the precision,
being the relative standard deviation (RSD) below than 5 % in all cases.

Solid samples of phosphogypsum were also collected from different depths of the stack (Fig. 1)
in boreholes, and obtaining a total of 17 samples. The first 5 samples correspond to the vadose
zone (from surface down to 2 m depth) while the remaining samples correspond to saturated zone
(from 2 to 8 m in depth). The deepest sample represents the stack basement directly in contact
with the estuarine marsh soils. At the laboratory, pore-waters were collected through suction cup
lysimeters under N»(g) atmosphere within a glove box. Eh and pH values were immediately
measured in all pore-water samples. After pore-water extraction, solid samples were frozen and
then lyophilized to complete dryness using a freeze-dryer. The chemical composition of solid
samples was obtained by analyses after aqua-regia pseudo-total digestion. Thus, 10 mL of aqua-
regia (12 mol L' HCl and 15.8 mol L' HNOs in the ratio 3:1) were added to 1 g of
phosphogypsum in Teflon reactors and reacted for 20 h in a fume cupboard, and then, simmered
on a hot plate for 1 h at 100 °C. The digestates were diluted with deionized water and stored at
4°C until analysis. In addition, newly-formed solid precipitates formed from edge outflows were
also sampled.

Phosphogypsum samples and newly-formed precipitates from edge outflows were
mineralogically characterized. X-ray diffraction (XRD) patterns of samples were obtained with a
Bruker D8 Advance diffractometer with Cu Ka radiation. Diffractometer settings were 40 kV, 30
mA, a scan range of 3-65° 20, 0.02 20 step size, and 2.4 s counting time per step. Phosphogypsum
samples were also examined by scanning electron microscope coupled with energy dispersive
spectrometer (SEM-EDS; FEI-Quanta 200 equipped with a microanalyzer EDAX Genesis 2000).

2.2.2. Leaching tests

Two different leaching tests were performed to selected solid phosphogypsum samples of the
depth profile (8 samples) with the aim to assess the mobility of REE under different weathering
conditions. Samples were subjected to the EN 12457-2 (EU, 2002) and TCLP (USEPA, 1992)
leaching tests, established by current EU and US regulations, respectively, on waste disposal and
classification. On the one hand, the EN 12457-2 leaching test has been used not only to evaluate
the suitability of wastes for waste disposal acceptance in European landfills but also to study
metal release from mineral-processing wastes (e.g. Macias et al., 2012; Vemic et al., 2015).
Samples came into contact with deionized water at a liquid to solid ratio of 10:1, followed by
stirring for 24 h, centrifugation, filtration of the supernatant and determination of dissolved
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elements. This leaching test allows estimating the potential leaching of REE, Y and Sc by
phosphogypsum during rain events.

On the other hand, the TCLP leaching test was originally designed to simulate co-disposal with
municipal wastes, although its applicability has been also extended to the hazardousness
classification of mineral-processing wastes (Al-Abed et al., 2006; De Andrade Lima et al., 2008;
Macias et al., 2012).Samples were extracted with a solution of acetic acid buffered to pH 4.9 for
18 h by stirring on a shaker with a liquid to solid ratio of 20:1. Following the extraction, samples
were centrifuged, and the supernatant filtered, acidified with HNO; and stored at 4°C until
analysis. This leaching test would simulate the interaction of the upward flow from the basement
and/or the downward water flow from the surface with the organic matter-rich marsh soils. Results
obtained from both tests were compared to total composition with the purpose of quantifying the
proportion of REE, Y and Sc released by each simulated weathering process.

2.3. Data treatment

In order to study fractionation processes during the weathering of the stack waste material, REE
concentrations were normalized using the North-American Shale Composite (NASC) values
(Gromet et al., 1984). The shape of the NASC-normalized REE patterns was described using the
NASC-normalized ratios, (MREE/LREE)nasc and (HREE/MREE)xnasc, calculated as the average
of all permutations of those inter-element ratios (Stolpe et al., 2013). The LREE (light-REE)
included in the ratio calculation were La, Pr, Nd, and Sm; the MREE were Gd, Tb, and Dy
(middle-REE); and the HREE (heavy-REE) were Ho, Er, Tm, Yb, and Lu. Both Ce and Eu were
excluded from calculation due to their anomalous redox activity. Cerium (Ce/Ce*)nasc and

Europium (Eu/Eu*)nasc anomalies were calculated from the expression Cenasc/V[Lanasc'Pryasc]
and Eunasc/V[Smnasc'Gdnasc] found in Worrall and Pearson (2001) and Taylor and McLennan
(1985), respectively.

