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Acid mine drainage (AMD) is a worldwide pollution problem of watersheds. In addition to toxic metal(oid)s and
acidity, many elements of economic interest are released into the environment, which make AMD a potential
strategic secondary source of these elements such as rare earth elements (REE). Despite the importance of these
metals, their origin in AMD is still uncertain. Recent hypotheses suggest preferential leaching of REE-enriched

Monazite N i N . ¢ ! !
Xenotime minerals as a possible source. Leaching tests with HpSO4 have been developed to simulate the interaction
Parisite under AMD formation conditions with sulfide bodies and host rocks from two representative mining areas in the

Iberian Pyrite Belt: the Perrrunal and Poderosa mines (SW of Spain). The REE patterns and Ce and Eu anomalies
of the rock leachates have confirmed the geochemical relationship between the AMD and certain country rocks
(felsic and mafic volcanics, and shales). A detailed chemical and mineralogical study has confirmed the existence
of a diversity of minerals with high concentrations of REE. Thus, the minerals with the highest REE contents are
also those with the fast dissolution kinetics under acid conditions: REE phosphates (monazite and xenotime type)
and carbonates (parisite type). Finally, petrographic evidence of the selective leaching of these minerals clearly
supports these minerals as the main source of REE in the AMD.

1. Introduction

The mismanagement of large volumes of sulfide-rich wastes gener-
ated during the metal and coal mining may result in the oxidation of
sulfides when exposed to oxygen and water (Johnson and Hallberg,
2005; Nordstrom et al., 2015). This result, known as Acid Mine Drainage
(AMD), generates a leachate that commonly releases a large amount of
metal(oid)s, sulfates, and acidity to streams and groundwater, which is
of great concern worldwide (Akcil and Koldas, 2006) due to its longevity
(Younger, 1997). In addition to these pollutants, AMD may have high
concentrations of other elements of economic interest such as the rare
earth elements (REE). These elements, which include Lanthanides (La-
Lu) together with other geochemically related elements such as Sc and
Y, have properties that make them essential components for applications
in technology (e.g., permanent magnets, catalysts, batteries, electronic
devices or LED lighting), as well as in the nuclear, military, aerospace,
and medical sectors (Hatch, 2012; Lucas et al., 2014). This large number
of applications has generated a growing demand, which in some cases is
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not sufficiently supplied by primary deposits. This primary supply risk
has promoted the search for secondary sources of these elements as a
priority strategy worldwide (Binnemans et al., 2013). In this sense,
numerous recent works have studied the viability of AMD from metal
and coal mines as a strategic secondary source of REE (e.g., Ayora et al.,
2016; Ziemkiewicz et al., 2016; Macias et al., 2017; Stewart et al., 2017;
Zhang and Honaker, 2018, 2020; Vass et al., 2019; Hedin et al., 2020;
Leon et al., 2021). As mentioned above, part of the interest of these el-
ements is due to their high concentrations in AMD, between hundreds to
thousands of pg/L (Ayora et al., 2016), several orders of magnitude
above the concentrations found in natural waters, which are usually
below tens of pg/L (Noack et al., 2014). Although AMD is relatively
enriched in middle REE (MREE; from Eu to Dy) when normalized to
crustal values, it has a high variability in the enrichment of light REE
(LREE; from La to Sm) and heavy REE (HREE; from Ho to Lu), which can
determine both its economic potential and its possibilities of valoriza-
tion (Leon et al., 2021).

