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Kaisa Forsyth'*, Aline Dia’, Rosa Marques?®?,
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Rare earth elements (REE), a group of emerging contaminants with commercial
and technological applications, share many physical and chemical characteristics
and have thus been used as accurate tracers of various environmental samples.
They have been shown to increase in receiving waters following the dissolution of
host-rock material during mining activities. In this study, spontaneous vegetation
and related media were collected from three Portuguese legacy mine sites in
November 2020 to evaluate the phytoavailability and fate of REE. Water, soil and
plant data were analyzed in the context of the 1) prevailing geochemical context, 2)
the mining context, and 3) plant effects. This study presents the REE signatures for
different plant species and links the signatures to a potential source of bioavailable
REE. The REE accumulated in plant tissue seems to reflect the REE signature of
surface waters in the mining areas, showing enrichment in middle REE. Although
the soils, sediments, and waters in this study had similar features, certain plants
seemed better adapted to translocating Light REE and Eu over others. Given that
REE are readily available within the field conditions of a mining site, this study
shows how plant physiology and biologic preference towards particular REE
contribute to the fractionation of REE and create a unique signature
dependent on plant type.

KEYWORDS

rare earth elements, acid mine drainage, abandoned mines, plant, soil, water,
bioaccumulation, transfer factor

1 Introduction

The rare earth elements (REE) are comprised of 17 elements: the lanthanoid series (La,
Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu), plus Y and Sc (Pan et al., 2020).
They can be characterized by similar chemical properties and closely related geochemical
behaviors, resulting in similar distributions within the Earth’s crust (Taylor and McLennan,
1985). Though Y and Sc are officially defined as REE by the International Union of Pure and
Applied Chemistry (IUPAC) (2005), the lanthanoid series (La to Lu) share electrical and
thermodynamic properties (Joshi et al., 2018) and a unique electron configuration which
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results in lanthanide contraction. Therefore, this paper will only
consider La-Lu when referencing the REE series.

Since the initial discovery of REE in 1794, they have become a
critical part of the world economy (U.S. Geological Survey, 2022).
Their versatile applications in industry, medical services, agriculture,
and many other domains (Bau and Dulski, 1996; Tyler, 2004;
Binnemans et al., 2013; Migaszewski and Galuszka, 2015; Van
Gosen et al, 2017) have inevitably led to the elevated release of
REE in the environment (Li et al., 2013; Merschel and Bau, 2015)
and an increased risk of occupational exposures (Rim et al., 2013).
Yet the environmental risks related to REE have so far received little
attention, overshadowed as they are by economic and geopolitical
considerations. Evidence suggesting their potential toxicity (Pagano
et al., 2015; Wakabayashi et al,, 2016; Gong et al., 2021) has
consequently led to REE being categorized as “emerging
contaminants,” potentially making the anomalous supply of REE
in the environment a major challenge for the years to come.

Historically the management of mining wastes has posed a risk to
the environment, with many sites leaving a legacy of significant
pollution to the surrounding environment (Perez-Lopez et al., 2010;
Li et al, 2013; Soyol-Erdene et al, 2018). Economically valuable
resources have often been mined, generating major anthropogenic
waste streams and spurring geogenic pollution, exemplified by Acid
Mine Drainage (AMD). AMD is characterized by the oxidation of iron-
sulfide minerals leading to the perpetual formation of sulfuric acid,
concomitant with an increase in soluble metal concentrations (Johnson
and Hallberg, 2003; Herman and Maier, 2009). Several countries such as
Australia, Bolivia, China, France, Germany, India, Portugal, Romania,
Spain, Sweden, and the United States (Akcil and Koldas, 2006; Casiot
et al.,, 2009; Grawunder et al., 2014; Strosnider et al., 2014; Marquez
et al, 2018, and references therein) are impacted by AMD, making it a
global concern. These mine waste sites, with large quantities of metals
solubilized by AMD and mining practices, provide valuable insights
into the behavior of REE in the environment. Because of their
ubiquitous distribution in Earth’s crust, the dissolution of host-rock
material during local mining activities has been shown to increase REE
in receiving waters (Ferreira da Silva et al, 2009; Perez-Lopez et al,
2010; Prudéncio et al., 2015; Soyol-Erdene et al., 2018), even when the
resources being mined are not REE.

While there are 199 cataloged abandoned mines in Portugal, this
study focuses on three sites: Sd0 Domingos, Lousal, and Quinta do
Bispo. These sites have been chosen as subjects of study due to their
long history of mining activity in a variety of geologic contexts with
different stages of remediation efforts in place. Though the context
for each of these mines is vastly different, they share previously
observed high REE concentration levels. Each site demonstrates
anthropogenically driven changes to geochemistry as Sao Domingos
and Lousal are subject to AMD evolution from waste rock piles,
while low-grade uranium ores from Quinta do Bispo have been
processed using in situ leaching (ISL). The Lousal site boasts a
passive treatment system in an effort to remediate tailing leachate
and AMD. Though no such treatment systems were in place at the
other two sites as of November 2020, all three were monitored
regularly with future remediation projects planned by Empresa de
Desenvolvimento Mineiro (EDM). Since the geochemistry and
background of each mine are unique, we are afforded the
opportunity to study various control parameters, making them
ideal targets for this investigation of the uptake and fractionation
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of REE by spontaneous vegetation as well as the concentration in
corresponding soils and waters.

Plants potentially play a vital role in the fate and transport of
REE (Tyler, 2004). Although some studies have suggested
phytoremediation strategies to stabilize and remove REE from
contaminated soils (Lima and Ottosen, 2021), the topic has been
the subject of limited study. To date two plant types, Dichranopteris
dichotoma (Chour et al., 2018; Liu et al, 2018) and Phytolacca
Americana (Liu et al., 2018), have been identified as candidates for
REE recovery when combined with enhanced extraction using
electrokinetic methods (Lima and Ottosen, 2021).

The origin of REE fractionation in plant tissue is still subject to
many questions as well. Very few authors have published on the
entire REE series and their impact on the planted environment,
instead opting to study a selection of REE considered representative
of the LREE (light rare earth elements), MREE (middle rare earth
elements), and HREE (heavy rare earth elements). However, the
stability constants formed between individual REE and compatible
ions vary (Millero, 1992), potentially creating differences in the
bioavailability of REE in thus
demonstrating the importance of studying the entire REE series.

the natural environment,
Moreover, while some studies have concluded that the geologic
context and soil weathering are critical factors influencing plant REE
uptake (Laul and Weimer, 1982; Pisciotta et al., 2017), others have
suggested that a combination of plant type and geologic context is
important to note in determining the phyto-availability of REE
(Gatuszka et al., 2020).

Through the analysis of water, soil, and plant samples, this study
presents REE signatures. The implication of each signature is
discussed in the context of the environmental compartment, the
geochemical background, and the mining influences. Using the
bioconcentration and translocation factors, this study presents
data on REE phyto-availability and fractionation.

2 Materials and methods

Nine water samples, 13 soil/aquatic sediment samples and 12 plant
samples were recovered in November 2020 from three different legacy
mine sites (Table 1) located in Portugal. Samples were collected from
both inside and outside of mining sites to assess the legacy of mining
activity. Site management and remediation is currently supervised by
EDM, a State-owned enterprise, under a concession contract concluded
with the Portuguese State for the environmental recovery of degraded
mining areas (approved in Decree-Law n° 198-A/2001, 6/7/2001).

2.1 Field site description and collected
samples

The sample locations and types are reported in Table 1 and
mapped in Figure 1. The geological characteristics of the sampling
sites and the descriptions of the samples collected are detailed in the
following section.

