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Abstract: Mining waste, processing by-products and mine water discharges pose a serious threat to
the environment as in many cases they contain high concentrations of toxic substances. However,
they may also be valuable resources. The main target of the current review is the comparative study
of the occurrence of rare earth elements (REE) in mining waste and mine water discharges produced
from the exploitation of coal, bauxite, phosphate rock and other ore deposits. Coal combustion ashes,
bauxite residue and phosphogypsum present high percentages of critical REEs (up to 41% of the total
REE content) with ZREY content ranging from 77 to 1957.7 ppm. The total REE concentrations in
mine discharges from different coal and ore mining areas around the globe are also characterised
by a high range of concentrations from 0.25 to 9.8 ppm and from 1.6 to 24.8 ppm, respectively. Acid
mine discharges and their associated natural and treatment precipitates seem to be also promising
sources of REE if their extraction is coupled with the simultaneous removal of toxic pollutants.

Keywords: rare earth elements; mining waste utilisation; acid mine drainage

1. Introduction

Rare earth elements (REE) are mainly divided into light and heavy rare earth elements
(LREE and HREE, respectively). The LREEs are defined as the lanthanide elements from
lanthanum through to samarium (La, Ce, Pr, Nd, Sm) and the HREEs as the lanthanide
elements from europium through to lutetium and yttrium (Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu & Y). Yttrium is often grouped with the HREE due to its similar properties [1]. REEs are
geochemically classified into three groups: the light rare earth elements (LREE- La, Ce, Pr,
Nd and Sm), middle rare earth elements (MREE: Eu, Gd, Tb, Dy and Y) and heavy rare
earth elements (HREE: Ho, Er, Tm, Yb, Lu) [2,3].

The extended use of REEs is linked to their magnetic, catalytic and optical properties.
Their main uses are in the automotive, telecom and electronic sectors, as well as aerospace,
defence, and renewable energy. Their demand in recent years has continued to increase
with the global production of REEs reaching 190,000 and 210,000 tonnes in 2018 and 2019,
respectively (USGS, 2020). Between now and 2026, growth in demand will be linked to the
production of NdFeB magnets for hybrid and electric vehicles, and wind turbines [4].

Currently, the world reserves of REE are mainly located in China, Brazil, Vietnam, Rus-
sia and India. China, with nearly half of the world’s known REE reserves, still dominates
REEs production, contributing to approximately 63% of the global production [5]. REEs are
commercially extracted from rare earth deposits that contain REEs-bearing minerals such
as bastnaesite, monazite, loparite, xenotime and REE rich clays. REEs ore deposits occur
in a wide variety of rocks and genetic types [6]. The most important ones for commercial
exploitation are carbonatite-associated deposits, ion adsorption deposits, alkaline igneous
rocks placer deposits, more anecdotic hydrothermal deposits and seafloor deposits. The
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primary resources of REEs have been identified and explored during the last decades in
many areas in Europe such as Sweden, Norway, Greenland and Turkey [1]. However,
none have so far been manufactured. Instead, secondary sources of REE, mainly from the
recycling or processing of waste materials, are drawing the attention of both the scientific
community and the industry, as they can become a new source of supply [7,8].

The recovery of REEs by recycling secondary resources can diminish the environmen-
tal footprint as well as the costs involved in mining and processing primary ores [9]. Many
secondary sources of REEs appear promising, such as: mining waste produced during
mining and metallurgical activities such as acid mine drainage (AMD), bauxite residue
(BR), coal combustion products (CCP) and other ore mining waste such as tailings and
sludge [10-13]. The major difficulty regarding the exploitation of mining waste is the high
degree of heterogeneity (waste quantities, metal content and distribution, mineralogy, etc.)
causing several limitations for the upscaling of promising recovery technologies [14]. As
a result, it is an urgent challenge to better understand the mineralogy and geochemical
characteristics of REE secondary sources to find more efficient recovery methods targeting
the zero-waste concept. Within such a framework, the overall scope of the current review
paper is the comparative study of the geochemical occurrence of rare earth elements (REE)
in mining waste and mine water discharges produced from coal, bauxite phosphate rock
and other ore mining activities. In particular, the main objectives are (1) to discuss the
geochemical occurrence of REE in different types of mining waste and (2) to identify the
geochemical processes which are involved in the enrichment of REE in the mining waste of
different mine types. To the best of our knowledge, this is the first literature review which
focuses on the geochemical occurrence of REEs in mining waste, whereas the majority
of the published reviews mainly focus on recovery technologies. This information will
improve the knowledge of current research, highlighting the challenges involved in the
recovery of REEs.

2. Materials and Methods

A compilation and analysis of data from several studies, that have investigated the
occurrence of REE in different types of mining waste, was performed. Google Scholar was
used as the search engine to find the relevant publications. Based on the review objectives
the following keywords were considered in different combinations: mining waste, REE,
rare earth elements, coal fly ash, coal ash, coal combustion by-products, bauxite residue,
red mud, mine water, acid mine drainage, mine tailings, ore mining waste, geochemical
occurrence, phosphate waste, and phosphogypsum. Using the logical operators available
in the Google Scholar search engine, we set a query so as to search through the records
and reach the publications that included at least one of these keywords in each tier in their
title, abstract, or list of keywords. We focused on the literature of the last ten years by
identifying articles with supplementary material that included raw data for the metadata
analysis. A total of 154 papers were finally selected and evaluated by the authors to assess
their relevance for the review objectives. After review papers and non-English papers
were removed, 142 papers remained. In the end, a total of 135 publications were selected
to be included in the review. The publications excluded at the last stage were related to
recovery technologies of REEs without mentioning the relevant data for the scope of the
present review.

These data were also supplemented by the REY composition of ten fly ash samples
collected from five power plants in Greece. These included the power plants of Amyntaio,
Agios Dimitrios, Kardia, Meliti (northwestern Greece) and Meagolopoli (southern Greece).
The chemical analyses were performed at the ACME Analytical Laboratories in Canada
with the use of ICP-MS. Detection limits ranged between 0.01 and 0.05 ppm for rare earth
elements and between 0.1 and 10 ppm for yttrium. The compiled data were used to build a
consistent database of REE concentrations to examine possible trends in REE abundance
among the different types of mining waste (Tables S1 and S2). The database was developed
in order to contain a representative number of samples for each type of mining waste,
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whilst maintaining the scope to complement the literature review process. In the respective
database, the reported REE concentrations included the 14 naturally abundant lanthanides
and Y when the respective measurements were available.

In total, 543 samples comprising of both solid material and mine water were included
in the database. Specifically, 302 samples were compiled in the database for coal mining
waste (coal ash, fly ash, coal waste and coal mine drainage). To better understand the
relative REE abundance among the different types of coal mining waste for each coal
basin, the compiled data were classified into three sub-types: (a) fly ash collected from
electrostatic precipitators (EPS), (b) other coal ash (bottom ash collected from the power
plants or coal ash generated in the laboratory), and (c) coal waste which may correspond
to a mixed material of landfilled ash and/or coal refuse/gangue material. It must be
mentioned that the term ‘coal ash’ in this study was used only for the aforementioned ashes
and it did not include the fly ashes which were classified separately. In the case of coal mine
drainage, a total of 84 samples were included. For bauxite residue (red mud), a total of
18 samples were acquired originating from different bauxite deposits around the globe. For
phosphate waste a total of 8 samples including tailings, waste clay and phosphogypsum
(PG) were also included in the database. Regarding the mining waste from other ore
deposits, 72 samples from mine tailings and associated landfilled material were included
as well as 53 samples of non-treated acid mine discharges. In this case, Y concentrations
were not available for all the samples so the respective diagrams were plotted without
Y. The REE concentrations of the solid samples of the dataset were normalised to upper
continental crust values (UCC) [15] to allow for comparison with the REE distribution
among the different types of mining waste.