The MREE enrichment has been widely shown in AMD from sulfide
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and coal mining areas (Verplanck et al., 2001; Da Silva et al., 2009;
Pérez-Lopez et al., 2010; Sahoo et al., 2012; Ayora et al., 2016).
Although the fractionation processes of REE in low pH systems have
been extensively studied, the source of the rare earths and this MREE
enrichment in AMD is still uncertain. According to Welch et al. (2009),
the REE pattern could be strongly controlled by the Fe-cycle. During
jarosite precipitation, a depletion of LREE in the pore water is observed,
being retained in the solid phase. The subsequent transformation of
jarosite to goethite, with a preferential sorption capacity of HREE
(Verplanck et al., 2004; Olias et al., 2005) would additionally cause the
depletion of HREE in the pore water, leaving a MREE enriched pattern.
However, other authors suggest different hypotheses such as mobiliza-
tion of MREE by complexation of sulfite or other sulfur species during
pyrite oxidation (Grawunder et al., 2014), existence of REE partitioning
in the colloidal fraction (Astrom and Corin, 2003), exchange surface
reactions with clays, Fe/Mn oxides or Fe/Al oxyhydroxides (Leybourne
et al., 2000; Serrano et al., 2000; Astrom, 2001; Coppin et al., 2002;
Gammons et al., 2005; Lozano et al., 2019a, 2019b, 2020a, 2020b; Liu
et al., 2022), differences in behavior of each REE during complexation
with sulfates and to a lesser extent carbonates and phosphates (Moller
and Bau, 1993; Sholkovitz, 1995; Tang and Johannesson, 2003; Zhao
et al, 2007) or preferential leaching of MREE-enriched minerals
(Johannesson and Zhou, 1999; Worrall and Pearson, 2001; Merten et al.,
2005; Leybourne and Cousens, 2005; Sun et al., 2012). Recent Nd iso-
topic studies supported the latter hypothesis, suggesting preferential
leaching of apatite or other MREE-enriched phosphate phases during
water-rock interaction as the origin of REE in AMD (Wallrich et al.,
2020).

Accordingly, our objective is focused on studying the behavior of
REE during the water-rock interaction in AMD systems, as well as the
mineralogical identification of potential REE-hosting minerals in the
country rocks commonly found in these environments. In this sense, the
Iberian Pyrite Belt (IPB), a large metallogenic polymetallic sulfide
province located in the southwest of the Iberian Peninsula, with intense
mining activity developed since antiquity, may be the appropriate
location to study such processes. The intensity of sulfide oxidation and
host rock dissolution processes for long periods has generated a big
volume of mine waste that produces around 1 m3/s of acidic water in the
whole area during baseflow conditions. For this purpose, the Perrunal
and Poderosa mines, both located in the northeast of the IPB, have been
selected as study areas due to their contrasting geological and hydro-
geochemical differences (Canovas et al., 2016, 2018), which could be
representative of the entire variability in AMD-forming setting that can
be found in the IPB.

2. Materials and methods
2.1. Geological setting of the study areas

The high concentration of massive sulfide deposits in the IPB has led
to its exploitation during the last 4,500 years (Nocete, 2006). Despite
this long-lasting mining activity in the area, the most intensive exploi-
tation period occurred since 1850, with the settlement of British con-
sortia (Olias and Nieto, 2015). At the Poderosa mine, mining activity
dates back at least to Roman times, with remains of some abandoned
galleries (Canovas et al., 2018). However, large-scale mining was
developed from 1864 to 1924, during which around 0.6 Mt of sulfides
were extracted (Gonzalo and Tarin, 1888; Pinedo Vara, 1963). After-
wards, only minor activities were carried out in this mine, especially
obtaining Cu from AMD by cementation or recovering Au from gossan
by heap-leaching cyanidation. Limited remediation measures occurred
in 1990 after the cessation of these minor mining activities. There is also
evidence of mining activity at the Perrunal mine from Tartessian and
Roman times, however, intensive exploitation mainly took place from
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1900 to 1968. In total, around 7.5 Mt of sulfides were extracted until
1960 through five underground galleries connected by wells (Pinedo
Vara, 1963; Canovas et al., 2016). After the cessation of mining activity
in 1968, the underground system was flooded, leaving a ventilation
tunnel as the only outlet for the AMD generated.

The two mine sites studied are located within the IPB, where sedi-
mentary units of the Upper Paleozoic crop out interspersed by volcanic
rocks and massive sulfide deposits. Stratigraphically the IPB can be
divided into three units called, from botton to top, the Phyllite-Quartzite
Group (PQ Group), the Volcano-Sedimentary Complex (VSC) and the
Culm Group (Almodovar et al., 2019). The PQ group consists of a thick
alternation of shales and quartzites from the Upper Devonian (Moreno
and Saez, 1990). The VSC is a heterogeneous sequence of variable
thickness that presents lateral wedging. The materials are of Upper
Devonian-Lower Carboniferous in age and are composed of a volcanic
sequence, where felsic and mafic episodes alternate, interspersed with a
siliciclastic/volcanoclastic sedimentary sequence. In addition, there are
deposits of chemical origin such as the siliceous cherts or jaspers, and the
massive sulfides, which are formed mainly by pyrite, and lesser amounts
of chalcopyrite, sphalerite, galena or arsenopyrite, among others.
Finally, the Culm group is composed of shales, graywackes and con-
glomerates of Carboniferous age, resulting from synorogenic turbiditic
deposition (Moreno, 1993). Eventually, all these materials underwent
low-grade metamorphism during the Variscan orogeny.