2.1.1 Sdo Domingos

Sao Domingos, located in Southern Portugal, has been an
established mining area since Chalcolithic times. Copper and
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TABLE 1 Coordinates for all samples collected from mine areas in Portugal (Sao Domingos, Lousal and Quinta do Bispo).

Mine site Sample type Sample ID Latitude  Longitude

Sao Domingos Mine Water Tapada Grande Reservoir, “uncontaminated" N 37°40'10.2" W 7°30'25.2"

Water Pt. 1: Sd0 Domingos, “contaminated” N 37°39'34.0" W 7°30'19.9"

Water Pt. 2: S0 Domingos, “contaminated" N 37°39'11.3" = W 7°30'34.5"

Plant/Soil Cistus ladanifer* N 37°40'10.2" W 7°30'25.2"

Plant/Soil Cistus ladanifer N 37°39/34.0" W 7°30'19.9"

Plant/Soil Cistus ladanifer N 37°39'37.4" W 7°30'19.1"

Plant/Soil Erica andevalensis N37°39'11.3" = W 7°30'34.5"

Quinta do Bispo Water Pt. 1: flooded open pit mine, “contaminated” N 40°34'42.7" W 7°46'22.0"

Plant/Soil Salix sp. N 40°34'37.5" W 7°46/24.1"

Soil Unplanted N 40°34'37.5" W 7°46'24.1"

Plant/Soil Pteridium aquilinum® N 40°34/39.1" = W 7°46/38.0"

Soil Unplanted N 40°34'39.1" W 7°46'38.0"

Plant/Soil Pteridium aquilinum N 40°34'40.3" W 7°46'16.6"

Plant/Soil Retama sphaerocarpa N 40°34'40.3" W 7°46'16.6"

Soil Unplanted N 40°34'40.3" W 7°46'16.6"

Lousal Mine Water Uncontaminated water from Albufeira da Barragem da Tapada supplemented to passive N 38°02'15.1" W 825'31.1"
treatment

Water Pt. 1: Leachate containment for tailings, “contaminated” N 38°02/17.2" = W 8°25'25.8"

Water Pt. 2: Mixing pond for leachate and diluting water N 38°02'15.6" = W 8°25'25.4"

Water Pt. 3: First treatment pool lined with limestone N 38°02'10.2" W 8°25'36.4"

Water Pt. 4: 6th treatment pool with plants established N 38°02'10.7" W 825'18.3"

Plant/Sediment = Juncus acutus® N 38°02'15.1" | W 825'31.1"

Plant/Sediment | Typha Latifolia® N 38°02'15.1" = W 8°25'31.1"

Plant/Sediment | Typha Latifolia N 3802'10.7" W 8°25'18.3"

Plant/Sediment | Juncus acutus N 38°02'10.7" = W 8°25'18.3"

“Samples collected from outside of the mining area.

sulfur ores were the dominant resources extracted from Sio
Domingos mine till its closure in 1966 (Pérez-Lopez et al., 2010).
Sdo Domingos covers 50 km” of land in the Iberian Pyrite Belt (IPB)
(Quental et al,, 2002), an area infamously impacted by mining and
the resulting AMD. The volcanogenic massive sulfides (VMS) in the
IPB are rich in pyrite (FeS,) with inclusions of chalcopyrite
(CuFeS,), ((Zn,Fe)S), (PbS) and other
polymetallic sulfide minerals. As the VMS deposits are exposed
to the atmosphere, Fe(II) is oxidized to Fe(III) and S is oxidized to
SO,*, forming H,SO, in surface waters. The perpetual cycle of

sphalerite galena

AMD has been a proven challenge for environmental recovery
efforts. EDM’s strategy for rehabilitation prioritizes 1) the
diversion of clean waters, 2) sealing and confinement of the mine
waste deposits to prevent further AMD generation, 3) passive
treatment of AMD, and 4) decontamination of the downstream
Mosteirdo River Valley. In order to mitigate the volume of
surface

contaminated waters, diversion of uncontaminated

Frontiers in Environmental Science

waters, as part of the first intervention, has already been
completed. Following remediation, EDM intends to preserve the
heritage of Sdo Domingos and promote tourism.

The climate of Sdo Domingos can be described as a temperate
Mediterranean KOppen climate type with dry and hot summers
(Csa) with an average annual air temperature of 17.5°C (Estatal de
Meteorologia (Espafna) and Instituto de Meteorologia (Portugal),
2011). On average 500 mm of precipitation accumulates over the
course of a year (Estatal de Meteorologia (Espafia) and Instituto de
Meteorologia (Portugal), 2011). Species collected from Sao
Domingos include: Cistus ladanifer and Erica andevalensis, both
were prevalent species growing in the sampling area. Erica
andevalensis is a metallophyte species endemic to the IPB,
typically found growing on tailing piles or close to AMD-
impacted surface waters (Cabezudo and Rivera, 1980). Since
Erica andevalensis is identified as a vulnerable species (Law 8/
2003 on Andalusian Wild Fauna and Flora) in Junta de
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FIGURE 1

Map of the sample sites with the number of observations for each sample type (n).

Andalucia: Consejeria de Medio Ambiente’s list of threatened flora
(Santa-Barbara Carrascosa and Valdés, 2008/2008), this plant is
subject to special protections.

2.1.2 Lousal

Lousal is an example of a legacy mine site under remediation and
culturally revitalized as an educational center (Relvas, 2014).
Located in the IPB of Southern Portugal, all mining activity
ended at Lousal in 1988 (Relvas, 2014) when the extraction of S,
Cu, and Zn from the polymetallic massive sulfide deposit became
less profitable. Long established for the extraction of VMS ores,
much like Sao Domingos, Lousal is impacted by AMD (Ferreira da
Silva et al., 2009). In 2010, a passive treatment system consisting of
17 basins was built as part of EDM’s first phase of treatment works.
The treatment system collects leachate from a sealed tailing pile. The
leachate is supplemented with water from Albufeira da Barragem da
Tapada reservoir during dry seasons to maintain the wetland system.
Basins are structured in a cascade with a limestone barrier between
each basin constituting a permeable dike and HDPE geomembrane
lining underneath to contain treatment effluent until discharge into
Corona Creek, a tributary of Sado River. In the first treatment stage,
five basins are devoted to the neutralization, precipitation, and
sedimentation of the leachate mixture. The consecutive basins are

Frontiers in Environmental Science

planted with macrophytes, which remediate the metal loading (Al,
As, Cu, Fe, and Zn) from the tailing pile (Empresa de
Desenvolvimento Mineiro [EDM] and Direc¢ao Geral de Energia
e Geologia [DGEG], 2011). According to the measurements made
during the sampling campaign, by the time the effluent reaches
Corona Creek for discharge the pH is increased from 2.3 to 3.2.
The climate of Lousal is similar to that of Sio Domingos,
however Lousal accumulates 600 mm of rainfall annually on
average (Estatal de Meteorologia (Espafia) and Instituto de
2011). The
dominated by aquatic species such as: Phragmites australis,

Meteorologia (Portugal), treatment system is
Typha latifolia, and Juncus acutus. Due to sampling constraints
and the large rooting system associated with Phragmites australis,

only Typha latifolia and Juncus acutus were collected for analysis.

2.1.3 Quinta do Bispo

Quinta do Bispo is a legacy uranium mine site hosted in
Hercynian granite and meta-sedimentary deposits (Ramalho
et al, 2009) in Northern Portugal. Unlike Sdo Domingos and
Lousal, Quinta do Bispo is not subject to the geogenic
phenomenon of AMD. Quinta do Bispo was Portugal’s largest
open pit mine (European Commission Directorate-General for
Energy, 2012). Between 1979 and 1987, 460,000 tons of ore were
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excavated, resulting in a 75-m deep pit (Ramalho et al., 2009). Later,
in 1992 the open pit was used to extract low-grade uranium ores
(300-500 ppm) using ISL, which employs strong acids—such as
sulfuric acid—to leach precious metals from ore. The exploitation of
hydrothermally deposited uranium seams has left the nearby surface
waters with contamination from extraction processes (Pereira,
2014). Environmental remediation of ISL practices is ongoing at
Quinta do Bispo. This site was selected for study because the
lanthanide series has similar physiochemical characteristics to the
actinide series.