Chemical speciation and saturation indices of solutions were calculated by PHREEQC code
v2.12.01 (Parkhurst and Appelo, 2005) using the database provided by Lawrence Livermore
National Laboratory (llnl.dat). Around 10% of collected samples exhibited high values of ionic
strength (above 0.7), thus speciation analysis and saturation indices calculated for these samples
have a higher uncertainty. The database was completed with thermodynamic data for REE
phosphate reported by Liu and Byrne (1997).

3. Results and discussion

3.1 REE, Y and Sc mobility under different weathering scenarios

The phosphogypsum stack encloses significant concentrations of REE, Y and Sc which can be
potentially released under weathering by natural environmental factors. The pseudo-total
concentration of REE in the phosphogypsum solid is higher in the vadose zone (from 425 to 828
mg/kg), reaching its maximum at the interface with the saturated zone (Fig. 2A). The REE
concentration in the saturated zone ranged from 264 to 452 mg/kg. Regarding Y, a concentration
of 204 mg/kg was recorded at the surface, decreasing down to the contact with the saturated zone
(Fig. 2A). The concentration of Y remains constant along the saturated zone (around 110 mg/kg),
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except some higher values observed at 6 and 7 m depth. The pseudo-total concentration of Sc in
the solid displays a similar trend (values ranging from 2.1 to 5.1 mg/kg along the profile) with a
maximum observed at 7 m depth (6.0 mg/kg; Fig. 2A). These changes in element concentration
between saturated and vadose zones, and within saturated zone may be related to the different raw
material used during the phosphoric acid manufacturing and/or to the stronger weathering of the
saturated zone.

Despite the relatively high concentrations observed along the phosphogypsum stack, the mobility
of REE, Y and Sc during weathering by rainwater appears to be extremely low. Figure 2B shows
the release of these elements under the EN 12457-2 leaching test. The release of REE scarcely
accounts for 0.09% of the total enclosed in the phosphogypsum. Although higher total REE
concentrations were observed in the vadose zone, there are no appreciable differences in REE
release by rainwater along the depth profile. The potential release of Y is even lower; an average
value of 0.03% of the total release is recorded along the stack, although as opposed to REE, a
higher potential release of Y is observed in the saturated zone (2 times higher than in the vadose
zone). A similar trend is observed for Sc, although the maximum release is observed at 4-6 m
depth with values of up to 0.66% of the total content. The simulation of the interaction of
phosphogypsum with organic matter-rich solutions, analogue to those from salt-marshes,
provided slightly higher values of release (Fig. 2C). Around 1.8%, 1.0% and 0.38% of Sc, Y and
REE (of average), respectively, were released in the TCLP leaching test. A higher release was
observed for Y and REE in the vadose zone, i.e. up to 4.4% and 1.4% of the total, respectively,
in the shallowest sample. In the case of Sc, the higher release rate (5.6%) was found at 6 m (Fig.
2C). Thus, the transfer of REE by interaction of organic-rich marshland soils with the stack must
be of minor importance. In this sense, Davranche et al. (2012) indicated that organic matter, pH
and reducing conditions are the main factors controlling REE behavior in wetland areas. The
establishment of reducing conditions acts indirectly through the increase in pH caused by H"
consumption, which promotes organic matter desorption as colloids from the soil matrix, giving
rise to a release of REE. However, these Eh-pH conditions were not achieved in the marsh soil
surface in contact with phosphogypsum (Eh of 320 mV and pH 4.1), which could explain such
low REE release during the TCLP.

These strikingly low values contrast with the high potential release reported by Macias et al.
(2017) for some metals and metalloids (i.e. Al, As, Cd, Cu, Fe, Pb, Ni, Se and Zn) under the same
leaching procedures. The differences of mobility observed among these elements may be related
to the different waste material within the phosphogypsum stack. In the case of elements such as
Zn, Cd or As, significantly released by interaction with water or organic acids, they may be hosted
in pore waters or by easily or moderately soluble mineral phases (e.g. sulfate) along the
phosphogypsum stack (Macias et al., 2017). However, in the case of REE, Y and Sc, these
elements may be hosted by less soluble minerals (e.g. fluoride or phosphate).