Finally, to assess the potential of the solid mining wastes as secondary sources of REEs,
the total rare earth oxide (REO) content had to be greater than 1000 ppm (0.1% w/w) [3]. For
this reason, only the samples which met the above criterion were included in the respective
calculations. The ratio of the relative amount of critical REEs in the REE sum to the relative
amount of more abundant REEs was proposed for a primary assessment of ore quality. The
following ratio is the outlook coefficient [3]:

Coutl = (Nd + Eu + Tb + Dy + Er + Y/XREY)/(Ce + Ho + Tm + Yb + Lu/XREY) (1)

The higher the coefficient is, the more promising the REY ore, with respect to potential
industrial value.

3. Geochemical Occurrence of REE in Coal Mining Waste
3.1. Coal Mining and Combustion by-Products

REY-rich coals are formed under various geological conditions, at different stages
during the evolution of coal basins, through various ore forming processes [3,16]. The
following four genetic types of REY accumulation in coal are identified [3]: (a) the ter-
rigenous type, with REY input by the surface waters; (b) the tuffaceous type, connected
with falling and leaching of acid and alkaline volcanic ash; (c) the infiltrational or meteoric
groundwater-driven type and (d) the hydrothermal type, connected with the circulation of
deep hydrothermal fluids [17]. The influence of hydrothermal solutions leads to sulphur
and REY enrichment of the primary coal in the Rasa coal basin, Croatia [18]. The REY in
coals are hosted within fine-grained authigenic minerals (REY-bearing aluminum phos-
phates and sulphates of the alunite group, and water-bearing phosphates and carbonates)
and organic compounds. Bastnisite [(La,Ce,Y)CO3F] is one of the major REE carbonate
hosts, in the late Permian coals from the Moxinpo coalfield, in southwestern China [19].
Phosphate minerals such as xenotime, Gd-apatite and Y-crandallite are also important
REY-carriers [20]. Extensive literature data indicate that the distribution of REE in coal
combustion by-products depends mainly on the chemical composition of the primary
source coal, since REE do not show a volatile behaviour [3,21].

The concentration of REE exhibits a significant range among the different regions of
exploitation (Figures 1a,b and 2). In this context, REE concentrations in the coal ashes
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from the different coal basins range from 77 ppm in the Binxian coalfield in China [22] to
1175 ppm in the Appalachian coal basin in USA [23] (Figure 1a). The highest median of
REE concentrations belongs to the coal ash of the Appalachian basin (529 ppm), followed
by the Illinois coal basin with 290.6 ppm, the Binxian coal basin with 211 ppm and the
Northwest Thrace coal basin with 194.7 ppm. Coal ashes from the Illinois basin (USA)
present sub-parallel and relatively flat upper continental crust-normalised REE-patterns
(UCCN) compared to those of the Powder River basin (USA). Both regions are characterised
by remarkable positive Eu anomalies (Eu*/Euyccn = 0.24-0.26 and 0.24-0.33 for the Illinois
and Powder coal basins, respectively). The presence of plagioclase crystals usually justifies
the positive Eu anomalies [24-26]. This is further confirmed by the fact that the rocks of
the Powder basin are usually plagioclase-rich.
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Figure 1. (a,b) Boxplots of REY concentrations for coal ash and fly ash, respectively, from different coal basins: Appalachian
(App. USA), Illinois (Ill. USA), Powder river coal basin, USA [23], Binxian (Bin., China) [22], Northwest Thrace coal basin
(NT, Turkey) [27], Polish coalfields [13] (*: outlier values).

The Appalachian coal ash samples exhibit a wide range of REE contents, whereas
their upper continental crust (UCC)-normalised REE-patterns occur in cases characterised
by either negative or positive anomalies (EUyccn = 0.56-1.05). The enrichment of the
Appalachian basin coal ashes tends to be greater in MREEs and HREEs, especially Gd (that
often exhibits positive anomalies) and Dy, relative to the LREEs (Figure 2a). Regarding the
coal ashes from China, those of the Binxian region exhibit a slight fractionation between
LREE and HREE, marked by high LREE contents [22], whereas, in some cases, Gd presents
positive anomalies. The upper continental crust (UCC)-normalised REE-patterns of the
Hancheng coal ashes (China) are quite flat and show slight negative Ce and significant
positive Gd anomalies. In the Northwest Thrace coal basin, coal ashes generated in
the laboratory show fractionation between HREE and LREE, characterised by HREE-
enrichments, except for Eu and Gd, which are depleted [27] and present remarkable
positive Y anomalies. The coal ash from the Rasa coal deposit in Croatia has a maximum
REO content of 464 ppm. Among the different coalfields, the enrichment factors of the
individual REEs vary [18].

Many researchers have identified coal fly ash as a resource of REE [2,28]. The REE
concentrations in fly ashes from the different coal basins range from 91.8 ppm in the Polish
coalfields [13] to 775.5 ppm in the Appalachian coal basin, USA ([23]; Figure 1b). Fly
ash from the Appalachian coal basin (Figure 2b) has the highest median value of REE
concentration (532.1 ppm) whereas the Illinois, Polish coalfields and the Powder River
coal basin present similar median values, 338.9 ppm, 348.1 and 361.9 ppm, respectively.
The fly ashes originating from the Powder River coal basin exhibit significant enrichment
regarding the MREE and especially Eu, which has the highest median value of 4.0. Polish
coalfield fly ashes also present higher enrichment factors in medium REE [23].
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Figure 2. Upper Continental Crust (UCC) normalised-REE patterns of: (a) coal ash [22,23,27], (b) fly ash [13,23], (c) coal
waste [18,22,23,29]. Normalisation factors after Taylor and McLennan [15].

Pan et al. [30] studied fly ashes from Nayong power plant in China and found that REY
concentrations were enriched with increasing particle size. They also reported that REY oc-
currence was mainly associated with silicate and aluminosilicate fractions (65.22%), while a
lower percentage (12.12%) belonged to an organic or sulphide fraction, concluding that REY
in the coal fly ash (CFA) was significantly associated with Al and P. This indirectly indicates
the existence of REY-bearing aluminum phosphates and sulphates of the alunite supergroup
(APS minerals) and REY-bearing organic compounds (humic matter) in the primary coal.
In fly ashes originating from the USA coal basins (Appalachian, Illinois and Powder river
basins) REEs occur in the aluminosilicate glass with Ca, Fe-enriched aluminosilicate glasses
to present higher REE contents than pure Al-Si glasses [28]. Taggart et al. [23] also found
that fly ashes from the different coal basins in the USA were correlated positively with Al,
indicating that the main REE bearing phases were aluminosilicate glasses. Liu et al. [31]
identified a range of REE phases in fly ashes from USA coal basins such as REE oxides,
REE phosphates, apatite, zircon, and REE-bearing glass phases. In addition, in fly ash and
bottom ash samples from the National Energy Technology Laboratory, USA REE-bearing
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phosphate minerals (thabdophane, monazite, xenotime, and apatite) occur as ashes and
crystals in the rock pore space [32,33]. According to Franus et al. [13] Polish coal fly ashes
also exhibited a correlation between REE, Al and Si indicating that the main REEs hosts
were aluminosilicate glasses. Concerning the bottom ash deposit at Ceplea Valley, Romania,
the SEM/EDS results showed that the only REE-bearing minerals are micrometer-sized
phosphate grains with Ce, La and Nd, with an average diameter of 4.85 pm, which must
be dispersed in the glassy aluminosilicate matrix [13,34]. Greek fly ashes were studied
from selected sampling sites of northwestern and southern Greece. In both cases they
exhibited relatively flat upper continental crust (UCC) -normalised REE patterns. Fly
ashes of northwestern Greece occasionally showed slight positive Dy and Eu anomalies
(Eu*/Euyccen = 0.97-1.13) and sub-parallel patterns with those of the Illinois basin. Their
YREE content including Y ranged between 172.78 and 279.87 ppm. In particular, Greek
fly ashes were substantially enriched in LREE (XLREE = 128.55-201.82 ppm), whereas in
MREE and HREE were less abundant (14.30-26.25 ppm and 5.42-11.40 ppm for MREE and
HREE, respectively). The positive correlation of LREE with Th (not shown here) was highly
indicative of the presence of monazite, which is regarded as major Th-LREE source. This sce-
nario was further enhanced by the fact that La and Ce (La + Ce = 95.50-147.30 ppm) were
observed in higher amounts compared to those of Pr and Nd (Pr + Nd = 33.05-54.52 ppm).