The Poderosa mine area is mainly composed of materials belonging
to the VSC, and to a lesser extent to the Culm Group (Fig. 1). The outcrop
mainly consists of a thick sequence of epiclastic rocks of felsic compo-
sition (dacitic-rhyolitic), where the main mining activities (open pits
and main galleries) were located. To the north of this sequence, a large
formation of coherent rocks of rhyolitic composition can be found,
which forms positive relief. To the south, there is a laterally discontin-
uous level of purple shales with radiolarians, characteristic of the
hanging wall of the VSC, that also crop out in the vicinity of the open pits
and galleries. The Culm group crops out in the southern part of the area
as an alternation of gray shales and fine-grained sandstones. Manganese-
rich jasper mineralization appeared both in lenses, causing small relief,
and in smaller bodies within the VSC epiclastic units. Sulfides mainly
appear as disseminated and small bodies in the rocks of the open pit, and
toward the upper part of the section transformed into a gossan level.
Finally, a secondary malachite mineralization appeared disseminated in
the shales and epiclastic rocks of the open pit.

In the case of the Perrunal mine, again materials from the VSC and
the Culm group crop out in the vicinity of the mining area (Fig. 2). To the
north of the open pit, a sequence of felsic epiclastic rocks of the VSC
appears. Among this thick series, there are some layers of volcanoclastic
sandstones with fragments that have a larger grain size. In addition, a
large lens of these sandstones appears between the open pit and the main
gallery. Purple shales with radiolarians crop out as small lenses to the
south and northeast of the open pit (Fig. 2). Manganese-rich jaspers
appear both as small inclusions in the epiclastic rocks and in a large
outcrop west of the open pit. Small sulfide lenses can also be found
within the open pit. Dark gray shales and sandstones of the Culm group
are widely represented to the south of the open pit and the main
drainage gallery. Mafic volcanic rocks are found to the south of the
sulfide mineralization (Pinedo Vara, 1963). These volcanics do not crop
out in the mapped area, but have been observed in the same strati-
graphic position to the east of the study area.

The tectonics of both mining areas is characterized by a series of
thrusts striking in an approximate E-W direction that changes the po-
sition of the Culm and VSC-hanging wall shales, placing them below the
epiclastic units that are stratigraphically located on the footwall. In
addition, at least one major transform fault has been observed in the
Poderosa mine area.
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2.2. Data sampling, experiments and analysis

Firstly, 1:10.000 scale geological maps of the Poderosa and Perrunal
mining areas were generated, and the representative lithologies were
sampled in both areas (samples location can be seen on the KMZ file -
Google Earth™ included as Supporting Information). The samples were
examined under petrographic microscope and a JEOL JSM-ITS00HR
Field Emission Scanning Electron Microscope coupled with Oxford X-

Max 150 Energy Dispersive System (FESEM-EDS), and a JEOL JXA-8200
SuperProbe Electron Probe Microanalyzer (EPMA) at the Research Ser-
vices of the University of Huelva. The rest of the sample was powdered
for chemical analysis and to perform leaching experiments. The con-
centration of major and trace elements was determined by Inductively
Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) and Induc-
tively Coupled Plasma-Mass Spectroscopy (ICP-MS), respectively, in the
laboratories of SGS Canada Inc. Burnaby, after complete digestion of the
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sample using the sodium peroxide fusion method. For the quality control
of the method, blank samples, reference standards (OREAS681 and
OREAS682) and duplicate analysis were used.