3.2 Source of REE, Y and Sc in phosphogypsum

The first question to be answered is whether REE, Y and Sc are contained in pore waters or,
conversely, in the mineral assemblage of phosphogypsum. Figure 3A-D shows profiles of element
concentrations in pore-water and their contribution in respect to solid phosphogypsum using
sample moisture measurements according to Clemente et al. (2008). The concentrations of REE
and Y follow an increasing tendency up to a peak at 5 m depth in the saturated zone (163 and 44
pg/L of REE and Y, respectively; Fig. 3A and B) and then decrease down to the bottom. In the
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case of Sc, the maximum concentration in pore waters is observed at 2.3 m depth (up to 240 pg/L;
Fig. 3C). In total, less than 4.5% of Sc and even lower values of REE and Y (below 0.12%) are
contained in pore waters. Thus, these elements are chiefly hosted by mineral phases.

Sedimentary phosphate rock is mainly composed of fluorapatite which contains significant
concentrations of REE, Y and Sc (Binnemans et al., 2015); thus, the most feasible source of these
elements must be unreacted phosphate existing in the phosphogypsum. Another possibility would
be the occurrence of secondary minerals during the acid attack of the phosphate rock. In this
sense, Kohler et al. (2005) suggested that although REE are readily released during apatite
dissolution in the industrial process, they may be also easily precipitated as secondary phosphate
phases during the reaction. High phosphate concentrations are found in pore waters, reaching
maximum values in the saturated zone (up to 7600 mg/L) and then decreasing down to the bottom
of the stack (Fig. 3D). Around 20-30% of total phosphate in the saturated zone is contributed by
the phosphoric acid contained in pore waters, whereas the remaining 70-80% must be phosphate
minerals enclosed in the solid, which could be subjected to dissolution by pore waters. In this
sense, pore waters show undersaturation in respect to fluoroapatite and MREE and HREE
phosphates, whereas equilibrium with respect to LREE-POsis observed in the saturated zone (Fig.
3E and F). Thus, these REE-rich phosphates (i.e. fluoroapatite and REE-phosphate), originally
present in the phosphogypsum, could be dissolved under weathering conditions and subsequently
release REE and Y into pore waters. This is supported by the similar tendency of phosphate, REE
and Y in pore waters (Fig. 3A-B and D). Although no phosphate minerals were detected in XRD
patterns and SEM images of solid phosphogypsum, the semiquantitative chemical analyses
provided by the EDS revealed the ubiquitous presence of P in amorphous phases attached to
gypsum surface (Fig. 4A). On the other hand, the low concentration of REE, Y and Sc observed
in comparison with those found in solid phosphogypsum could be also due to a mineralogical
control of secondary minerals precipitating from pore waters. For example, fluoride has been
previously reported as a good REE scavenger (e.g. Bouhlassa and Salamen, 2013). The
precipitation of fluoride minerals such as cryolite and fluorite is predicted in the saturated zone
according to the geochemical calculations with PHREEQC (Fig. 3E). This latter mineral has been
identified in the solid phosphogypsum, forming small mineral spheres attached to the gypsum
surface (Fig. 4B). Therefore, it is hypothesized that phosphate minerals may act as sources of
REE and Y in phosphogypsum while fluoride minerals may act as sinks, controlling their
mobility.

3.3 Transport of REE, Y and Sc within the phosphogypsum stack.
Once dissolved in pore waters from the mineral assemblage, these elements may be released to
the environment from the phosphogypsum stack through edge outflows. During the transport of
these waters from the stack to the environment, hydrochemical changes may occur due to water-
mineral interactions. Table 1 shows the basic statistics of edge outflows collected during the
sampling campaigns of June and November. The chemical composition of edge outflows is
strongly influenced by the interaction of the pile with estuarine waters (Pérez-Lopez et al., 2016),
as evidenced by the high concentrations of Na and Cl (average values ranging from 6.7 to 8.8 g/L
for Na and 12.2 to 12.9 g/L. for Cl; Table 1). High concentrations of Ca, phosphate, sulfate or
fluoride were observed due to mineral dissolution processes along the stack. Median values of
173 pg/L of REE, 77 pg/L of Sc and 35 pg/L of Y were recorded during the sampling performed
in June 2014, although maximum concentrations of 673, 243 and 175 pg/L, respectively, were