It is well established that the morphology of a fly ash particle is controlled by the
combustion temperature, and that the combustion process results in an enrichment of
metal concentrations in the coal ash, often four to ten times larger, in relation to coal [13].
Additionally, even though coal is subjected to many transformations during and after
combustion (e.g., decomposition, volatilisation, fusion, agglomeration or condensation), ac-
cording to the aforementioned studies it seems that the aluminosilicate fraction of fly ash is
the most enriched in REE regardless of the origin of primary coal. This shows that the com-
bustion process does not have a great impact on the REE-bearing minerals. Nevertheless,
it cannot be dismissed that calcination could result in thermal decomposition of minerals
and the re-distribution of individual REE among the different mineralogical fractions, such
as the oxidation of sulphide minerals into low-solubility oxides (e.g., hematite) [35]. It
must be mentioned that in synthetic-representative REE-bearing phases, during heating up
to 1500 °C, REE-lignin and REE-chitosan complexes, hydrated Y,(CO3); and Ce,(COs)s,
bastnisite, and REE-doped calcite, transform into corresponding oxides after heating, ac-
companied by Ce(Ill) oxidation, whereas apatite, monazite, xenotime, and zircon are barely
altered [31]. On the contrary, the total REE content and the enrichment of the individual
rare earth elements in both coal and fly ash varies among different coal deposits, due to the
different genetic type of the primary coal.

REE concentrations in coal dumps from the Binxian coalfield and the Hancheng coal-
field in China (Figure 2c) range from 59.9 to 301.9 ppm with its median values measuring
175.7 and 215 ppm, respectively [22]. Their upper continental crust (UCC)-normalised
patterns exhibit a slight fractionation between LREE and HREE, occasionally characterised
by negative Ce and Y anomalies, as well as slightly positive Gd anomalies. The last are
attributed to the interaction with hydrothermal fluids, which are derived from middle-
ocean ridge settings [22,36,37]. Honaker et al. [29] found that the REE content in coal
refuse samples from the West Kentucky and Illinois coal basins ranged from 32 to 180 ppm.
Wen et al., [38] reported that REE concentrations in coal gangues from Xishan coalfield
in China ranged from 96.65 to 379 ppm and suggested that REE would occur mainly in
clay minerals such as kaolinite, whereas the presence of apatite could further explain the
observed REE-enrichments. The coal gangues were covered by sedimentary formations,
indicating that the most common source of REE is terrigenous debris [38]. The coal waste
piles from the Nowy Wirek coal mine, Poland were enriched in REE elements with its
concentrations ranging from 83.25 to 355 ppm. Honaker et al. concluded that the main
REE bearing minerals were clay minerals [39]. In this context, the observed abundance in
REE was highly affected by the thermal alteration degree, coupled with the burning degree
of organic matter and clay mineral-dehydroxylation [39]. According to Zhang et al. [40],
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middling and coarse refuse samples from Beckley plant, USA had a REE content of 198 and
283 ppm, respectively, with both the LREEs and HREEs existing as phosphate minerals.
In general, coal dumps were characterised by lower concentrations of REE comparatively
with coal ash and fly ash.

Interpretation of the distribution of REEs among the different types of coal mining
by-products (coal wastes, coal ash and fly ash), in terms of geological and physicochemical
processes, is a complex procedure that must take into consideration several parameters. In
particular, the observed REEs enrichments and depletions are controlled by the mineralogi-
cal composition of the coal, the petrological classification and mineralogical composition of
the surrounding rocks and sediments, as well as by variable geological processes such as
interaction with hydrothermal fluids and/or meteoric/surface waters.

In this context, the observed REE-enrichments in several Chinese (Binxian and
Hancheng) coal by-products plausibly resulted from their interaction with hydrother-
mal derived fluids, which are associated with the adjacent ultramafic, mafic, intermediate
and felsic rocks [22,41]. This is further confirmed by the fact that the REE-enriched coal
ash samples from the Hancheng locality also exhibited positive Eu anomalies, which were
attributed to the involvement of hydrothermal and high-temperature fluids [22].

The Illinois and Powder basin coal ashes show similar REE contents compared to
those of the Chinese samples, which suggests that they may have been subjected to similar
geochemical processes. The highest REE contents, which are observed in the coal waste
and coal ash samples of the Appalachian basin are linked with the higher organic contents
in coal, coupled with the effect of feeding solutions that penetrated the coal during the
early stages of their formation [32]. The lower REEs content, which is observed among
the different types of coal mining by-products can be assigned to the effect of leaching
processes via underground waters [32]. The development of redox reactions can be linked
with depletions in significant REEs, such as Ce, causing subsequent negative anomalies [22],
whereas the further establishment of REE depletions can be assigned to the interaction of
the initial coal seam with seawater [22]. These could also justify the observed differences on
the REE contents between the studied coal by-products among the different studied regions.

The aforementioned findings indicate that the interaction of coal with REE-bearing
hydrothermal and/or meteoric fluids are two of the most common processes that geochem-
ically control the observed REE enrichments. On the other hand, the predominance of
redox conditions and/or the involvement of leachate solutions are substantially associated
with REE depletions.

3.2. Coal Mine Water Discharges

REEs in coal mine drainage samples collected from different coal basins around the
globe are characterised by a high range of concentrations varying from 0.3 to 9879 ppb
(Figure 3a). REEs concentrations can also greatly vary within the same coal basin (Figure 3a).
This is attributed to the different geochemical processes occurring in different areas of the
same coal basin.