The leaching experiments consisted in batch sequential leaching tests
with ultrapure reagents in a 1:40 sample-liquid mass ratio under
agitation. Samples were first reacted with 1 N ammonium acetate in
duplicate (two samples of 1 g for each lithology) for 4 h, to allow the
removal of easily exchangeable cations, expected to be released only
during the first contact with acidic water in the system (Stewart et al.,
2001; Wallrich et al., 2020). After rinsing with ultrapure water, these
samples were leached with 0.025 M and 0.05 M sulfuric acid for another
4 h, simulating the long-term interaction between AMD (with different
grades of leaching capacity) and host rocks in mining districts (Wallrich
et al., 2020). The solutions obtained in each step were filtered through
< 0.2 um cellulose nitrate filters prior analysis by ICP-OES and ICP-MS at
the Research Services from the University of Huelva. Additionally,
temporal datasets of AMD from Poderosa (n = 77) and Perrunal (n = 55)
AMD leachates, collected between 2013 and 2017 and 2010-2017,
respectively, together with some other main sources of AMD (n = 100)
in the IPB (Leon et al., 2021) were considered in this study.

To analyze potential REE fractionation processes, concentrations
have been normalized using the North American Shale Composite values
(NASC; Gromet et al., 1984), generally used in the study of Earth surface
processes. Finally, Ce (Ce*y) and Eu (Eu*y) anomalies have been
determined by interpolating the normalized values of adjacent REE,
using the equations (Noack et al., 2014):

Ce' — 2[Ce], u 2[Eu],
N [La]y + [Pr]y N [Sm]y + [Gd]y
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3. Results and discussion
3.1. REE geochemistry in the host rocks and AMD of the IPB

The IPB shows high geological variability which may influence the
chemical composition of the AMD. In turn, AMD resulting from sulfide
oxidation can interact with different types of country rocks such as
gossan, sulfides, shales, jaspers, and felsic, intermediate and mafic vol-
canic rocks, and inherit their REE fingerprint by dissolution and/or
leaching. Table 1 shows a summary of the REE chemical data for the
rocks collected in this work and those available in the literature for the
IPB. As can be seen from the samples taken in this study, volcanic rocks
have the highest concentration of XREE, especially those of felsic
composition, with an average concentration close to 300 mg/kg. Inter-
mediate and mafic rocks have almost 235 and 155 mg/kg on average,
respectively. High concentrations are also present in shales (or sand-
stones), with more than 240 mg/kg of ZREE on average. On the other
hand, gossan, jaspers and massive sulfides present low XREE values (56,
34 and 15 mg/kg, respectively) in comparison with the previous rocks,
although disseminated sulfides may present values close to their
enclosing host rocks, particularly in rocks of the felsic series and shales.
These data agree with the general behavior of the IPB, where the vol-
canic series (especially felsic) and the shales are the rocks with the
highest XREE concentrations (average close to 160 and 180 mg/kg,
respectively) (Table 1).

Considering the NASC-normalized average values of LREE, MREE
and HREE in the rocks shown in Table 1, significant differences in REE
patterns can be observed (Fig. 3, Fig. S1). Shales present an almost flat
pattern, with a slight enrichment in LREE. Regarding the volcanic rocks,
a depletion in LREE is observed, accentuated toward the most mafic

Table 1
REE concentration (mg/kg) in the rocks of this work and in the whole IPB (from literature). Max: maximun, Min: minimun, N: sample size, SD: standard deviation.
This work Whole IPB
Rock Type N Min Max Mean N Min Max Mean Median SD References
Gossan 1 - 56.3 27 8.0 409.9 86.3 61.6 82.4 12,15
Sulfides Massive 1 - - 15.5 14 1.9 73.3 32.2 31.8 26.6 8 12
Disseminate 2 58.6 186.7 122.6 18 12.6 265.5 168.2 163.9 66.0 14,19
Shales 9 183.8 285.2 244.5 77 50.7 384.6 178.8 170.5 57.5 811,13, 14, 15,17, 18, 19
Jaspers 3 6.5 79.1 33.9 22 4.3 133.2 32.4 11.7 34.4 213
Felsic volcanics 11 154.8 800.6 298.6 218 62.0 375.4 162.1 146.5 58.5 13.4,56.79,10,13, 16, 20
Intermediate volcanics 2 224.5 244.8 234.7 47 54.7 185.3 109.3 103.9 28.6 35,910
Mafic volcanics 1 - 154.9 83 32.1 212.3 87.3 81.7 32.5 1.3457914