reached for these elements (Table 1). Median values for REE and Y were lower during sampling
performed in November 2014 (131 and 33 pg/L, respectively) than those observed in June, which
is just the opposite of that observed for Sc whose median value was slightly higher (109 ug/L;
Table 1). Despite this fact, the maximum concentrations of these elements were found in
November (up to 8621, 5422 and 386 pg/L; Table 1). These concentrations are noticeably similar
to those observed for pore waters in the saturated zone.

On the other hand, the solubility of metals is strongly dependent on speciation. In natural waters,
trivalent REE and Y are commonly strongly complexed by hard ligands such as fluoride, sulfate,
phosphate, carbonate, organic acids and hydroxide (e.g. Wood et al., 1990; Marsac et al. 2011:
Davranche et al., 2015). In the case of organic matter complexes, Tang and Johannesson (2003)
reported a preferential REE complexation within the pH ranges from 4.8 to 7.9. Due to the acidic
conditions found in edge outflows released from the phosphogypsum stacks, ligands such as
carbonate, organic matter and hydroxide can be negligible. The REE speciation in acidic waters
has been widely studied. Gimeno-Serrano et al. (2000) reported that REE-sulfate complexes and
free ionic forms are commonly the dominant species in acidic sulfate solutions while complexes
with other active ligands may be important only when their concentrations are unusually high.
Such conditions are met in the edge outflows, with average concentrations of PO, and CI of
around 11 and 12 g/L, respectively. Lower concentrations were observed for sulfate (average
values of 6.3 g/L) and F (0.6 g/L), while the concentration of other ligands such as Br and NO;
are not significant (average of 67 and 32 mg/L, respectively). Figure 5 shows the speciation across
the lanthanide series. As can be seen, REE are mainly complexed by fluoride (3 LnF, 38-81% of
total species), followed by phosphate (Y LnPOu, 10-46%), free cations (Y Ln**, 4-11%) and sulfate
(>LnSO4, 1.0-7.6%).

Complexations by chloride, nitrate and bromide are negligible. These latter complexes do not
account for a significant part of dissolved REE even in saline waters and environments polluted
by agriculture (Wood, 1990). This author also reported a dominant complexing role of fluoride at
high concentrations (above 10*mol L"), low total sulfate concentration (below 10 mol L) and
acidic pH conditions (2-5). Nevertheless, these conditions differ from those observed in the edge
outflows. Sulfate concentrations are two orders of magnitude higher and pH values range from 1
to 3. Johanneson and Lyons (1995) reported significant REE complexation by F in acidic waters
with F/SO4 molar ratios of approximately 0.01 or greater. The acidic waters arising from the
phosphogypsum stack have molar ratios noticeably higher, between 0.05 and 4, thus, fluoride
may prevail as complexing agent for REE despite being found at lower concentration than other
ligands (i.e. PO4, Cl and SOs). This fact contradicts the finding of Gimeno Serrano et al. (2000)
who reported prevailing REE phosphate complexation with total dissolved phosphate
concentrations ranging from 0.1 to 0.01 mol L. Total phosphate concentrations observed in edge
outflows, average value of 0.15 mol L', were even higher than those reported by these authors.

Another striking fact is the change in speciation pattern observed across the lanthanide series (Fig.
5). A progressive increase in fluoride complexation is observed across the series (from 31% for
La to 81% for Lu). This fact, previously reported by Gimeno Serrano et al. (2000), is attributed
to the steady increase of REE stability constants with increasing atomic numbers (Millero, 1992;
Luo and Byrne, 2000). The opposite tendency is observed for phosphate complexes (from 46%
for La to 13% for Lu). This trend is also observed for Y, with average values of 78% and 15% for
fluoride and phosphate complexes, respectively. As commented before, phosphate and fluoride