The climate of Quinta do Bispo can be described by a temperate
Mediterranean KOppen climate type with a dry and temperate summer
(Csb) characterized by an average air annual temperature of 15°C and
1,400 mm annual rainfall (Estatal de Meteorologia Espana and Instituto
de Meteorologia Portugal, 2011). Due to site conditions being conducive
to sample access the Quinta do Bispo site is the focus of the comparison
between planted and unplanted soil environments. Species collection
was limited to plants with large biomass and high prevalence on-site.
Species collected included: Salix sp., Pteridium aquilinum and Retama
sphaerocarpa.

2.2 Sample recovery and analyses

All materials used for the recovery of major cation and trace
metal analysis were prepared in a clean room and decontaminated
using a 24 h nitric acid (1.5 M HNO;) wash at 45°C, followed by a
24 h wash with deionized ultrapure water (18 MQ-cm) at 45°C.

2.2.1 Water samples

In situ physiochemical water quality parameters were measured
during sample collection using a Aquaread AP-2000 multimeter with
an AquaPlus 2000 dynamic luminescence quenching optical dissolved
oxygen (DO) combination electrical conductivity (EC) and temperature
electrode, and a 3MPKI silver chloride combination pH and oxidizing-
reducing potential (ORP) probe. The ORP was converted to Eh by
interpolating the half-cell potential of the reference electrode using
manufacture provided potentials at variable temperatures.

For laboratory analyses, approximately 60 mL of sample were
filtered through 0.2 um polyethersulfone (PES) filters capable of
resisting deterioration when exposed to low pH solutions. Filtered
samples were collected and separated into two Nalgene bottles, one
for dissolved organic carbon (DOC) and anion analysis, and one for
major cation and trace metal analysis. Bottles for major cation and
trace metal analysis were preserved with 2% HNOj; to maintain the
integrity of the metals within the sample. The aliquots of sample
reserved for dissolved organic carbon and anion analysis were kept
refrigerated to preserve the integrity of analytes.

Major and trace cation concentrations were determined in water
samples by ICP-MS (Agilent 7700x) using rhenium and rhodium as
internal standards (Yéghicheyan et al, 2019). The international
geostandard SLRS-6 was used to verify the validity and
reproducibility of the results.

Dissolved Organic Carbon (DOC) and major anion concentrations
of water samples were analyzed by Shimadzu TOC Analyzer, and by
Dionex ICS-5000 ion chromatograph with an ASI1 HC column
(Dionex Method 123), respectively.
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2.2.2 Plant samples

Plant samples were processed and analyzed in two mass fractions
representative of the above-ground and below-ground tissues.
Specimens from each species were collected within a 1-m radius and
combined to represent one sample point. The above ground tissues were
freeze dried and lyophilized, while below-ground tissue was washed
with deionized water (18 MQ-cm), and then dried in a 50°C oven for
4 days, and ground using a zircon ball-mill.

Above-ground plant samples were digested on a hot-plate using
an adaption of the Krishnamurty (1976) method, whereas below-
ground plant samples were digested more aggressively using a
microwave (Anton Paar Multiwave 7000) with a modification of
the preprogramed “organic” digestion method. Major and trace
cation concentrations were determined using ICP-MS (Agilent
7700x) following an analogous protocol to the one performed on
water samples, but with Tomato Leaves standard 1573a (NIST®
SRM") as a reference material for confirmation of the validity and
reproducibility of results. Methodological error was determined
using triplicate analysis of each sample.

2.2.3 Soil/aquatic sediment samples

Soils and aquatic sediments were collected from the same areas
as the plant roots—representative of the rhizosphere - samples were
dried at 40°C for 48 h and sieved to recover the <2 mm fraction. In
addition to the rhizosphere soils collected for each plant, three bulk
soils, identified by areas with no overlying vegetation, were collected
from the Quinta do Bispo site.

Soil/aquatic sediment sample major and trace cation
concentrations were analyzed by ICP-MS with alkaline fusion in
the CNRS National SARM Analytical facility (https://sarm.cnrs.fr/
index.html/) following the procedure described in Carignan et al.
(2001), whereas soil/aquatic sediment texture, pHyaterr PHicb
cationic exchange capacity (CECyjerson)> and organic matter (OM)
content were determined by LABOCEA. LABOCEA employed
standard methods to determine extractable cations by
ammonium acetate agitation at pH 7 (NF X 31-108) (Metson,
1956) and OM content by dry combustion of sample carbon (NF

ISO 10694).

2.3 Data handling

In order to compare the enrichment or depletion of REE as a
whole series, they are generally normalized to a standard set of
values. For this study we normalized REE concentrations in soil and
water samples to Taylor and McLennan (1989)’s Upper Continental
Crust (UCC) values. Elements were further classified into three
groups, the light REE (LREE) which range from elements La to Nd,
middle REE (MREE) Sm to Tb, and heavy REE (HREE) Dy to Lu.
For soil, sediment, and aqueous samples the Ce anomaly (Ce*) and
Eu anomaly (Eu*) were calculated using a linear extrapolation of
UCC-normalized REE, Egs. 1, 2 respectively:

Ce* = 2(Ceycc) 1)
Laycc + Prycc
Bt 2 (Euycc) @)

- Smycc + Gdycc
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For comparisons of plant samples, the bioconcentration factor
(BCF) and translocation factor (TF) were calculated using Egs. 3, 4,
accordingly, where [REE5g] is the concentration of REE in the
above-ground tissue (mg kg™") [REEp] is the concentration of REE
in the below-ground tissue (mg kg™'), and [REEy;] is the
concentration of REE in the soil or aquatic sediment collected
from the plant rhizosphere (mg kg™). The resulting BCF and TF
values are dimensionless ratios. The BCF is reflective of the plant’s
ability to accumulate an element from the soil/aquatic sediment and
TF is reflective of the ability for the plant to translocate elements
from the rooting system to aerial tissue. The Ce* and Eu* for plant
samples were determined using BCF values calculated from Eqs 1, 2,
instead of UCC-normalized values:

_ [REE,g]
BCF = {REE,) ®
[REE ]
TF = ——= 4
[REE;] @

For statistical treatment, standard diagnostic tests were
performed to determine whether data needed transformation. If a
method  for
transformation was used to determine the best fit. Data passing

transformation was required, the box-cox
diagnostic tests were then tested with an Analysis of Variance
(ANOVA), for statistical significance the p-value was limited to
p < 0.05. The number, n, of all datasets analyzed is reported in
Figure 1. Missing data are handled as random, allowing the analysis
of imbalanced datasets, particularly soils and aquatic sediments.
Post-hoc testing was completed using Tukey Honestly Significantly

Difference (Tukey HSD).

3 Results

In the following section the REE concentrations and associated
chemistry are presented for samples representing the water, soil/
aquatic sediment, and plant environmental compartments.

3.1 Water sample REE signature

In situ physicochemical water quality parameters are displayed in
Supplementary Table S1. Waters collected from outside of Sao
Domingos and Lousal were circumneutral, pH 7.1 and pH 6.7,
accordingly. Similar Eh values were observed for water collected
from outside of Sdo Domingos and Lousal, +397 mV and +360 mV,
respectively. Of the water samples collected from inside of the mining
sites, the open pit at Quinta do Bispo had the highest pH, 5.1. The
sample collected at Quinta do Bispo still had an oxidizing Eh of
+524 mV. Samples collected from the Sio Domingos River Valley
display a pH ranging from 2.4 to 2.9 and were strongly oxidizing
with an Eh ranging from +691 mV to +723 mV. Similarly, samples
collected from the Lousal treatment system had a pH ranging from
2.3 to 3.0 with an Eh ranging from +615 mV to +808 mV.