The neutral mine drainage in the vicinity of the Anjir Tangeh coal-washing plant in
Iran shows heavy REE (HREE)-enrichment with REE concentrations ranging from below
the limit of detection to 15.1 ppb [42]. In addition, REEs are proven to be associated with
aluminium phosphate minerals, as REEs are positively correlated with Al, P, La, Gd, Sm,
Pr, Nd, Ce, Dy and Y, indicating that the aforementioned minerals are the main source [42].
The acid mine drainage (AMD) originating from the Xingren coalfield, China, shows a
slight enrichment in MREEs (XREE ranged from 118 to 926 ppb) whereas their parent
rocks are more enriched in LREEs and MREEs [43]. Lefticariu et al. [44] reported that the
2REEs in coal mine drainage (CMD) from the Illinois coal basin, varied between 1 and
9879 ppb, concluding that the aluminosilicate minerals and especially Al-rich clay minerals
(i.e., kaolinite, illite) were the main sources of REEs in CMD. Vass et al. [11] found that
REE concentrations in CMD of the Northern Appalachian coal basin ranged from 0.25 to
3100 ppb with HREE becoming more enriched, suggesting that REE occurrence in the
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host strata was associated with manganese oxides and aluminosilicates. Possible sources
of REEs in CMD of the Appalachian coal basin, are phosphate and carbonate minerals,
occurring in the carbonate cement of shales or sandstones [45]. Based on the literature
review and the North American Shale and NASC-normalised patterns of REE content in
CMD provided by Worall and Pearson [46], middle REE enrichment has been commonly
reported. Stewart et al. [47] have also reported that CMDs from the Appalachian coal basin
are mainly enriched in MREE, with ZREY concentrations ranging from 0.29 to 1134 ppb.
Nevertheless, the MREE enrichment in coal mine drainage does not reflect the chemical
composition of bulk rock units with which the CMD has interacted [47]. This indicates that
REEs in CMD are largely determined by the physicochemical conditions that prevail in the
aqueous phase during water rock interaction.
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Figure 3. Boxplots of (a) ZREY concentrations and (b) pH values for coal mine drainage from different coal
mines [42-44,47 48], (*: outlier values).

The pH of CMD is a significant parameter controlling both the REEs release from the
associated minerals as well as the speciation of REEs in the aqueous phase. As it is shown
in Figure 3b, total REE concentrations in CMD increase as the pH decreases among the
different coal basins. This general trend has been observed by several studies [11,45]. As
CMD pH increases, REEs decrease due to the adsorption and co-precipitation of Al and
Fe hydroxides [42]. Data from the Appalachian coal mine [47] indicate that ata pH > 6.6
the ZREE content in the CMD drops significantly, showing the possible adsorption of
co-precipitation with aluminium or ferric iron into a solid phase prior to discharge. For
this reason, in CMDs characterised by neutral to alkaline pH, REEs concentrations are
significantly decreased comparatively with more acidic CMD (Figure 2a,b). At slightly
alkaline pH values the main REE species are carbonate (Ln(CO3)>~) and (Ln(CO3)*) com-
plexes [42], whereas at acidic pH values sulphate complexes (Ln(SO4)* and Ln(SO4)?") are
the dominant compounds [43,44]. Another reason why REE concentrations are higher in
AMD than in neutral mine drainages is because the acidic conditions favour the dissolution
of minerals in tailings and bedrocks, thus releasing higher dissolved concentrations of
REEs into the waters. In AMD, the MREE are more enriched, compared to LREE, in ele-
ments such as La and Ce, as these elements are often associated with phosphate minerals
(e.g., monazite) which are more resistant to dissolution [11]. This also indicates that the
geochemical processes (e.g., acidic dissolution, precipitation, sorption, and dilution) that
control AMD formation also control REE leaching and occurrence in the AMD discharges.

The place of discharge point within the coal mine is also an important parameter
for REE occurrence in CMD. REE concentrations increase gradually downstream of the
discharging point of the plant reject water [42]. Nevertheless, Kefeni et al. [49], reported
that REEs concentrations decrease significantly as the distance from the discharging point
increases. The elevation of the discharge point (above or below the mine drainage system)
has a clear impact on REE concentrations in CMD, with lower concentrations occurring in
the below-drainage flooded mine complexes [11]. Precipitates from coal AMD treatment
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can also be considered as feedstock for REE production. Precipitates from the Appalachian
coal basin contain an average concentration of 724 ppm of REEs, estimating that the
total REE flux passing through AMD treatment systems is 13,000 kg/year [11]. The Al
and Mn-rich treatment solids from the passive treatment systems of CMD from eastern
U.S. coalfields are enriched in MREE and HREE, relative to the North American Shale
Composite, with up to 1950 ppm REE [48]. Nevertheless, the REE content of the precipitate
depends not only on the concentrations of REE in the particular CMD outflow that is being
treated, but also on other factors such as water chemistry, solid-liquid partition coefficients
and treatment methods. The passive treatment of low-pH CMD with the addition of
limestone produces precipitates with a higher REE content comparatively with active
systems where lime is used [48]. This is because, in active treatment systems, lime addition
results in non-targeted precipitation (e.g., calcite, gypsum, and Mg (OH),)) diluting the
REE concentrations in the final precipitate. The precipitates from the Appalachian coal
basin can be classified into three groups based on their chemical composition [47]: (a) Ca
and Mg-rich, (b) Si and Al rich and (c) Fe-oxy-hydroxide precipitates showing that Si-Al
precipitates have the greatest enrichment. The precipitates exhibited an MREE enrichment
similar to that of the CMD raw discharge but at significantly higher concentrations [47].

In conclusion, the great variation of REE concentration levels (from 0.3 to 9879 ppb)
from area to area was mainly due to the different geochemical and physicochemical
conditions that prevailed in each area. In particular, the most important factor was the
pH of the coal mine drainage, while the mineralogy of the REEs in the source rocks (for
example phosphates, oxides or clay minerals) and the elevation of the CMD discharge
point (above or below to mine drainage system) were also significant. In general, REE
concentrations levels increased as the pH decreased as the precipitation of Al and Fe
hydroxides was not favoured.

4. Geochemical Occurrence of REEs in Bauxite Residue (Red Mud)

Red mud is produced by the extraction of alumina from bauxite ores with the Bayer
process [50]. In the source rock-bauxite, the most common authigenic REE bearing mineral
is Nd-hydroxylbastnasite [Nd(CO3)(OH)], whereas monazite, [(Ce,La,Nd, Th)PO4] is the
most common detrital REE-bearing mineral [12,51,52]. The bulk mineralogical composition
of red mud includes aluminium oxide phases (boehmite, diaspore), ferrous minerals
(hematite, goethite, and limonite), rutile, anatase, pyrite, calcite, and dolomite. The new
phases formed during the Bayer process are mainly sodalite and gibbsite [8,53]. During
the Bayer process, the bulk REE component is almost entirely transferred into bauxite
residue [54,55]. In the last few years, several researchers have investigated the exploitation
of red mud as a secondary source for the recovery of REEs such as La, Y and Sc [51,53,55].

Red muds from the lateritic-type Timan bauxites in Russia have been shown to contain
up to 90% of the Nb, Sc and REEs present in the original bauxite [56]. In the same context,
Ochsenkiihn-Petropoulou et al. [57], as well as Wagh and Pinnock [58] have demonstrated
two-fold increases in REE, including Sc and Y, in red muds when compared to the bulk
chemistry of the Greek- and Jamaican-source bauxites, respectively [51]. This proves that
the enrichment of red muds in REE depends on the source ore proving, thus proving the
aforementioned assertion related to the content of REE in the red mud. Therefore, the
European refineries that import bauxite from a wide range of sources have great difficulty
in estimating the average REE content in the red mud [51].