may control REE speciation in edge outflows emerging from the phosphogypsum stack. However,
an additional question arises here; could the occurrence of phosphate and fluoride minerals control
REE solubility in these waters, as occurs with the pore waters? Table 2 shows the saturation
indices of edge outflows in respect to main fluoride and phosphate minerals as well as other
phases (i.e. sulfate and chloride). In the case of phosphate and fluoride, PHREEQC predicts
undersaturation in respect to main REE phosphate and fluoride minerals, except those formed by
LREE (La to Sm). Although Byme et al. (1996) affirmed that the precipitation of Y and REE
phosphates in natural environments does not result in discrete mineral phases for each element
but in major phosphates by coprecipitation, Kohler et al. (2005) reported a relative enrichment in
LREE in rhabdophane ((Ce, La, Nd)PO4+H,0O) during apatite dissolution. In any case, the
mineralogical analysis (XRD; Fig. 6) performed in newly-formed precipitates around edge
outflows did not reveal the presence of these LREE phosphate minerals. However, the amorphous
nature and the low proportion in respect to major phases (e.g. gypsum or halite) of this secondary
phosphate may preclude its identification by XRD.

On the other hand, the presence of malladrite (Na,SiFs) was identified by XRD in the edge
outflows precipitates (Fig. 6). This finding agrees well with the PHREEQC results that predict
oversaturation of edge outflows in respect to cryolite, an Al hexafluoride analogue to malladrite.
Figure 7 represents the activities of some aqueous species (F~, SO4*, Ca’" and AI’") in edge
outflows and the equilibrium windows of some mineral phases (i.e. fluorite, cryolite, gypsum).
As can be noted, waters are strongly oversaturated in respect to fluorite (Fig. 7A). However, in
the case of hexafluorides, such as cryolite, samples are slightly oversaturated and aligned over the
equilibrium window during both sampling periods (June and November; Fig. 7B), suggesting a
theoretical solubility control of F in waters. Then, the precipitation of hexafluorides such as
cryolite and malladrite, this latter identified by XRD (Fig. 6), could be responsible for the low
mobility of REE in the stack. These results coincide with those obtained from pore waters and
reinforce the hypothesis that phosphate minerals may act as sources of REE in the
phosphogypsum stack and fluoride minerals as sinks. However, more detailed studies are needed
to test this hypothesis. The XRD patterns also revealed the presence of other minerals such as
different sulfate (i.e. gypsum and hexahydrite) and halite. Although gypsum seems to be slightly
undersaturated, it appears to exist a solubility control in edge outflows; samples are aligned under
the equilibrium line of gypsum (Fig. 7C). It is interesting to remark that the weathering of the
phosphogypsum stack by estuarine waters is enhanced in relation to rainfalls due to the salt effect.
The presence of minerals such as hexahydrite and halite in the edge outflows precipitates (Fig.
6), despite undersaturation of waters predicted by PHREEQC, would be explained by evaporative
processes in shallow outflow channels.

3.4 REE fractionation processes during the fertilizer life cycle

Although REE are a group of chemically similar metallic elements, differences in ionic radii,
oxidation state or particle-solution interactions may cause fractionation processes in aqueous
systems (Bau, 1996). These fractionation processes have been profusely reported in rivers,
estuaries or seawater (e.g. Bau et al., 1997; Sholkovitz and Szymczak, 2000; Verplanck et al.,
2004; Leybourne and Johannesson, 2008). However, these processes have not been properly
addressed in by-products generated during the manufacturing of phosphate fertilizer. Figure 8A
displays the NASC-normalized patterns of sedimentary phosphate rocks from Morocco and



Tunisia, phosphogypsum samples and its weathering products (i.e. process waters contained in
perimeter channels, pore waters and edge outflows emerging from the stack base). Both phosphate
rocks and phosphogypsum stack exhibit similar patterns with a relatively flat pattern and a strong
negative Ce anomaly (average Ce/Ce* of 0.36 and 0.38, respectively). This pattern seems to be
similar to that observed in edge outflows (average Ce/Ce* of 0.33), although even stronger Ce
anomalies are observed in pore waters (average Ce/Ce* of 0.19). However, a different pattern is
observed for process waters contained in the perimeter channels, characterized by an upward
positive trend of strong enrichment of MREE in relation to LREE, and HREE in relation to
MREE, typical of the phosphate fertilizer (Otero et al., 2005).