The EC for the samples collected from the mining areas tended
to be higher than the EC observed outside of the mining areas. The
of DOC for the
0.45mg-L'-9.71 mg-L™". Supplementary Table SI presents the

range samples collected ranges from
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concentrations of anions, measured in aqueous samples. The
dominant inorganic anion observed in the mining sites was
sulfate, in contrast to the dominant anion outside of the mining
area which was chloride. The presence of sulfate is anticipated as
sulfuric acid is generated through AMD and used during ISL.

Upper Continental Crust (UCC) normalized aqueous REE
patterns are displayed in Figure 2 while REE concentrations are
tabulated in Table 2. The aqueous samples collected from outside of
the mining area contained less REE than the samples collected from
inside of the mining areas. The samples collected outside of the
mining area exhibited depletion of LREE relative to both the MREE
and HREE. The depletion of LREE was punctuated by a negative Ce
anomaly (Ce*) for samples collected outside the mining area.
Samples collected from the Lousal passive treatment system had
the highest REE concentrations with 628.84 pg-L™" associated with
the leachate treatment tank. The sample collected from the sixth
treatment pool showed a marked decrease in dissolved REE with
238.68 pg-L™". Aqueous samples collected from the AMD areas also
contained higher concentrations of REE than in the open pit at
Quinta do Bispo, perhaps indicating that AMD is a more potent
mobilizer of REE than ISL. There were some similarities between the
aqueous REE patterns, all mines showed a MREE enrichment as
compared to the LREE and HREE. In addition to the MREE
concavity, samples collected from Sdo Domingos and Quinta do
Bispo had a skewed pattern, with MREE > HREE > LREE. The open
pit sample from Quinta do Bispo also exhibited a strong positive Eu
anomaly (Eu*), not shared by the other sites.

3.2 Soil/aquatic sediment REE signature

A summary of major cation concentrations for water and soils/
aquatic sediments reported in Supplementary Tables S2, S3,
respectively. Table 3 displays the REE concentration of each
individual soil. When evaluating soil REE concentrations there
were three effects considered: 1) Prevailing geochemical context,

2) the mining context, and 3) rhizosphere effects.

3.2.1 Geochemical context

All of the water and soil/aquatic sediment sample data across
all of the sites were used to make a correlation matrix and
determine if any particular chemical couplings controlled REE
behavior. As evidenced from Pearson’s correlations, HREE (Dy
through Lu) in the soil have significant positive correlations (p <
0.05) with major cations such as Ca, Mg, and Mn. This correlation
is also present in the water samples collected. Though no
correlation between Fe concentration and REE was evident in
soil samples, there was a correlation between Fe and REE in the
water samples. These correlations are further contextualized in the
results section which details how compatible cations may interact
with REE.

Physiochemical characteristics of the soil/aquatic sediment were
also taken into consideration for site geochemistry. Samples display
contrasting pH, pHxc, CECpesons and OM  concentrations
(Supplementary Table S4). All of these characteristics can vary
widely based on biotic and abiotic factors. The soils collected
from Sao Domingos had high CECyerson @and OM, while Lousal
sediments had the lowest CECyjetson and OM content.
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3.2.2 Mining context

Based on the mining site there are distinct differences in the
levels of REE enrichment observed at each site (Figure 3). Soil
samples collected from Quinta do Bispo had the highest
concentrations of REE (161-231 mgkg™'), whereas aquatic
sediment samples collected from Lousal exhibited the lowest
concentrations (76-94 mg-kg™') (Table 3). Statistically there was
no difference between REE concentrations observed at Quinta do
Bispo and Sao Domingos (p < 0.05). Similarly, there was no
statistically significant difference between soils collected from Sao
Domingos and aquatic sediments collected from Lousal (p < 0.05)
with regards to the total REE concentrations. Quinta do Bispo and
Sao Domingos share similarities in their environmental remediation
status, since these legacy mine sites were both mitigated and
maintained by EDM with environmental remediation planned in
the near future. S0 Domingos and Lousal also share similarities, as
both sites are in the IPB and subject to AMD.

Both Quinta do Bispo and Sdo Domingos had statistically
significantly higher LREE and MREE concentrations than Lousal.
There was no statistical difference between the HREE for each of the
mining sites. This can be attributed to the large spread of HREE
concentrations. For Quinta do Bispo, a majority of the REE
signatures show an enrichment of LREE and MREE with lower
values of HREE when normalized to the UCC. One of the samples
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collected from Quinta do Bispo also displayed a positive Eu*, as
opposed to the other Quinta do Bispo soil samples which display a
negative Eu*. The REE signature for soils collected from Sao
Domingos shows that the LREE and MREE had lower values
than the HREE, with two of the samples showing significant
enrichment. All of the aquatic sediment samples collected from
Lousal were depleted in LREE, MREE, and HREE with respect to the
UCC. The REE signatures for samples collected from Lousal display
lower LREE values and higher MREE and HREE values.

There was no statistically significant difference for the soil LREE,
MREE, HREE, or total REE concentrations among samples collected
from inside or outside of the mining areas. As per the heterogeneous
nature of soil, perhaps the spread of data between samples collected
from inside and outside of the mining area is too large to make a
distinction between the influences of the mining area without also
taking into consideration the geochemical context. This is further
highlighted by the fact that the REE signature for the soil sample
collected from outside of Sao Domingos does not match samples
collected from inside of the same site. The sample collected from
outside of the mining area features depletion of the LREE and
enrichment of the MREE and HREE with respect to the UCC,
along with a negative Ce*. Due to sampling constraints encountered
in this study there was not enough sample replication to determine the
combined effects of mining and the surrounding geochemistry.
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Mine site Description Yo Lu XREE LREE MREE HREE
Sdo Domingos = Tapada Grande Reservoir® 0.021 | 0.030 = 0.006 0.025 | 0.006 0.002 0.007 0.001 ' 0.005 0.001 | 0.003 0.000 | 0.002 0.000 0.110 0.083 0.021 0.007 0.61 1.24
Mine
Pt. 1: Sdo Domingos River Valley 22.7 58.2 7.71 35.1 9.46 2.39 12.2 1.93 11.8 2.35 6.46  0.855 518 @ 0.748 177 124 37.8 15.6 0.99 1.02
Pt. 2: Sdo Domingos River Valley 8.13 19.9 2.67 12.9 340 0801 413 0593 359 0710 | 191 @ 0.241 143 0.208 60.6 43.57 12.50 4.50 096 = 0.99
Quinta do Pt. 1: Flooded open pit 1.83 478 0718  3.36 1.01 0598 151 0283 167 0311  0.763 0.096  0.535 0.084 17.5 10.7 5.07 1.79 092 219
Bispo Mine
Lousal Mine Uncontaminated water from Albufeira da 0.027 ' 0.024 0.008 0.037 | 0.008 0.002  0.009 0.001  0.006 0.001 | 0.004 0.000 0.002 0.001 0.130 0.096 0.026 0.008 036 091
Barragem da Tapada supplemented to
passive treatment®
Pt. 1: Tailing pile leachate containment 91.7 227 345 139 36.1 8.71 35.7 4.69 25.1 4.34 11.0 1.38 8.12 1.18 629 493 110 26.0 0.90 1.14
Pt. 2: Mixing lagoon for leachate and 28.4 76.7 11.0 44.9 119 3.25 13.9 191 10.2 1.82 469 0588 341 | 0.501 213 161 41.2 11.0 0.96 1.17
supplemental water
Pt. 3: First treatment basin 329 83.7 12.0 51.5 159 4.49 21.0 2.94 15.6 2.75 7.02 0878 | 516  0.756 257 180 59.9 16.6 0.94 | 113
Pt. 4: 6th treatment basin, beginning of 30.0 82.7 11.5 49.4 13.8 3.81 17.4 2.44 13.5 241 6.07 0762 428 @ 0.622 239 174 51.0 14.1 0.99 1.13
planted basins

*Samples collected from outside of the mining area.
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TABLE 3 The REE concentrations for all rhizosphere soils from mine areas in Portugal (S0 Domingos, Lousal and Quinta do Bispo) given in mg kg™', as well as the Ce and Eu anomalies (Ce* and Eu*, respectively) given as

dimensionless values.