References: 'Almodévar et al., 1997; ?Leistel et al., 1997a; 3Mitjavila etal., 1997; 4Grimes and Kropschot, 1998; SIGME, 1999; ®Donaire et al., 2002, 2020; "Ruiz et al.,
2002; 8Rosa et al., 2004, 2006; %Boulter et al., 2004, 1OCapitén, 2006; Uparrett et al., 2008; 2pasilvaetal., 2009; 13Pére7.—lto'pey. etal., 2010; 14yalenzuela et al., 201 1;

15Jorge et al., 2013; 161,uz et al., 2019, 2020; 171\/larques et al., 2020.
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compositions (Fig. 3). In addition, the felsic series present a character-
istic negative Eu anomaly that becomes slightly positive toward the
mafic series (Fig. S1). The rest of rocks sampled in this study exhibits
variable REE patterns. Gossans are slightly enriched in HREE, and often
LREE, over MREE, displaying highly variable Eu anomalies (i.e., posi-
tive, negative and no Eu anomaly), mostly positive. On the other hand,
jaspers have a pattern generally slightly enriched in HREE and impov-
erishment in LREE with respect to MREE, with negative and slightly
negative Eu and Ce anomalies respectively. Most massive sulfides show a
HREE-enriched pattern with a slightly positive Eu anomaly. However, in
the case of disseminated sulfides, they appear to inherit the enclosing
host rock pattern, showing a flat pattern like that of shales.

AMD generally has a REE pattern characterized by an enrichment in
MREE and a slight negative Eu anomaly (Verplanck et al., 2001; Da Silva
et al., 2009; Pérez-Lopez et al., 2010; Sahoo et al., 2012; Ayora et al.,
2016). Although HREE/MREE ratio in AMD is < 1, they can present high
variability in the HREE/LREE and MREE/LREE ratios (Leon et al., 2021).
As can be seen in Figs. 3 and S1, the NASC-normalized REE patterns of
AMD in this study and the whole IPB do not seem to match with those of
the rocks of the IPB. Therefore, in order to determine the source of REE
in these AMD leachates, it is necessary to study at a local scale the REE
fractionation processes during the water-rock interaction.

3.2. REE geochemistry of rock leachates from the Perrunal and Poderosa
mines

As mentioned above, the different lithologies of the IPB, and spe-
cifically of the Poderosa and Perrunal mines, present variable amounts
of REE (Table 1). The incongruent dissolution of these rocks under acidic
conditions may lead to the release of REE, as can be seen in the results of
the leaching tests (Table 2). The highest concentrations of REE released
by HySO4 leaching (0.025 M) in the batch experiments are observed in
felsic volcanic rocks, shales, intermediate, and mafic volcanic rocks,
with concentrations of REE extracted by leachates between 3 and 50,
3-34, 26-32 and 22 mg/kg, respectively. This entail that the leaching
mobilized up to 21, 18, 13 and 14 % with respect to the initial REE
content of the rock, respectively. Jaspers have similar release

Table 2
2REE (mg/kg) of 0.025 M and 0.05 M H,SO, leachates.
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percentages, reaching values of 15 %, although their leachates have a
very low extracted REE content (average of 2.3 mg/kg), due to the low
concentration of REE in the source rock. Finally, sulfides and gossan
show very low release percentages and leached concentrations, both
below 3.6 % and 2.1 mg/kg rock, respectively. Thus, according to their
low release under acidic conditions, gossan, sulfides and jaspers appear
to be limited REE contributors to the AMD geochemistry. On the other
hand, the highest concentration of sulfuric acid (0.05 M) used in the
batch tests results in an increase in the release of REE by 30 and 40 % on
average with respect to the leaching with 0.025 M concentration for the
rocks of Perrunal and Poderosa, respectively. Meanwhile, the previous
step of leaching with ammonium acetate released insignificant amounts
of REE, below 1.5 % of the bulk rock for most samples.