Figure 8B displays a plot of (HREE/MREE)xasc vs. (MREE/LREE)nasc of phosphate rocks,
phosphogypsum samples, process waters and edge outflows. As can be noted, high spatial
dispersion in REE fractionation in the phosphogypsum stack seems to occur. Phosphogypsum
samples from the saturated zone, process waters, most edge outflows and pore waters (not shown
in Fig. 8B) are enriched in MREE in relation to LREE ((MREE/LREE)nasc values of 1.5 to 3.5).
However, phosphogypsum from the vadose zone and phosphate rock samples evidence a higher
enrichment in LREE (MREE/LREE)nasc values of 0.72 to 1.47) than the latter group. This
fractionation process could be related to the dissolution of secondary LREE phosphates
previously formed during apatite dissolution in the industrial process. In this sense, Kohler et al.
(2005) reported an enrichment in LREE (Ce to Eu) in secondary rhabdophane ((Ce, La,
Nd)PO4-H20) precipitated from apatite dissolution. Both pore waters and edge outflows are found
close to equilibrium in respect to LREE phosphate. Thus, the higher residence time of waters in
the saturated zone may enhance dissolution processes of these secondary phosphates giving rise
to a depletion of LREE in comparison with the vadose zone, which would preserve the original
REE signature of phosphate rocks. This fractionation process between vadose and saturated zone,
nevertheless, is not observed in another phosphogypsum stack (Fig. 8B) reported by Bisone et al.
(2017). Samples from the saturated zone also evidenced a similar enrichment in HREE in relation
to MREE than process waters. This enrichment in HREE could be related to bacterial activity.
For instance, Takahashi et al. (2005) reported enhance adsorption processes of REE onto bacterial
cell walls which caused an enrichment in HREE. However, no biological samples were collected
in this study and therefore this hypothesis cannot be tested.

On the other hand, an enrichment of MREE in relation to HREE of edge outflows with respect to
process waters is observed (HREE/MREE)nasc values of 1.7 to 3.4). This fact could be related
to the higher influence of the Tinto River estuarine waters on the leaching process of
phosphogypsum stacks. As reported by some authors (Elbaz-Poulichet and Dupuy, 1999; Pérez-
Lopez et al., 2015) the estuarine waters are characterized by REE patterns with an up-convex
curvature in the MREE segment (inherited from the acid mine drainage (AMD) pollution of the
Tinto River), which would result in an enrichment of MREE in respect to both LREE and HREE.
This could be also the cause of the relative enrichment in LREE with respect to MREE in edge
outflows collected in November. Rainfalls collected in November cause the recharge of the
saturated zone with freshwaters while in June, characterized by absence of rainfalls, estuarine
waters may constitute the main recharge of the saturated zone, causing an enrichment in MREE
in relation to LREE. Thus, the prevailing weathering agent could also alter the REE signature in
edge outflows.

3.5 Environmental and economic implications
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The weathering of the phosphogypsum stack by different factors (i.e. rainfall and estuarine
waters) may have serious environmental consequences. Considering the average flow values
released from the phosphogypsum stack (around 335000 m*/yr; Pérez-Lopez et al., 2016) and the
average concentration of REE, Sc and Y in edge outflows, around 104 kg/yr of REE and 40 kg/yr
of Sc and Y are released from the stack. Although these values are low compared to other
pollutants (e.g. As, Cd, Cu, U; Pérez-Lopez et al., 2016), these elements may cause significant
environmental impacts on living organisms. This is especially relevant considering the notable
contribution of REE, Sc and Y to the estuary by AMD from the Tinto River, which may aggravate
the exposure of living organisms to REE within the estuary. Currently, a restoration plan is under
evaluation. Planned restoration measures involve removal of ponded process waters and the stack
cover with topsoil. However, as reported previously by Pérez-Lopez et al. (2016), these
restoration actions would not involve the cessation of the leaching from the stack. For this reason,
the growing social and political pressure urges to explore more sustainable solutions to the
management of these wastes. Recently, Canovas et al. (2017) suggested the possibility of
considering the phosphogypsum stack as a source of critical raw materials (e.g. REE, Sc, Y, Ga,
B, Ge or V). This study points out to phosphate as the main carrier of these elements and to
fluoride as REE scavengers in the phosphogypsum stack. The recovery of these elements must
rely on the development of optimized schemes to extract them selectively from these minor
minerals enclosed in the gypsum. Thus, the information obtained in this study might be useful in
the recovery process of these elements from phosphogypsum.