Mine site ID sample la. C¢ Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu YREE LREE MREE HREE Ce* Eu*
Sao Domingos Mine | Cistus ladanifer* 160 | 266 | 476 208 | 571 122 635 105 | 640 = 134 | 350 0493  3.07 | 0470 977 68.1 14.3 153 069 | 095
Cistus ladanifer 320 | 636 | 740 278 | 501 104 | 396 0645 420 | 0897 251 0389 | 265 0394 152 131 10.7 11.0 094 | 1.09
Cistus ladanifer 340 | 7L1 | 811 | 303 | 599 121 521 0860 | 540 = 113 | 308 0470 | 3.02 0457 | 170 144 133 136 098 | 1.02
Erica andevalensis 313 609 | 7.9 | 266 | 491 0976 365 0581 | 3.66 | 0771 | 216 | 0342 | 237 | 0372 146 126 10.1 9.67 093 | 108
Quinta do Bispo  Salix sp. 469 | 930 | 115 | 433 | 894 212 792 123 715 136 | 353 0512 323 | 0463 231 195 20.2 163 091 | 119
Pteridium aquilinum® | 339 | 693 | 816 297 | 563 | 0695 426 = 0.641 365 0739 202 0302 206 & 0308 161 141 112 9.08 095 | 067
Pteridium aquilinum | 388 | 763 | 9.14 330 | 660 | 0826 512 0764 436 0853 227 033 216 029 181 157 133 103 092 | 067
Retama sphaerocarpa | 36.0 | 72.1 | 845 | 307 | 597 0747 447 0654 373 | 0745 | 198 0294 | 192 | 0267 168 147 118 8.94 094 | 0.68
Lousal Mine Juncus acutus* 209 | 383 | 453 | 167 | 327 | 0679 268 0432 268 | 0555 | 152 | 0230 | 152 | 0227 | 942 80.4 7.07 6.73 090 | 1.08
Juncus Acutus 146 303 | 364 141 289 | 0619 255 0418 273 | 0581 | 163 | 0256 169 | 0255 763 62.7 6.48 7.14 095 | 1.07

*Samples collected from outside of the mining area.
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Rare earth element patterns for different rhizosphere soils from mine areas in Portugal (Sdo Domingos, Lousal and Quinta do Bispo). Dashed lines
represent soils collected outside of the mining areas. Data from soils collected in S&do Domingos, Lousal and Quinta do Bispo are displayed by triangle,

square and circle markers, respectively.

3.2.3 Rhizosphere effects

A comparison of the rhizosphere versus bulk soils was possible at
the Quinta do Bispo site (Supplementary Table S5) and shows that the
rhizosphere and bulk soils display similar patterns. This comparison
should also show whether plants selectively depleted or enriched REE
from the soil. There was ultimately no statistical difference for the LREE,
MREE, HREE, or Total REE in soils collected from the plant
rhizosphere when compared with bulk soils. This would indicate
that the plant does not influence the soil REE observed in the area.

3.3 Plant sample REE signature

When considering the responses of plant REE concentration,
BCF, and TF there were three main effects investigated: 1) Prevailing
geochemical context, 2) the mining context, and 3) the plant type.

3.3.1 Geochemical context

There was no statistical difference between the BCF (Figure 4) or
the TF of the Total REE (Figure 5) observed in samples collected
from Quinta do Bispo, Sio Domingos, or Lousal. This would
indicate that the geological background did not influence the
uptake of REE. However, this conclusion is difficult to support,
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since among the plants collected from each site there were no shared
species for comparison. Therefore, a potential area for expansion of
this study could be to research REE in the same plant species found
at different mining sites. Such a task may prove difficult since the
spontaneous vegetation is specific to the growth conditions of the
individual site. In the discussion section comparisons from literature
are presented in order to account for some of the differences seen
across plant types collected in different geological conditions.

3.3.2 Mining context

While it is difficult to make conclusions about the effects of
geochemistry on the bioaccumulation of REE in plants, there were
some differences in plants collected from inside of the mining site
when compared with plants collected from outside of the mining site
(Figure 4).

In general, the BCF and REE concentrations (Table 4) were elevated
for plants collected from inside of the mining areas, when compared
with plants collected from outside of the mining areas (approximately
76% more REE in the plants recovered from inside of the mining areas),
indicating an enhancement in the uptake and bioconcentration of REE
from the soil into the above-ground tissue. Specifically, the MREE and
HREE were taken up at a greater rate when the plant was collected from
inside of the mining area (94% more MREE and 106% more HREE, as
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compared with the LREE which was elevated by 75%). More
specifically, plants had an elevated BCF (p < 0.05) for Sm, Eu, Gd,
Tb, Dy, Ho, Er, Yb, and Lu, when collected from inside of the mining
area. However, there was also no significant difference between the TF
of samples collected inside vs. outside of the mining area. In summary,
mining increased the bioavailability of all REE, in particular elevating
the BCF for MREE and HREE over LREE. This increased availability of
REE did not translate to an increased TF.

3.3.3 Plant type

Pteridium aquilinum showed the greatest affinity for REE,
accumulating 27.3 mg-kg™" of REE in the above-ground tissue. Similar
to other studies, many of the plant types collected show higher
concentrations of REE associated with the below ground-tissue as
opposed to the above-ground tissue (Babula et al, 2009), with the
exception of P. aquilinum which accumulated more La, Ce, and Pr in
the above-ground plant tissue than in the below-ground plant tissue. Of
the plants collected with replication (P. aquilinum, Cistus ladanifer,
Typha latifolia, and Juncus acutus), plant type played a statistically
significant role (p < 0.05) in the BCF of La, Ce, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, and Yb. P. aquilinum had a significantly higher BCF for
all of the aforementioned elements except for Ho. For Ho, P. aquilinum
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had similar rates of accumulation to T. latifolia, but had higher
accumulation rates when compared to J. acutus and C. ladanifer. T.
latifolia also had a higher BCF when compared to C. ladanifer for Dy and
Ho, and a higher BCF when compared to J. acutus for Tm.

Of the REE accumulated in P. aquilinum, the LREE tended to
concentrate at a higher rate than MREE, and both LREE and MREE
tended to concentrate more than the HREE. Lanthanum was three
orders of magnitude more concentrated than Lu. Similarly, the C.
ladanifer sample collected from outside of the mine exhibited the
same downward trend of LREE>MREE>HREE. This trend was not
conserved across all plant types. T. Latifolia and Erica andevalensis
demonstrated a MREE concave pattern instead, MREE>LREE =
HREE. The BCF of J. acutus and Retama sphaerocarpa displayed a
pattern where LREE = MREE>HREE.