It is remarkable that no notable changes are observed in the values of
Ce and Eu anomalies for the leachates (0.25 and 0.5 M H,SO4) with
respect to the bulk rock for most of the samples (Fig S3). This seems to
indicate that, during the water-rock interaction, the AMD inherits the
Eu and Ce anomalies, and therefore these values could be used as
geochemical tracers for potential sources of REE in the leachates. In this
sense, the Ce anomaly (Fig. 4A) does not clearly determine the possible
REE sources, because the variability of this parameter, both in the rocks
of the IPB and in the AMD is not very wide. Thus, all types of rocks show
small anomalies, with most groups slightly tending towards the negative
anomaly range. It is noteworthy that most of the samples taken in this
study coincide with the range observed in the IPB (Fig. 4A). However,
since some of the shales or sandstones of the IPB may present resedi-
mented volcanoclastic components (Leistel et al., 1997b; Saez et al.,
1999), shales of this study present slightly negative values with respect
to the data observed in the IPB (Fig. 4A), resembling more the range of
the volcanic felsic rocks. Finally, AMD from the Perrunal and Poderosa
areas also show slightly negative Ce anomalies (Fig. 4A).

Unlike the Ce anomalies, the Eu anomalies show some variability and
could provide more information about the source of REEs in AMD. The
AMD in the IPB presents generally negative Eu anomalies, as is the case
of the Poderosa AMD, although in some cases the absence of anomaly is
reported, as occurs in the Perrunal AMD (Fig. 4A). A similar range of Eu
anomalies is exhibited by jaspers and felsic volcanic rocks. In the case of

Poderosa mine

Perrunal mine

Lithology Sample 0.025 M H3SO04 0.05 M HzS04 Sample 0.025 M H3SO4 0.05 M HSO4
Gossan PO-9 1.2 1.4
Sulfides PO-8 2.1 2.3 PE-2 0.5 0.6
PE-3 0.2 0.6
Shales PO-5 2.7 3.5 PE-5A 24.5 n.a
PO-6 11.8 13.3 PE-5B 25.2 27.1
PO-11 4.4 n.a PE-5C 339 n.a
PE-7 33.6 38.1
PE-8A 3.8 4.5
PE-8B 4.5 n.a
Jaspers PO-4A 1.0 1.4 PE-1 0.9 0.7
PO-4B 5.2 7.0
Felsic volcanics PO-1 20.9 26.8 PE-4 6.4 10.0
PO-2 15.1 22.9 PE-6B 6.3 6.6
PO-3 9.4 17.5 PE-9 323 38.3
PO-7 16.4 33.6 PE-11B 49.7 55.2
PO-10A 20.2 23.4
PO-10D 2.8 3.0
PO-12 3.1 4.7
Intermediate volcanics PE-10B 31.6 n.a
PE-10C 26.1 n.a
Mafic volcanics PE-10A 21.8 26.9

n.a: not analyzed.
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Fig. 4. Ce (A) and Eu (B) anomalies in the different lithologies and AMD of the IPB. The markers represent the samples taken in this work (0.25 and 0.5 M H,SO4 and
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mafic volcanic rocks most samples of the IPB display positive anomalies,
with intermediate rocks exhibiting Eu anomalies close to + 1. On the
other hand, sulfides and gossans present a wide range of variability,
from very positive (Eu * N = 3) to negative Eu anomaly values, although
most samples are characterized by the absence of anomalies. Finally, the
IPB shales are mainly characterized by the absence of a Eu anomaly.
However, as in the case of Ce anomalies, the inclusion of volcanosedi-
mentary material in these shales makes some samples exhibit values like
those of volcanic rocks. These results seem to focus on felsic and inter-
mediate volcanic rocks, as well as shales with some volcanic compo-
nents, as the main source of REE in AMD.

Regarding the NASC-normalized REE patterns, it can be observed
that the rocks from the Poderosa (Fig. 5A) and Perrunal (Fig. 5B) mines
coincide with the fields shown previously for the rocks of the IPB
(Fig. 3), except for shales that exhibit patterns similar to those of the
felsic rocks as mentioned above. This means that the patterns of the
whole rocks differ from the patterns observed in the AMD of both mines,
characterized by an enrichment in MREE, and a slight enrichment in
LREE with respect to HREE in the Poderosa mine, and the opposite
enrichment in the Perrunal mine. Therefore, fractionation processes