4. Conclusions
This study describes the mobility of REE under weathering conditions in a phosphogypsum stack
in SW Spain and quantifies the REE fluxes from the stack to the estuary. The singularity of this
phosphogypsum stack relies on the fact that anomalously metal-rich wastes were deposited over
the marshland without any type of isolation and within the tidal prism of the estuary, giving rise
to strong weathering processes by rainwater during rainy episodes and by seawater during tidal
cycles.

Phosphogypsum samples were collected to simulate these weathering processes by leaching tests
and the results were subsequently compared to those obtained from edge outflows emerging from
the stack. Despite the high concentrations of REE, Y and Sc observed in phosphogypsum, which
can be potentially released under weathering by natural factors, their mobility during the leaching
tests was very low; less than 0.66% and 1.8% (average) of the total content of these elements were
released during the simulation of interaction with rainwater and with organic matter-rich
solutions, analogue to those from salt-marshes.

Concentrations of REE, Y and Sc in edge outflows (up to 8621, 5422 and 386 pg/L, respectively)
were noticeably similar to that observed in pore waters. Phosphate and fluoride may control REE
speciation in edge outflows emerging from the phosphogypsum stack, and the formation of
mineral phases may have a critical role in the mobility of these elements. Geochemical and
mineralogical evidences suggest that phosphate minerals may act as sources of REE and Y in the
phosphogypsum stack while fluoride minerals may act as sinks, controlling their mobility.

Despite the low mobility of REE, Sc and Y in the phosphogypsum stack, around 104 kg/yr of
REE, and 40 kg/yr of Sc and Y are released from the stack to the estuary, which may imply an
environmental concern. The significant concentration of REE, Y and Sc found in this huge
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phosphogypsum stack could be recovered based on selective extractive methods to dissolve the
minor phases scavenging these elements. Other unresolved issues such as the influence of
bacterial activity on REE fractionation processes along the phosphogypsum stack must be
nevertheless addressed in the near future.
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Figure 1. Location map of the Huelva phosphogypsum stack (SW Spain), showing the sampling
points and images of process waters contained in ponds (A), perimeter channels (B), solid
phosphogypsum (C) and edge outflows (D).
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Figure 3. A-D) Plots of concentration of REE, Y, Sc and phosphate in pore waters and
contribution to total content. E-F) Saturation indices of main fluoride and phosphate minerals.
For the sake of simplicity LREE, MREE and HREE phosphate minerals in F) were calculated
from La, Tb and Lu.
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Figure 4. SEM images of gypsum (A) and fluorite (B) attached to the mineral surface
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Figure 5. REE speciation across the lanthanide series in edge outflows collected in the Huelva

Phosphogyspum stack. Ln; lanthanides.
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Figure 6. Selected XRD patterns of newly-formed precipitates collected in edge outflows,
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Figure 7. Activities (log scaled) of some aqueous species (F-, SO4*, Ca*" and AI’") in edge
outflows and the equilibrium windows of some mineral phases (A and B, malladrite; C. fluorite
and D. gypsum). Note: blue circles: June samples; green squares: November samples.
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Figure 8. A) NASC-normalized patterns for edge outflows, pore waters and process waters
contained in perimeter channels, phosphogypsum stacks and phosphate rocks (from Emsbo et al.,
2015); B) Plots of (HREE/MREE)nasc vs. (MREE/LREE)nasc ratios of edge outflows, process
waters and phosphogypsum samples reported in this study and in Bisone et al.( 2017). EO: edge
outflows; PG: phosphogypsum.
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TABLES

Parameter pH | pE | NHa | F [ o | B [No, [P0 [s0 | Al [ ca | K [ Mg | Na [ Lta [ ce | Pr | Nd | sm | Eu | Gd | To | Dy [ Ho | Er [ Tm | Yb | Lu | REE| Y | sc
Main anions (mg/L) Main elements (mg/L) Rare Earth Elements plus Y and Sc (ug/L)