Three plant samples had a positive Eu*: the Salix sp. sample and
both of the P. aquilinum samples. All of these samples were collected
from Quinta do Bispo. This anomaly accounts for the initial soil Eu*
as the plant tissue is normalized to the native soil when evaluating
the BCF. Additionally, there was a positive Eu* for the TF, so though
modest amounts of Eu* were incorporated into the below-ground
tissue from the soil, there was a preferential transport and
accumulation of Eu into the aerial plant tissue.
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Moreover, the C. ladanifer sample collected from outside of the
Sdo Domingos mining area had a positive Ce* in the above-ground
tissue and negative Ce* in the below-ground plant tissue, which is
matched with a high TF for Ce. The total concentration of Ce in the
plant tissue was not in fact inordinately high and when normalized
to UCC values shows no such anomaly. This observation is matched
with soil and water samples collected from the same area showing Ce
depletion as well. In this particular sample, Ce was accumulated in
the above-ground tissue of the plant at a higher rate and the root
anomaly is an artifact of less plant-available Ce in the rhizosphere.

There are three distinct groups of TF rates (Figure 5). The
highest TF is seen for both of the P. aquilinum (collected from both
inside and outside of the Quinta do Bispo mining area), C. ladanifer
(collected from inside of the Sao Domingos mining area), and R.
sphaerocarpa (collected from inside of the Quinta do Bispo mining
area). The middle group consisted of the C. ladanifer collected from
outside of the mining area, T. latifolia, Salix sp., and E. andevalensis.
The TF of the middle group was 3 times lower than the highest TF
group. The lowest TF was observed in J. acutus, which had large
quantities of REE associated with the below-ground tissue. Low TF
resulted in low accumulation of REE in the above-ground tissue. The
TF for J. acutus was 177 times less than the TF recorded for plants in
the highest TF group. This observation indicates that a majority of
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the REE remained stabilized within the below-ground tissue of J. acutus.
Plant type had a significant effect on the TF of total REE and LREE, but
had no effect on the MREE and HREE. REE was preferentially
translocated in the following order: LREE>MREE>HREE for select
plants, particularly C. ladanifer and P. aquilinum samples. Many of
the other plant samples have no relative slope regarding the TF for LREE,
MREE, and HREE.

4 Discussion
4.1 Geochemical and mining context

Though none of the studied mines targeted the extraction of REE
ores, REE can be distributed throughout silicate, carbonate, oxide,
phosphate, and oxyhydroxide (Migaszewski and Galuszka, 2015)
minerals, which are susceptible to dissolution under low
pH conditions or changes in reduction/oxidation conditions (Cao
et al, 2001; Mihajlovic et al, 2017). The MREE enrichment in
aqueous samples is a typical signature of AMD (Perez-Lopez et al,
2010). The pH range and Eh observed for both Sdo Domingos and
Lousal are also consistent with the geochemical context of AMD (Dold,

2014). The pH observed in Quinta do Bispo was relatively high when
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TABLE 4 Concentration of REE in above-ground and below-ground plant tissues (ug kg™) collected on mine areas in Portugal (Sao Domingos, Lousal and Quinta do Bispo) as well as the Ce and Eu anomalies (Ce* and Eu*,

respectively).

Above-ground tissue

Mine site ID sample Gd Tb Ho MREE  HREE
Sio Domingos Mine | Cistus ladanifer® 275 552 | 664 257 502 859 442 578 296 524 | 136 157 94 134 1320 1150 109 60.9 133 | 089
Cistus ladanifer 379 809 | 960 = 433 801 163 743 970 507 @ 926 | 246 399 216 333 2010 1720 180 113 103 | 091
Erica andevalensis 189 460 | 569 | 247 | 767 135 551 | 670 | 345 603 148 196 128 169 1177 953 152 71.8 1.08 | 090
Quinta do Bispo  Salix sp. 349 521 854 | 363 | 867 380 895 | 122 637 1Ll 267 316 185 242 1670 1320 226 126 075 | 170
Pteridium aquilinum* 4700 | 7470 729 2260 = 298 | 430 212 249 116 185 432 507 271 | 338 16000 | 15200 578 214 095 | 121
Pteridium aquilinum 9200 | 10500 = 1570 4550 = 518 | 77.7 379 | 474 218 | 322 737 772 375 | 407 27300 | 25900 1020 373 067 | 124
Retama sphaerocarpa 503 989 109 393 | 752 102 622 819 405 640 158 207 108 149 = 2230 2000 156 77.0 .02 | 103
Lousal Mine Juncus acutus' 105 194 | 248 105 218 534 229 303 163 | 303 814 100 547 079 516 428 53.1 347 096 | 1.04
Typha latifolia* 257 487 | 606 | 245 = 496 117 536 671 | 342 632 163 184 1Ll 152 | 1240 1050 122 71.2 099 = 098
Typha latifolia 262 574 | 750 @ 33 872 226 108 149 796 148 379 452 251 361 1650 1250 232 165 098 | 1.01
Juncus acutus 433 1202 130 | 539 | 107 239 942 | 116 | 621 114 297 378 206 279 | 2670 2300 237 130 122 | 105

Below-ground tissue

Mine Site ID Sample Gd Tb MREE  HREE

Sao Domingos Mine | Cistus ladanifer* 1920 2060 566 2600 | 726 | 128 849 126 = 714 140 370 = 451 = 259 425 10500 7140 1830 1570 065 | 0.80
Cistus ladanifer 462 1090 142 653 192 | 444 190 248 125 240 590 88 | 557 777 3080 2350 451 280 102 | 099
Cistus ladanifer 559 1120 136 526 117 | 203 950 168 & 895 141 429 | 36 | 328 401 2780 2340 249 187 095 | 0.89
Erica ladanifer 975 2700 | 376 1790 580 | 116 | 431 498 | 240 427 128 175 135 220 7610 5850 1180 585 106 101

Quinta do Bispo Salix sp. 5560 | 7640 | 1290 4730 | 983 | 263 | 1020 139 | 794 | 136 341 | 432 234 309 = 23200 19200 2400 1580 071 | 104
Pteridium aquilinum® 5390 | 11100 1230 = 4500 | 784 | 63.5 = 779 835 | 491 768 = 226 | 297 185 250 25000 22200 1710 1030 104 | 057
Pteridium aquilinum 5930 | 8670 | 1140 3900 | 638 | 777 | 535 761 | 449 | 841 160 | 241 119 171 21800 | 19600 1330 854 082 | 094
Retama sphaerocarpa 700 1420 161 538 124 | 98 80 116 529 776 227 27 | 229 313 3160 2820 231 112 102 | 066

Lousal Mine Juncus acutus* 19500 | 45400 = 5650 23600 = 4890 = 1110 = 4910 = 614 | 3230 569 1543 189 | 1115 157 112000 | 94100 11500 6800 109 | 098
Typha latifolia* 1600 3640 491 | 1930 | 415 | 916 464 577 315 551 144 | 184 | 105 126 = 9340 7660 1030 651 103 | 090
Typha latifolia 2080 | 6350 885 4150 | 1170 | 310 | 1270 167 | 842 150 = 394 | 503 | 291 = 417 18100 | 13500 2900 1770 109 111

Samples collected from outside of the mining area.
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compared with the pH of Sd0 Domingos and Lousal. This is most likely
due to the fact that sulfate mineral oxidation or AMD is negligible in the
surrounding geology (Carvalho et al, 2005) and the ISL methods
Quinta do ended 1999
Commission Directorate-General for Energy, 2012). The saturation

employed at Bispo in (European
of cations and anions in waste streams, represented by the EC measured
in aqueous samples, favors the precipitation of metals (Nieto et al,
2007), and is therefore also a parameter used to evaluate the
precipitation/dissolution dynamics at these sites. Low pH, high EC,
and elevated sulfate concentrations were indicative of the geogenic and
anthropogenic dissolution of primary minerals inside of the three legacy
mine sites. These geochemical changes were induced by AMD processes
or ISL practices.