may occur during acid leaching of these rocks producing these changes
in the REE pattern. Indeed, the REE behavior during their release from
rock to an acidic medium generates leachates with MREE-enriched
patterns like those that appear in AMD. In this sense, the REE source
in the AMD of Poderosa mine seems to be related to the dissolution of
felsic volcanic rocks, and to a lesser extent to shales and jaspers, which in
some cases present a pattern similar to that of felsic rocks (Fig. 5A). On
the other hand, the REE source is not so clear as the Perrunal mine as
volcanic rocks (both felsic and mafic), shales or jaspers exhibit REE
patterns like that of the Perrunal AMD, with slight differences (Fig. 5B).
This could indicate that the dissolution of these elements and their
enrichment pattern would not occur during the water-rock interaction
with a single lithology, but from a combined leaching of various rock
types. These hypotheses on the origin of REE in the AMD are consistent
with the geology observed in both areas, as has been shown previously,
whereas the system of galleries through which the Poderosa AMD runs is
located mainly between epiclastic rocks of the felsic series (Fig. 1), the
Perrunal area is dominated by shales, but with an important influence
from mafic and felsic rocks, and jasper (Fig. 2).
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3.3. Mineralogical evidences of the origin of REE in Perrunal and
Poderosa mines

As mentioned above, the results of the HySO4 leaching experimentsof
the host rocks and sulfides seem to suggest a connection between some
lithologies of the host rocks from the Poderosa and the Perrunal mines
with the REE patterns found in the AMD. A detailed mineralogical study
by FESEM of the rock samples collected in this study has confirmed the
existence of a great variety of REE-bearing minerals in the different li-
thologies of both mines. Significant quantities of LREE-enriched phos-
phates ((REE)PO4 enriched in Ce, Nd, La; monazite type) (Fig. 6A,Q),
which appear systematically in rocks belonging to the felsic volcanic
series and the shales, have been observed. On the other hand, HREE-
enriched phosphates ((REE)PO4 enriched in Y, Dy and Er; xenotime
type) (Fig. 6A) have been found in most felsic volcanic rocks, while
LREE-enriched carbonates (Ca(REE);(CO3)3F, enriched in Ce, La, Nd;
parisite type) (Fig. 6B) have been observed in carbonate-rich shales from
the Perrunal mine. In addition, other minerals such as apatite or zircon
have also been detected. However, they may have a minor role as a
source of REE due to their slower dissolution kinetics under acid con-
ditions (Ayers and Watson, 1991; Hoshino et al., 2012), and the lower
abundance observed with respect to the abovementioned REE-rich
phosphates and carbonates. Most of the REE-bearing phosphates and
carbonates appear in areas with sericitic alteration, filling holes in the
matrix, often accompanied by Fe and/or Ti oxides. Considering the REE
pattern of these minerals (Fig. 6D), monazite and parisite have very
similar characteristics, with MREE enrichment and a slight HREE
depletion with respect to LREE. Within the latter there are two sub-
groups based on Ca content (Table S1) which are easily identifiable by
changes in reflectivity in the FESEM images (Parisites with up to 16-18
% Ca in less reflective zones, and only 0.5-3 % Ca in more reflective
zones) (Fig. 6B), however, both groups exhibit the same REE pattern. On
the other hand, xenotime displays an enriched pattern in HREE and
MREE, with a strong relative depletion in LREE. This variability in the
REE patterns within REE-hosting minerals is of paramount importance

Fig. 6. A: Monazite and xenotime in rhyolite from the
felsic volcanic series of the Poderosa mine, B: Parisite
in carbonate-rich shales from the Perrunal mine, C:
Monatzite in felsic volcanic rocks from Poderosa mine,
D: Range and average REE patterns in xenotime (n:
17), monazite (n: 14) and parisite (n: 17) from both
mines. Chemical data from microprobe mineral anal-
ysis are available as an electronic supplement
(Table S1). Xt: (REE)PO4 xenotime type, Par: Ca
(REE)2(CO3)sF> parisite type, Mz: (REE)PO4 monazite
type, Ap: Apatite, Fe/Ti Ox: Fe and/or Ti oxides, Ser:
sericite, Fd: feldspar, Qz: quartz.
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Fig. 7. A: Apatite with LREE phosphate rim in carbonate-rich shales from
Perrunal mine, B: Apatite with traces of LREE phosphate rim in felsic volcanic
rocks from Perrunal mine. REE-P: (REE)PO4, Ap: Apatite, Fe/Ti Ox: Fe and/or
Ti oxides, Ser: sericite, Fd: feldspar, Zr: zircon.

in the geochemical fingerprint of AMD, since the preferential leaching of
any of these minerals (which even coexist in several of the samples
studied, see Fig. 6A) could result in the characteristic MREE-enriched
REE pattern of AMD, and the relative enrichment in HREE or LREE
respectively.