Red mud contains a minor fraction of REE ranging from 137.2 to 1957.7 ppm (Table S1).
It is interesting to note that the Sc fraction is quite significant, ranging between 130 and
390 ppm [59]. Scandium (Sc) may represent 95% of the economic value of REE in red
mud [60,61] and is considerably enriched in the bauxite residue compared to the original
ore [62]. In Jamaican bauxite, the Sc concentration ranges from 87 to 113 ppm as Sc;O3
and is accumulated and enriched to levels as high as 200-390 ppm in the red mud. The
same applies for the other REEs in the Jamaican red mud, which exhibit almost double
concentration in relation to their respective bauxite ores [58]. The red mud generated in
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Greece has a high, uniform content of about 130 ppm of Sc in the dry red mud, correspond-
ing to 0.02% of Sc;O3, which is considered a valuable scandium resource. Sc extraction
can be accomplished either through hydrometallurgical treatment or a combination of
pyro-hydrometallurgical treatment processes [54,55,61], while the selective leaching and
extraction of REEs (including Sc) is based on variable substances such as carbonates [63],
sulfurous acids [64], sulfuric acid, hydrochloric and nitric acid [61,65]. In general, the
recoverability of Sc ranges between 20% and 50%, whereas the other REEs exhibit a re-
covery rate of 80% [61]. In the case of Greek bauxite residues, leaching with the Ionic
liquid HbetTf2 N (38) could result in increasing the recoverability of REEs and Sc values
reaching up to 140 mg/L and 45 mg/L respectively [61]. In the same context, the Sc
extraction from Jamaican red mud can be implemented in an economically feasible and
non-hazardous manner [58]. Recoverability of Sc in these red muds has been studied by
Narayanan et al., 2016 [66]. Their method provides 75% recovery of Sc by increasing the
leach-liquor pH with NaOH addition, avoiding the use of organic extractants and solvents,
due to their high cost [66].

In addition, red mud can be enriched comparatively with the upper continental crust
in almost all the REEs (Figure 4). It is observed that the majority of bauxite residues are
characterised by a positive Ce anomaly whereas some others such as Turkish and Jamaican
are more enriched in Tb and Tm relatively, with upper continental crust (UCC). Laboratory
research results indicate that the most abundant REE-bearing phases are LREEferroti-
tanates with major compositions (REE,Ca,Na)(Ti,Fe)O3 and (Ca,Na)(Ti,Fe)O3 [53]. These
are secondary phases formed during the Bayer process by an in situ transformation of
the precursor bauxite, whereas heavy REEs occur in the same form as in bauxites, namely
as Y phosphates. Similar results are reported by Gamaletsos et al. [67] who concluded
that Ce presence might be related to the occurrence of a loparite type phase (belonging to
perovskite group).

1000 | I | | | | | | I 1 | | I ] I =
100 =
O
O 10 —
=2 3
(] .
=
% .
=
] 1 =
m = 3
01~ —=
0.01 1 1 1 1 1 1 1 1 1 1 I 1 1 ] I
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu
Legend
[ Lauta (Germany) M Parnassos (Greece) [ Seydisehir (Turkey) @ Alcan (Canada)
% Alcan (Canada) ¥ Korea ¢ Indonessia  9- India  ¥¢ Jamaica

Figure 4. Upper Continental Crust (UCC) normalised-REE patterns for bauxite residue samples from
different bauxite deposits around the globe [8,9,66,68-71].



Minerals 2021, 11, 860

11 of 24

Red muds from the Lauta deposit (Saxony, Germany) exhibit upper continental crust
(UCC)-normalised REE patterns (Figure 4) which show a slight fractionation between
LREE and HREE. LREE and more specifically Ce and La are the most abundant rare
earth elements, whereas Y and Sc present remarkable contents. Cerium, in some cases,
exhibits positive anomalies, which are potentially attributed to an early-stage immobili-
sation after liberation from the primary Ce-bearing minerals in the bauxite [8]. The total
REE content is equally heterogeneous with concentrations ranging between 758.5 and
1778 ppm [68]. The REE contents of the bauxite residues from the Almasfiizito alumina
plant in Hungary are within a range from 280-1050 ppm, whereas goethite and cancrinite
are the main REE-bearing minerals [71]. Their upper continental crust (UCC)-normalised
patterns are sub-parallel compared to those of the Lauta deposit in Germany. In the same
context, the Parnassos bauxites (Greece) have comparable REE compositions with the
Almasfiizito deposit (Hungary), which is further reflected on their sub-parallel upper
continental crust (UCC)-normalised REE patterns. However, the Parnassos bauxites also
present remarkable (positive) Ce anomalies (Figure 4), which are achieved by oxidising
conditions during the supergene oxidation processes that converts Ce3* into Ce** [8]. In
neutralised Greek bauxite residues, Sc(Ill) and Ce(IV) occur in Fe(Ill)-rich mineral phases,
hematite and goethite [72]. In the Canadian bauxite residue, 0.03 wt% of Ce was found to
be associated with titanium, whereas scandium was found to be amalgamated with iron
and aluminum compounds [73]. The Alcan deposit in Canada shows a high fractionation
between HREE and LREE, characterised by a higher HREE content, strong positive Tb, Tm
anomalies, as well as a strong negative Pr anomaly. Relatively similar upper continental
crust (UCC)-normalised HREE-patterns with those from Alcan deposits are documented
in the Seydisehuire residues in Turkey. These residues present considerably higher REE
contents compared to those of the Alcan deposits and slight fractionations between LREEs
and HREEs, characterised by LREE enrichments. The observed Tb anomalies and remark-
able enrichments in the Canadian and Turkish bauxite residues can most likely be linked
with the extensive weathering processes of the bauxite ores [74]. In the case of Turkish
bauxite residues, these processes can be assigned to the predominance of wet, tropical
conditions that further enhance the degree of weathering [75,76]. An alternative scenario
could also involve the participation of hydrothermal fluids (derived from the adjacent
mafic/diabase rocks) in the bauxite weathering processes [76], which have been occasion-
ally linked with the development of Tb anomalies [77]. Finally, analysed samples from
Indian red mud revealed that it contains measurable amounts of LREE i.e., (La, Ce etc.)
including Sc and Gd (as HREE), with over 0.01% of Gd;O3 containing a high enrichment
of Fe; O3 (about 54%) [78].

In a similar context to the aforementioned coal by-products, distribution and enrich-
ment of REEs in red muds is controlled by the content of REEs and the mineralogical
composition of the bauxite parent rock, as well as by the physicochemical conditions that
occur during the red mud formation. In particular, REE depletions are usually assigned to
the effect of leaching processes by meteoric waters [8]. In addition, changes in the oxidation
conditions can cause depletions in significant elements such as Ce, which are reflected
in the upper continental crust (UCC) diagrams in the form of negative anomalies [8]. In
general, the degree of weathering of the bauxite parent rocks is the major geochemical
process that results in REE mobilisation and the subsequent precipitation in the bauxite
by-products [79]. This process is highly pH-dependant, favouring REE mobilisation under
acidic conditions and REE precipitation under neutral to alkaline conditions [76,79].