In addition to dissolution, processed REE were susceptible to
sorption and desorption processes, which were evaluated in this
study based on the CECyjeson and OM content of soils and aquatic
sediments. A soil with higher CECyerson and OM content has a high
metal loading capacity, whereas a soil with a low CECyyetson and OM
content has less potential metal-sorbing surfaces, thus the metal
holding capacity of soils collected from Sao Domingos is higher and
the metal holding capacity of aquatic sediments collected from
Lousal is lower. The sediments collected from Lousal had lower
concentrations of REE indicative of the lower metal holding capacity
of these sediments relative to the other sampled sites. As a result,
Lousal also displayed the highest aqueous REE concentrations.

All of the samples collected from inside of the mining sites are
considered impaired simply on the basis of having low pH (pH < 6.5)
(Baker et al., 1990). As Baker et al. (1990) reported, biological diversity is
lost starting at pH < 6.5, and an interruption of nutrient cycling at pH <
5.0. While pH directly impacts the ecology of a system, the increased
metal solubility and bioavailability caused by acidification (Baker et al.,
1990; Cao et al., 2001; Batista et al,, 2013) can also induce toxicity (Baker
et al,, 1990; Plante, 2007; Batista et al., 2013).

Inorganic anions typically associated with REE complexation
include: SO, PO, CI, COs*, and F (Millero, 1992; Vaziri
Hassas et al,, 2021). As stated in the results, the mining areas were
dominated by sulfate. A study by Zhimang et al. (2000) implicates sulfates
in the bioavailability of REE to plants, mainly showing that REE
accumulation in below-ground tissue is limited by sulfate. Secondary
sulfate salts such as jarosite and alunogen have been shown to be
temporary stabilizers of polyvalent cations (including REE) in AMD
(Ferreira et al., 2021). Subsequent solubilization of metals associated with
jarosite, alunogen, and other secondary sulfate minerals has been
implicated as a cause for delayed revegetation (Ferreira et al, 2021).
This demonstrates that plants growth in mining environments is
dependent on the prevailing geochemistry, as primary and secondary
minerals constitute a source or sink for potentially toxic metals.

Aside from sulfates being a sink for REE, sulfates have also been
implicated in the selective partitioning of REE in soils and waters
(Ferreira da Silva et al, 2009; Welch et al, 2009; Grawunder et al,,
2014; Soyol-Erdene et al., 2018). REE have even been suggested as tracers
of mining pollution due to their unique MREE-enriched signature in
mining wastes (Merten et al,, 2005; Perez-Lopez et al, 2010). This
signature is presumably due to sulfate and sulfate intermediates
showing higher stability in complexation with MREE (Perez-Lopez
et al, 2010) and precipitation/sorption processes occluding LREE (Liu
et al, 2019) and HREE (Byrne and Li, 1995) from solution, paired with
dissolution/desorption of MREE-enriched Fe and S minerals (Welch
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et al, 2009; Perez-Lopez et al, 2010; Grawunder et al, 2014). The
occurrence of a correlation between REE and Fe, as seen in the water
samples collected in this study, may indicate that Fe-mineral dissolution
contributes to the soluble REE in these systems (Cao et al., 2001; Merten,
2005; Prudéncio et al., 2015; Prudéncio et al., 2017; Riley and Dutrizac,
2017; Liu et al,, 2022). Many geochemical factors may contribute to the
observed high REE concentrations and unique MREE enrichment in
AMD surface waters, a detailed study on REE speciation is still needed.

The DOC concentrations anticipated in AMD waters should be
low as acidic pH promotes an increase of organic aggregation,
inducing a decrease of their colloidal stability (Johnson and
Hallberg, 2003; Pédrot et al, 2009). Though limited amounts of
DOC and OM are associated with AMD systems, no broad
generalizations can be made about the fractionation of REE by
organics, which is specific to the type of organic matter. Organic
matter forms a significant sink for REE, both as a sorbing surface and
as a bridging ligand (Byrne and Li, 1995; Pourret et al., 2007).
Organic ligands make a more stable complex with HREE, causing
HREE to deplete from solution into complexes with sediment
surface ligands (Byrne and Li, 1995). More complex organics,
such as humic substances, have been shown to produce a
fractionation of MREE enrichment over both LREE and HREE,
specifically in natural systems characterized by a high metal loading
like the sites studied (Pourret et al., 2007; Pédrot et al., 2008).

The oxidation state of REE is generally trivalent, with the exception
of Eu*" and Ce*. In this study, a negative Ce* was associated with
samples collected from outside the mining areas. Geochemically, the
waters collected from outside of the mining area are less oxidizing and
have a higher pH. Therefore, the speciation of metals may vary between
waters collected from inside of the mining area versus those collected
from outside of the mining area. The negative Ce* observed in surface
waters collected from outside of the mining areas is indicative of
preferential Ce*" sorption to the solid phase, which is typical of
circumneutral pH waters under oxidizing conditions (Bau, 1999).

The positive Eu* in liquors and ores associated with the open-pit can
be attributed to the hydrothermal deposit where the Eu** oxidations state
is preferentially incorporated into high-temperature hydrothermal seams
over the other REE, leading to enriched Eu concentrations (Sverjensky,
1984; Danielson et al., 1992). The proceeding ISL processes increased
mobilization of all REE contained in the Eu-enriched ore, accordingly
producing an enrichment of Eu in the remaining liquor and analogous
waste rock. This mechanism explains the positive Eu* seen in the open-
pit water sample and the Salix sp. rhizosphere soil, which was collected
from the waste rock pile. All other soil samples collected from Quinta do
Bispo had a negative Eu*. Consequently, the conclusion can be drawn
that the soils collected from the surrounding material were depleted in Eu
as it was partitioned into the hydrothermal seam. Thus, in the soil
samples collected from the surrounding areas, there is a negative Eu*
corresponding to this partition.

4.2 Plant influences

In order for a plant type to be considered a REE
hyperaccumulator, the REE concentration in the above ground-
tissue must exceed 1,000 pug-g™* (Liu et al,, 2018). None of the plants
collected in this study met the hyperaccumulator definition. Liu et al.
(2018) acknowledges the importance of plant biomass, as high
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biomass can accrue significant amounts of REE. The concentrations
of REE observed in the collected plants do not show any particular
elevation or depletion when compared with other studies of plant
REE (Wyttenbach et al.,, 1998; Liang et al., 2008; Migaszewski and
Galuszka, 2015). The P. aquilinum plant species did accumulate
more REE than any other plant type: though this figure represents
6-53 times the amount accumulated by the other plant samples in
the present study, the pteridophyte sample is not remarkably high.
Pteridophytes are generally known to accumulate much higher
concentrations of REE over other plant types (Tyler, 2004). P.
aquilinum also tended to concentrate certain REE at a higher
level in the above-ground tissue than in the below-ground tissue.
Wang et al. (1997) made a similar observation in Dicranopteris
dichotoma, another pteridophyte, which accumulated more REE in
the above-ground tissue than in the below-ground tissue.

As mentioned in the materials and methods section, the BCF is
reflective of biological occlusion or assimilation of particular REE
from the surrounding media. The closer the BCF value is to 1, the
closer the plant concentrations reflect the soil concentrations. In this
study, any uptake of REE by the plant was insignificant in
comparison with the soil pool. This was proven by a comparison
of bulk and rhizosphere soils which showed no depletion or
enrichment dependent on plant growth, and further supported
by the BCF which for most plants was much less than 1.