Finally, evidence of this preferential leaching of these REE-rich
minerals has been found. Fig. 7 shows the existence of several growth
phases in the apatite of the carbonate-rich shales from the Perrunal mine
(Fig. 7A), with both growth phases being separated by the formation of
an LREE-rich phosphate rim, probably monazite. This REE-rich growth
rim around apatite has been described in other context associated to
local REE remobilization by hydrothermal fluids (Anenburg et al.,
2021).

On the other hand, in rocks from the felsic series of the Perrunal mine
(Fig. 7B), the same type of apatite is observed, but the monazite rim
appears to have been leached upon acidic conditions, leaving only small
remains (<1 pm) and a slight REE enrichment at the edges of the apatite.
This mineralogical evidence, that have been observed in several sam-
ples, clearly support the hypothesis previously raised that the main
source of REE in AMD in the studied area would be readily dissolvable
REE-rich phosphates and carbonates.
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4. Conclusions

This work has been focused on understanding the origin of REE in the
AMD of the IPB, which, according to previous studies, represent an
important secondary source of REE with high possibilities of valoriza-
tion from the economic point of view (Leon et al., 2021). From a tech-
nical point of view, numerous recent studies have focused on the
different mechanisms to achieve the recovery of REE from AMD, high-
lighting the methods based on chemical precipitation, solvent extrac-
tion, ion-exchange and adsorption (Mwewa et al., 2022). Despite the
possible issues of the different extraction methods, the feasibility of their
application in the IPB could be enhanced both by the high concentra-
tions of REE in said leachates (average of 2250 pg/L), and by the envi-
ronmental requirements of mitigating the pollution generated (Ledn
et al., 2021; Mwewa et al., 2022). In this new work, a geological,
petrographical, mineralogical and geochemical study of the Poderosa
and Perrunal mine rocks (IPB, SW Spain) has made it possible to improve
our understanding on the behavior of REE in AMD systems during the
interaction of acidic waters with rocks, the potential sources of REE and
their fractionation processes. The rocks with the highest REE contents in
the IPB are shales and felsic volcanic rocks. Although intermediate and
mafic volcanic rocks generally carry somewhat lower concentrations,
they may also sporadically have significant amounts of REE, as in the
case of the Perrunal mine. On the other hand, gossan, sulfides and jas-
pers could be excluded as potential sources of REE due to their low
concentrations. The patterns presented by these rocks range from flat
patterns, to slightly HREE enriched patterns relative to NASC, differing
from the patterns observed in the AMD of the IPB, with a characteristic
MREE enrichment. Acid leaching experiments (0.25 and 0.5 M H2S04)
performed to mimic water-rock interaction in AMD systems have
demonstrated the fractionation of REE during the water-rock interac-
tion observed in the field, with MREE-enriched patterns in the leachate
from some of these lithologies. Additionally, it has been observed that,
during this interaction, the leachate inherits the Ce and Eu anomalies
from the rocks and, therefore, these values can serve as a tracer of the
source of REE in AMD. Although Ce anomaly values in the case of the IPB
do not offer much information due to their low variability in these rocks,
the Eu anomaly could help to determine the possible sources of REE. In
this sense, the Eu anomalies and the patterns observed in the HySO4
leachates indicate that REE in Poderosa AMD are mainly released from
felsic volcanic rocks, while the incongruent dissolution of various li-
thologies may be the REE source in the AMD of Perrunal mine. Finally, a
detailed petrographic examination of the host rocks collected in both
study areas documented the existence of REE-rich minerals (i.e.,
monazite, xenotime and parasite type phases), characterized by
different ratios of LREE/HREE. The preferential leaching of these HREE
or LREE-enriched minerals, observed by FESEM, may be the responsible
of the asymmetry in REE patterns (enriched in HREE over LREE or the
opposite) observed in the typical MREE enriched patterns of AMD.
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