5. Geochemical Occurrence of REE in Other Ore Deposits
5.1. Mining Waste

In their research, Khorasanipour and Rashidi, 2020 [10] concluded that the geochemi-
cal pattern of REEs in the mine tailings (XREE ranging from 64 to 275 ppm) collected from
the Cu porphyry sulphide ore deposits in the Sarcheshmeh mine are controlled mainly
by the processes that occur in the acidic conditions. Their experimental results showed
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that HREEs have a higher mobility potential than the LREEs. This meant that REE concen-
trations for the weathered reject waste was 99.0 ppm, while for the fresh tailings it was
136.8 ppm. The REE concentrations in the mine waste samples from the inactive Santa Lucia
mine (pyrite mineralisation), in western Cuba ranged from 16 to 20 ppm (Figure 5; [80]).
The authors reported that the NASC-normalised REE patterns of the mine waste showed
enrichment in LREE and MREE, relative to HREE. In mine waste from the abandoned Sao
Domingos mine area of the Iberian Pyrite belt, XREE concentrations ranged from 18.5 to
310.5 ppm [81] with REE upper continental crust (UCC)-normalised enrichment factors
measuring relatively low. Waste pile samples from the iron oxide-apatite (IOA) deposits
of the Adirondack Highlands in New York present a very high range of ZREE concentra-
tions (11-22,062 ppm) with Y, La, Ce and Nd being the most abundant [82]. A positive
correlation was found between P,Os, Th and the total REE, indicating that Th-bearing
monazite and thorite were associated with the fluorapatite [82]. Pegmatites found in the
region are variably enriched in REEs and may add to the total REE endowment of the
piles when they are included as part of the waste. These waste piles present the highest
median enrichment factor relative to the other mine waste from the Iberian pyrite belt
and Cu-porphyry deposits. Finally, in the abandoned mine tailings of Ingurtosu Pb—Zn
deposits, in southwestern Sardinia, Italy, the maximum ZREE was 300 ppm [83].
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Figure 5. Boxplots of REEs concentration in mine waters from different ore deposits (*: outlier values).

5.2. Acid Mine Water Discharges

Acid mine drainage (AMD) is recognised as the main environmental problem derived
from mining activities, causing the contamination of soil, water resources and the degrada-
tion of aquatic ecosystems [84]. However, AMDs can also be a source of REEs [49]. The
AMDs are enriched in REEs during water-rock interaction processes taking place in waste
rock dumps and tailings impoundments. In their research, Romero et al. [80] identified
that the total dissolved REE concentrations in the acid mine drainage of the inactive Cuban
Santa Lucia mine (SEDEX type Zn-Pb deposit), were between 370 and 860 ppb (Figure 5).
In the same study, samples taken by an adjacent stream which received the mine’s dis-
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charges presented significantly lower concentrations (35-85 ppb) which decreased with an
increasing distance from the discharge point. Contrary to what was observed in the solid
waste samples, the NASC-normalised REE patterns indicated HREE and MREE enrichment
relative to LREE. Research on water samples taken from the acid pit lakes of the Wisniowka
mine (quartzite extraction, pyrite mineralisation) in south-central Poland present similar
results with REEs concentrations ranging from 2919.7 to 24,840 ppb (Figure 5; [85,86]).

The NASC-normalised REE concentration pattern (Podwiéniowka acid pit lake) shows
the prevalence of MREE, especially Gd, Eu, and Tb, followed by HREE, over LREE. Another
significant observation from their results is the strong correlation of HREE with SO4%~ ions
in the Wisniowka AMD waters. This is in accordance with other studies [87,88] which have
shown that REE may be present in the water as prevailing free metal cations and sulphate
complexes. Water samples collected from the Wisniowka Duza acid pit lake, located in the
same mine but in an area with different geology, reveal the distinct predominance of HREE
and Tb- and Gd-positive anomalies. Soyol-Erdene et al. [89] examined the REE patterns and
concentrations in river waters and mine waters (Rio Tinto, Tharsis and Lagunazo) in the
Iberian Pyrite Belt (southwest Spain). They identified that the ) REE concentration in mine
water ranged from 297.9 to 7032 ppb with LREE enrichment relative to HREE (Figure 5).

In general, REE concentrations in AMDs from different ore deposits range from
tens to thousands to micrograms per liter. This difference in the concentration levels
which may also be observed in the same mine is mainly due to the different prevailing
pH and the flow variability during wet and dry seasons. More acidic pH is related to
higher REE concentrations with the mobility of REE mainly constrained by adsorption
or co-precipitation processes. Finally, it is observed that during the dry season, this flow
decreases and REEs concentrations increase.

The above table is considered an exception to the general behaviour observed in
the NASC normalised REE patterns. It illustrates the key role of Al-sulfates for REE
retention. In the Portuguese mine, Sao Domingos, also in the Iberian Pyrite Belt, the ) REE
concentration ranged from 118 to 372 ppb, as it was recorded by Perez-Lopez et al. [81].
Similar concentrations were observed in AMD samples from other European metal mines;
372-2846 ppb (pH = 1.9-3.0) in the Lousal mine of the Iberian pyrite belt in Portugal [90];
and 1600-3000 ppb (pH = 2.77-3.55) in the Ronneburg uranium mine in Germany [91].
In the Sarcheshmeh mine in Iran (porphyry Cu deposit) (the maximum concentration of
REEs was observed in the acidic waters (pH = 2.5-4.7) produced by the weathered tailings
after rainfall (ZREEs of 489 to 1903 ppb) (Figure 5; [10]). Although XREEs decreased as
the pH increased, the general trend was compatible with the highest concentration of
HREEs rather than LREEs. In the acidic Berkeley pit lake located in the Butte mine (Cu
porphyry-epithermal deposit), USA, the REE profiles showed a depletion in light REE
when normalised against NASC, with REE concentrations ranging from 582.8 to 2913.9 ppb
(Figure 5). In these acidic conditions, the aqueous speciation of REE is dominated by
sulphate complexes. The mobility of REE is more likely constrained by adsorption or co-
precipitation with strengite, jarosite, schwertmannite, or other secondary minerals forming
in the lake [92].

In addition, it must be mentioned that the flows of AMDs are highly variable during
the wet and dry seasons. In the case of AMDs of the Iberian pyrite belt, their flows
decrease during summer months by a factor of three to five [93]. This justifies why,
during the dry season, the concentrations of REEs are higher than in the wet season. The
majority of the samples show MREE and HREE enrichment in acid waters, suggesting the
preferential release of HREE in the solution by Fe oxyhydroxides [94]. However, other
researchers mention that this is due to the preferential adsorption of the LREE relative
to oxyhydroxides [95,96]. Ayora et al. [93] studied in lab scale the behaviour of REE in a
multistage sequential treatment of AMD with an REE content of up to 7.9 mg/L, originating
from Iberian pyrite belt. REEs were completely retained in the basaluminite precipitates
and the decantation vessels of the calcite—DAS passive remediation systems [93]. Therefore,
the precipitates resulting from the passive treatment of AMD can be a significant source
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of REEs. In the passive treatment system of the Jales mining site which is an inactive
gold mining area in Portugal, the ZREE content in the treated AMDs ranged from 0.951 to
70.4 ppb, with the highest concentrations occurring downstream from the discharging
point during the summer months. The relatively low concentration of REE in the water at
the exit of the open limestone channel is due to their sequestration by ochre sludge [97,98].

6. Geochemical Occurrence of REEs in Phosphate Waste

Phosphate rock has about 0.01-0.6 percent of REEs [99]. In phosphate rock, REEs
usually substitute calcium ions (Ca?*) in apatite mineral, making their concentration pro-
portional to phosphate (P,Os) concentration. The processing chain of phosphate rock
results in the production of large quantities of waste such as tailings, waste clay and
phosphogypsum [100] which are enriched in REEs, and thus promising secondary sources.
For example, approximately 5 tonnes of PG are generated per each tonne of acid pro-
duced [101]; therefore, PG is a promising secondary source of REE. Phosphogypsum
presents a high range of REE concentrations with a ZXREO content ranging from 415.3 to
2096.2 ppm (Table S1) [102-104]. The highest enrichment factors are observed mainly for
LREE with high enrichment factors, exceeding 10 in some cases (Figure 6). The chemical
composition of PG can vary depending on the nature of the phosphate rock, the type
of the acid processing method and the efficiency of the plant operation. According to
Walawalkar et al., 2016 [105], Y, La, Ce, Nd, Sm, and Pr were detected in both elemental as
well as oxide form in PG.