The BCF can also be looked at in terms of slope and anomaly,
indicating the effects of soil speciation and plant species selectivity
towards the assimilation of particular REE into the above-ground
tissue. Ultimately this study showed that for certain plant types (P.
aquilinum), above-ground tissues were enriched in LREE relative to
the surrounding soil. This finding is congruent with previous
research, which demonstrated that LREE tend to be enriched in
the above-ground tissue of plants compared to the MREE and HREE
(Wang et al.,, 1997; Fu et al., 1998; Liang et al., 2008; Gonzalez et al.,
2014). This may have to do with the plant’s affinity to uptake LREE
(Brioschi et al., 2012) and porewater chemistry restricting available
HREE (Millero, 1992; Byrne and Li, 1995; Fu et al., 1998; Tyler, 2004;
Brioschi et al., 2012). However, this pattern was not maintained
across all plant types. In fact, T. latifolia and Salix sp. showed an
MREE-enrichment compared with LREE and HREE, supported by
Wrttenbach et al. (1998).

Salix sp. and P. aquilinum had positive Eu* in their BCF
signatures. Positive Eu* in plant tissue has been observed in
other studies (Durdes et al., 2014; Krzcuik and Gatuszka, 2019;
Krzciuk and Galuszka, 2020). There are a couple of to-date
unconfirmed hypotheses on why plants may have Eu*.
Potentially Eu’" is transformed to Eu®" and is taken up by plants
under the redox conditions of the rhizosphere. This may be a result
of diurnal patterns, which dictate oxygen supply to the roots
(Krzcuik and Gatuszka, 2020), or it may be related to the
acquisition of other essential nutrients; such as Fe, which is
reduced at the root dermis (Marschner and RO;mheld, 1994;
Wryttenbach et al., 1998). In both scenarios, the supply of Eu and
the redox conditions are a vital control on the bioavailability of Eu.
Many authors (Wang et al., 2012; Brioschi et al., 2013; Duraes et al.,
2014; Thomas et al., 2014) have suggested that the origin of positive
Eu* in plants is the result of Eu** substitution for an essential plant
nutrient such as Ca®" due to the similarity in ionic radius (Shannon,
1976). All of the above-ground tissue REE concentrations positively
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correlate with above-ground tissue Ca®* concentrations for this
study.

The investigation of the TF can be used to make conclusions
about the transfer and relative accumulation of REE in and to
different parts of the plant. In this study, the REE transfer from
below-ground tissue to above-ground tissue did not relate to the
geochemistry or mining context. It was only reflective of plant type
differences. The subsequent enrichment in the LREE seen in the C.
ladanifer and P. aquilinum plants is then an artifact of the
preferential translocation of LREE into the above-ground tissue.
Fuetal. (1998) posited that preferential uptake and translocation of
REE in a pteridophyte was related to plant Si processes and that in
situ recrystallization of Si would allow for substitution of MREE and
HREE occluding the larger ionic radius of LREE, leaving the LREE
more mobile and able to reach the distal and aerial tissues. Evidence
supporting this may be seen in the strong positive correlation
between all of the REE and Si (Supplementary Table S6) among
all samples collected in this study.

Combining the information presented on the BCF enrichment
of MREE with the lack of a TF MREE enrichment, it can be
concluded that the MREE fractionation into the above-ground
plant tissue, observed in T. latifolia and Salix sp., originates from
the preferential uptake of MREE in the below-ground tissue. While
the total bioavailable pool of metals can include the soil (water-
soluble, ligand-exchangeable, and organic or carbonate bound
metals), the dissolved metals in water are typically thought of as
readily bioavailable (Adriano, 2001; Di Bonito et al., 2008). These
dissolved concentrations could explain the elevated MREE in plants,
as the enrichment of the MREE in plant tissue mirrors the
enrichment of MREE in surface waters impacted by mining.

The information presented may show that the MREE
enrichment seen in the roots is an artifact of the soluble REE
pool in these mine sites, whereas the LREE enrichment and Eu*
in the above ground plant tissue demonstrates plant-specific
fractionation. Thus, this study provides evidence that the REE
pattern displayed by each plant may result from an interaction
between the plant type and growth medium. This conclusion is
contrary to one posited by Laul and Weimer (1982). Laul and
Weimer (1982) studied a selection of biological samples and
concluded that the REE patterns closely resembled their growth
medium when normalized to chrondrites, however the REE
patterns for plants were never normalized to the soil media to
confirm enrichment or depletion, which would have obviated
any preferential uptake of specific REE. Wang et al. (1997)
similarly found that the concentration of REE in most plants
collected from sites with REE-rich ores had similar patterns to
the soils they were collected from, but also notes an
accumulation of LREE over HREE. Pisciotta et al. (2017)
made a similar conclusion that the plant tissue reflected the
geochemistry of the collection site, however this conclusion was
based on one plant type in one geochemical context. Another
study by Krzcuik and Galuszka (2020) showed that plants
generally had a similar pattern for uptake regardless of the
land usage, proving quite the opposite of earlier studies by
Laul and Weimer (1982) and Pisciotta (2017), since this
would mean that regardless of geochemical background,
plants had a certain physiological signature for REE-uptake. In the
context of Krzcuik and Gatuszka (2020) it should be noted that
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researchers did find some differences based on collection of samples
inside or outside of AMD areas. A study conducted by Barbera et al.
(2021) actually showed that a planted system when spiked with REE did
not necessarily lead to increased uptake of REE into the above-ground
tissue. Barbera et al. (2021) instead shows increased REE concentration
in the below ground tissue with limited transfer of REE into the above-
ground tissue. Wyttenbach et al. (1998) similarly refuted the idea that the
growth media was completely responsible for REE fractionation in
above-ground tissues. Thus, there is evidence to support claims from
each of these previous studies and create a more cohesive theory that
both geochemical background and plant type contribute to REE patterns
in plant tissues. The results from the present study seem to indicate that
some plant types may be reflective of the area geochemistry, whereas
others may show increased fractionation of soil REE, which
demonstrates the importance of capturing many plant species in
differing contexts.

5 Conclusion

Using samples from three Portuguese legacy mine sites, this
study reaffirms previous findings that AMD waters tend to be
enriched in MREE as compared with LREE and HREE. Through
the coupled recovery of water, soil and plant samples, this research
contributes to a growing body of work proving that 1) the substrate
plays a role in the fractionation of REE into plant tissue and 2) the
plant type can also contribute to REE fractionation.

Samples collected from inside of the mining sites had
elevated dissolved REE concentrations in water samples,
matched with a higher BCF in plant samples. This
demonstrates the importance of the dissolved metal pool on
the bioavailability of REE. Further sampling and identification
of chemical speciation is recommended as the signatures for
REE indicate some differences amongst soil types leading to
differences in REE bioavailability. There were also no statistical
differences in the BCF for plants based on the site in which they
were collected from. This combined with the elevation of MREE
in plant tissue may indicate that the dissolved REE pool plays a
more significant role in plant REE uptake than the soil mineral
REE. The concentration of REE in the soils collected from the
rhizosphere and bulk soils were not statistically different,
showing that the soil pool of REE in the plant rhizosphere
was not significantly depleted when compared with unplanted
soils.

Differences in uptake may be due to plant physiology as well.
This hypothesis is supported by the fact that although the soils,
aquatic sediments, and waters in this study had similar features,
certain plants, such as P. aquilinum, seemed better adapted to
extracting particular REE over others. Though it was anticipated
that plant types commonly used in passive treatment systems, such
as J. acutus, would perform best in extracting REE, very little REE
was associated with the above-ground mass of these plants. Though
the REE share physiochemical properties, there was observed
preferential transfer of LREE and Eu into the aerial parts of
certain plants. Thus, the unique geochemical context in which
MREE is enriched in the dissolved phase, when combined with
the preferential translocation of LREE and Eu based on plant type,
creates each plant’s REE signature.
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