June 2014 (n=53)

Minimum 1.6 75| 20 77 4530 24 7.6 724 3677| 64 527 173 601 3440 63 36 12 59 10 030 14 018 12 027 070 010 036 010 23 37 15
Maximum 32 102 | 555 1446 38351 135 200 32654 12113[ 321 1512 646 2036 14369 200 157 30 140 32 18 50 18 44 19 30 18 24 18 673 175 243
Mean 1.9 82 | 212 631 12869 67 33 11530 5884 | 59 1174 330 971 6749 58 37 10 43 10 37 14 3 13 4 9 2 6 2 217 42 88
Median 1.9 81 | 119 537 11076 61 21 5621 5424 | 15 1142 321 866 6403 40 25 83 31 81 24 11 21 11 27 69 14 46 12 173 35 77

Percentil25 1.7 7.9 | 58 397 7430 51 12 3043 5034 | 81 1034 256 765 4681| 23 11 43 18 37 12 51 10 43 14 29 065 18 058 84 15 411
Percentil75 2.1 8.4 | 419 830 15102 79 48 20960 6428 | 80 1347 360 1086 7807 | 94 54 17 71 17 49 23 41 21 58 15 23 93 22 369 59 118

November 2014 (n=68)

Minimum 18 65 |52 33 4308 34 75 1240 4431|093 595 190 622 4558 | 3.8 15 030 20 025 010 010 010 034 010 039 010 010 010 15 36 36
Maximum 3.1 9.7 | 928 1651 25441 139 129 49571 10814| 456 4541 902 3042 17607|2200 1569 343 1513 389 114 164 105 723 188 617 85 522 89 8621 5422 386
Mean 22 80 | 217 602 12195 59 31 10694 6777 | 54 1401 391 1271 8774|117 76 17 76 18 50 94 43 29 72 23 31 18 3.2 406 186 140
Median 22 7.9 | 114 551 11590 50 22 4949 6609 [ 12 1369 377 1135 8309| 45 23 63 28 50 12 30 10 64 14 47 10 25 1.0 131 33 109

Percentil25 2.0 7.7 | 57 297 8864 40 12 2912 6095| 3.2 1207 328 958 6735| 25 11 37 18 3.1 073 14 050 3.6 065 23 035 10 028 75 17 87
Percentil75 2.3 82 | 399 788 15791 70 44 17590 7361 | 68 1490 442 1482 10688| 91 51 14 63 14 38 10 28 17 39 11 12 71 1.0 284 67 167

Table 1. Basic statistics of hydrochemical composition of edge outflows collected from the
Huelva phosphogypsum stack in June and November 2014.

Fluoride Phospt Other minerals

Fluorite Cryolite REE-fluoride Fluoroapatite] REE-phosphate Gypsum Hexahydrite Halite

CaF; NasAlFs  |LREE-F5:5H;0 MREE-F5:5H,0 HREE-F3:5H20 |  Cas(PO)sF LREE-PO4 MREE-PO4 HREE-PO4 Cas04:2H,0 | MgS04:6H,0 NaCl

Minimum -0.85 -1.76 -1.59 -5.13 -5.95 -6.97 -1.15 -4.30 -4.19 -0.96 -3.32 -3.61
Maximum 2.42 4.27 1.37 -1.15 -3.29 2.02 2.03 -0.23 0.07 -0.30 -2.66 -2.05
Mean 1.61 2.85 0.42 -3.56 -4.60 -3.83 0.31 -2.70 -2.66 -0.44 -3.11 -2.96
Median 1.80 3.21 0.62 -3.43 -4.54 -3.79 0.25 -2.58 -2.90 -0.43 -3.13 -2.98
Percentil 25 1.55 2.73 0.31 -4.35 -5.07 -4.52 -0.21 -3.51 -3.40 -0.48 -3.19 -3.28
Percentil 75 2.00 3.63 0.85 -3.04 -4.14 -3.41 0.77 -2.20 -2.46 -0.37 -3.07 -2.74

Table 2. Basic statistics of saturation state of edge outflows in respect to phosphate, fluoride,
sulfate and chloride. For the sake of simplicity LREE, MREE and HREE phosphate minerals were
calculated from La, Tb and Lu.
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