Flotation tailings are major by-products of the phosphate mining processes, commonly
deposited in surface ponds or waste rocks, and are a remarkable secondary source of REEs
and other critical raw materials (e.g., tungsten; [106,107]). These materials have caused an
increasing research interest over the last 20 years, regarding their REE contents and their
subsequent recoverability [106]. Research results suggest that during the ore beneficiation
process 10-~25% of the total REEs are concentrated into tailings [104,108], hosted within
minerals such monazite (~10 TREO), apatite (~6% TREO), allanite (~5% TREO) and py-
rochlore (~4% TREQO; [104]). In general, the modal mineralogy of tailings is highly linked
with the mineralogical composition of the ore deposit and concentrate.
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Analysis of the REE content of Florida (USA) tailings [110] shows a slight fractionation
between LREE (ZLREE = 8.94 ppm) and HREE (XHREE = 43.1 ppm; LREE > MREE > HREE),
whereas their XREY and REO content corresponds to 196.2 and 232 ppm, respectively. Their
upper continental crust-normalised REE patterns exhibit positive Eu anomalies, which
are plausibly attributed to the presence of plagioclase. Regarding the major REE carriers,
these are most likely the phosphate mineral phases, and mainly franolite, monazite and
xenotime [110]. Floatation tailings from Finland show remarkable fractionation between
LREE (XLREE = 187.3 ppm) and HREE (XHREE = 1.9 ppm; LREE > MREE > HREE) char-
acterised by slight positive Eu anomalies. Their 2REY and REO contents are 216.9 ppm
and 254.6 ppm, respectively. The major REE-bearing mineral phases are apatite, monazite,
zircon, allanite and pyrochlore [104], whereas the slight positive Eu anomalies could be
assigned to the presence of plagioclase as the accessory mineral phase. The analyses of
phosphatic tailings from the Kef Es Sennoun (Algeria) deposits [111], show considerably
lower ~LREE content, compared to those of the other studied regions, but are characterised
by strong positive Eu anomalies in the upper continental crust-normalised REE patterns
(Figure 5). In addition, their geochemical data are restricted only to the LREE and some of
the MREE; hence their analysed ZLREE and MREE content is 17.2 and 7.2 ppm respectively,
whereas their XREO is 29.1 ppm.

Phosphatic clays (slimes or waste clays) are also by-products, which are derived from
the mining of phosphate ores [108]. Waste clays are considered important and critical metal,
P and REE-reserves and their exploitation causes an increasing interest in the industrial
sector [112]. This is supported by the fact that during the phosphate ore beneficiation
almost 40% of the total REE content is distributed to the waste clays [108]. In many cases,
waste clays potentially exhibit relatively low REE concentrations; however, even in such
cases their large quantities provide remarkable amounts of REEs that can be extracted
by implementing efficient techniques [113]. For example, in Florida (USA) more than
20 tonnes of waste clay is produced from the exploitation of phosphate rocks on annual
scale [114]. Similarly, with the above-mentioned tailings, their chemical composition
and the REE content of waste clays are substantially associated with their mineralogical
composition. In this context, their mineralogical components can be distinguished into
clay (such as smectite, kaolin and illite) and non-clay minerals (e.g., quartz, dolomite and
apatite; [112]). Analyses of waste clay material from the Gafsa deposits in Tunisia [109]
show relatively flat upper continental crust-normalised patterns, whereas their >REY and
2REO components are 161.5 ppm and 191.6 ppm, respectively. In addition, their LREE-
UCC-normalised patterns seem to be sub-parallel compared to those of the Finish tailings.
The most common REE-bearing mineral phase of the Algerian clay wastes is fluoroapatite
(>65%), which is the major REE-carrier [109].

7. REE Potential of Mining Waste and Mine Water

The economic importance of Nd and Dy has been underlined by several recent studies
due to the increased demand for NdFeB magnets in hybrid and electric vehicles [115,116].
On the other hand, the supply of La and Ce is predicted to exceed demand [4]. It is fore-
casted that in China the highest potential demand for REEs in 2030 will reach 315 thousand
tonnes for the supply of automotive electrification, accounting for 22% of world production
during that period. In particular, it is estimated that Nd, Dy, Ce, Pr, and La will account for
99% of the total demand [117].

For the evaluation of REE-rich raw materials, it is necessary to consider the individual
REE composition, as the different mining wastes may have different REE distribution
patterns. For the comparative evaluation of the mining waste containing greater than
1000 ppm of REO, a scatter plot (Figure 7), where the y-axis is the percentage of critical
elements in total REY, and the x-axis represents the outlook coefficient (Coutl), is developed
as proposed by Seredin and Dai, 2012 [2]. Fly ash and coal ash have the highest industrial
potential for REE extraction (Figure 7) with the percentage of critical metals greater than
30% and Coutl ranging from 0.7 to 1.1. Bauxite residue follows this figure with the
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percentage of critical metals greater than 25% and the Coutl ranging from 0.5 to 0.97. The
mine tailings originating from iron oxide-apatite deposits [82] have a percentage of critical
metals ranging from 12.6% to 29.6% and a Coutl from 0.26 to 0.97 respectively. Fly ash,
coal ash, bauxite residue and phosphogypsum present high percentages of critical REEs
(up to 41%).
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Figure 7. (a) Percentage of critical elements vs. Coutl for different types of solid mining waste with a total REO
content > 1000 ppm. (b) Percentage of critical elements for the market of electromobility vs. XREY for different types of
solid mining waste with a total REO content > 1000 ppm.

To further assess the industrial potential for the market of electromobility, a similar
plot (Figure 7) for mining waste exhibiting REO concentrations greater than 1000 ppm is
also developed, according to the results of Li et al. [117], who concluded that Nd, Dy, Ce,
Pr, and La are considered as critical elements. It is observed that for all the types of mining
waste, the percentage of critical metals for electromobility is greater than 60% of the total
REY content (Figure 7). The percentage of mine tailings of IOA deposits ranges from 59.8%
to 89.5%, the percentage of bauxite residues ranges from 63.6% to 82.8%, fly ash and coal
ash percentages range from 68.7% to 78.4% and from 69.9% to 74.5%, and phosphogypsum
ranges from 71.2% to 90.7%.

Nevertheless, apart from the content of critical REEs, another significant factor to
assess the industrial REE potential of mining waste is the availability of large quantities.
According to the European Coal Combustion Products Association (ECOBA) statistics,
the amount of coal combustion by-products produced in European power plants in 2016
was approximately 40 million tonnes, of which 63.8% was fly ash and 9% was bottom ash.
In US, the amount of fly ash which is not reused is approximately 27 million tonnes per
year [23]. Furthermore, in the U.S. coal ash is disposed of in approximately 1000 landfills,
which have been accumulating coal combustion residuals for several years. In the Polish
landfills, during 2016, 309.26 million tonnes of deposits were found, of which 26 million
tonnes were the deposited coal ash and the rest were dust-slag compounds from the wet
treatment of furnace waste. Every year, about 150 million tonnes of bauxite residues are
produced worldwide. However, less than 2 million tonnes are recycled [118].

In the case of coal AMD discharges, the percentage of critical metals for the electromo-
bility market ranges from 13.3% to 80.6% with a median value of 57.1% of total REE content
(Figure 8). For the respective percentage for ore mining (pyrite and Cu porphyry mineralisa-
tion), AMD discharges are higher than coal mine drainage, which varies from 55% to 83.9%.
The range of ZREE concentrations in AMD discharges is much lower (1-25 ppm) than the
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respective solid waste (>1000 ppm). Nevertheless, the REE potential of AMDs is promising
when considering the frequency and the flow rates of these discharges. For example, in the
Appalachian coal basin a total of about 538 metric tonnes of REY is generated per year in
a dissolved state, approximately 83% of which consists of acidic discharges (pH < 5) [51].
Additionally, it is roughly estimated that in the Iberian pyrite belt 70 to 100 tonnes of
REY,03 are annually generated [93]. These AMDs are mainly discharged from galleries,
open pits, and waste dumps. The recorded flows are highly variable, i.e., from 0.1 to more
than 100 L/s, with higher flow rates occurring in the wet season.
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Figure 8. Percentage of critical elements for the market of electromobility vs. ZREE for acid mine
drainage discharges from coal and ore mining with a total REE content >1000 ppb.

The recovery of REEs from AMD discharges seems to be more beneficial if it is
coupled with passive remediation systems, as REEs are retained in treatment precipitates
such as basaluminite residues which are easily dissolved in weak acids [93]. Therefore,
new technologies, coupling both the recovery of REE and remediation of AMD, must
be investigated.

Another important factor for the recovery of REE from mining waste is the proper
management of multiple secondary waste streams generated during the process of critical
element extraction. In particular, it is well-known that toxic trace elements may be highly
enriched in coal-hosted ore deposits and fly ashes, and, thus, could lead to adverse effects
on the environment and on human health. For example, the fly ash derived from the
Wulangtua Ge-rich coals contains up to 21,795 ppm As, 15,568 ppm F, 137 ppm T1, and
160 ppm Hg [119]. The Lincang fly ash derived from the Ge-rich coal contains up to
5539 ppm Pb, 279 ppm Cs, 7955 ppm Zn, 894 ppm Be, and 106.5 ppm Cd [119,120],
as well as highly elevated Th and U in coal-hosted REE deposits [41]. In the case of
bauxite residues, Th is also associated with LREE phases, particularly with Ce predominant
ferrotitanates [69]. As a result, the developed recovery technologies should take into
account the existence of such toxic metals.
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Finally, the main advantages of using mining waste as feedstock for REE production
include: (1) large available quantities, (2) no need for REE mining permits, (3) the environ-
mental mitigation of mining wastes, and (4) the utilisation of potential waste materials. As
a result, the production of rare earth metal resources for clean energy development during
coal and ore exploitation will promote societal progression on the “green road”.

8. Conclusions and Future Research

Fly ash, coal ash, bauxite residue and phosphogypsum present high percentages of
critical REEs with respect to the total REE content demonstrating promising secondary
resources for REE extraction. According to the present literature review, all the studied
types of mining waste present a high degree of heterogeneity regarding the enrichment
and distribution of individual rare earth elements.

The enrichment of the individual REEs in coal combustion by-products varies among
different coal basins, which are attributed to the different genetic type of the primary
coal. The REE concentrations in the coal ashes from the different coal basins range from
77 ppm in to 1175 ppm whereas, in fly ash, XREE concentrations range from 91.8 ppm to
775.5 ppm. In both bottom and fly ashes, the aluminosilicate fraction seems to be the most
enriched in REE regardless of the primary coal origin. In coal dumps, XREE concentrations
are much lower, ranging from 32 to 379 ppm, with phosphate and clay minerals being
the main REE hosts. The observed positive Eu anomalies are most likely assigned to the
presence of plagioclase crystals, whereas the LREE values are linked with the occurrence
of REE-bearing minerals such as clay minerals, monazite and apatite. Considering the
large available quantities, future research should include an extensive investigation of the
bottom ash and fly ash stockpiles homogeneity in terms of individual REE distribution.

The total REE concentration in bauxite residues from different deposits ranges from
137.2 to 1957.7 ppm. The enrichment of REE in bauxite residue is dependent on the REE
content of the primary bauxite ore. In many cases, the observed positive Ce anoma-
lies (e.g., Parnassos bauxites, Greece) resulted from supergene oxidation processes that
led to the conversion of Ce** to Ce**. On the other hand, the Bayer process resulted
in mineralogical transformations which had an impact on the REE-bearing minerals in
the bauxite residue. Among these secondary REE-bearing minerals are the LREE fer-
rotitanates (REE,Ca,Na)(Ti,Fe)O3; and (Ca,Na)(Ti,Fe)Os3, and Fe(IlI)-rich mineral phases
(hematite, goethite). On the contrary, HREE remain bound to the primary minerals such as
monazite. The extraction of REE as a by-product of aluminium production from bauxite
residues appears to have significant potential. Nevertheless, further research is required
regarding the mineralogical transformations during the Bayer process and subsequent
re-distribution of REEs.

The total REE concentrations in mine waste piles from iron oxide-apatite deposits
range from 11 to 22,062 ppm with Th-bearing monazite being the main mineral phase. On
the other hand, in mine tailings from Cu-porphyry and massive sulphide deposits, *REE
ranged from 64 to 275 ppm and from 16 to 310 ppm, respectively. In general, there are
scarce data regarding REE mineralogy in such mine tailings and further investigations are
required to assess their REE potential.

Phosphatic mining wastes exhibit remarkable REE contents. Phosphogypsum tends
to exhibit higher REE values compared to those of tailings and clay wastes. Phosphate
minerals such as apatite (~6% TREO), monazite (~10 TREO), allanite (~5% TREO) are the
most common REE-carriers. The observed Eu anomalies are plausibly assigned to the
presence of plagioclase, which potentially occurs in the form of an accessory mineral phase.
The large quantities (which in the case of waste clays reaches up to 20 tonnes) of these
mining by-products provide the potential to exploit and recover high amounts of REEs.

In general, considering the comparative evaluation for critical metals and the main
REE-bearing mineralogical phases for each type of mining waste, it can be concluded
that oxides in bauxite residues and aluminosilicates in fly ash and coal ash have a greater
potential for exploration than phosphate minerals such as monazite.
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Furthermore, the total REE content in mine discharges from different coal and ore
mining areas around the globe is also characterised by a high range varying from 0.25 to
9879 ppb and 1.6 to 24,840 ppb, respectively. Notably, REE concentrations can also vary
greatly within the same mine. This is because the specific geochemical processes (acidic
dissolution, precipitation, sorption, dilution, etc.) that take place in the mine, control the
enrichment and the distribution of REEs in mine water. The pH of mine discharges is the
most significant parameter controlling both REEs’ release from the associated minerals,
as well as the speciation of REEs in the aqueous phase, with total REE concentrations
increasing as their pH decreases due to the acidic dissolution of REE-bearing minerals.
The range of ZREE concentrations in AMD discharges is much lower than the respective
solid waste. Nevertheless, the REE potential of AMDs seems to be promising when
considering the frequency and the flow rates of these discharges. Therefore, future research
has to be focused on the development of coupled technologies which will target both the
treatment and optimal extraction of REE from mine discharges. In particular, the recovery
of REE from mine discharges and associated precipitates is promising if it is combined
with passive remediation technologies which target the separate concentration of REEs for
further recovery. Finally, the developed technologies should consider the environmental
management of secondary waste streams which may contain toxic and/or radioactive
elements such as Th and U.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/min11080860/s1, Table S1: REE concentrations in mining waste and by-products; Table S2:
REE concentrations in mine water discharges.
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