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Abstract: The European Commission has adopted the European Green Deal strategy, which aims to
achieve climate neutrality in the EU by 2050. To achieve this goal, it is necessary to shift the economy
toward the use of green and renewable energy. Critical raw materials (CRMs), Li, Co, REE, Te, Sc and
others, are used in renewable energy sources (RES) production. The EU lacks its own CRM deposits,
and additionally, the access to already identified deposits is limited, which is making the EU countries
search for alternative CRM sources. One such source of CRMs may be mining waste generated on the
Indonesian island of Bangka as a result of processing cassiterite-bearing sands. Studies of the mineral
composition of the waste using the XRD method reveal rich contents of xenotime (0.79–17.55 wt%),
monazite (1.55–21.23 wt%), zircon (1.87–64.35 wt%) and other minerals, carriers of valuable metals,
such as Sn, Ti, Nb, Ta. The point mineral chemistry analyses were performed using EPMA. Xenotime
is the main carrier of heavy rare earth elements (HREE), especially the “most critical” HREEs: Gd2O3

(1.42–7.16 wt%), Dy2O3 (2.28–11.21 wt%), Er2O3 (2.44–7.85 wt%), and Yb2O3 (1.71–7.10 wt%). Xenotime
is characterized by a complex internal structure resulting from metasomatic processes occurring during
their formation. In SEM-BSE imaging, they show zonation of internal structure, which is the effect
of an HREE, Y, Si and U substitution in the crystal structure. On the other hand, thorite ThSiO4 and
uranothorite (Th,U)SiO4 inclusions are present in xenotimes. The ICP-MS/ES studies of tailings reveal
very high contents of HREE + Y (up to 7.58 wt%), U (up to 0.11), Th (up to 0.75 wt%) and Sc (132 ppm). A
CRM source diversification is part of the strategy to ensure the security of raw materials for countries of
the European Union and the green transformation of the continent. Bilateral EU–Indonesia cooperation
in the geological exploration and development of primary and secondary sources may contribute to an
increase in the supply of HREEs to the global market.

Keywords: European Green Deal; Bangka Island; mining waste; heavy rare earth elements; uranium

1. Introduction

Climate change caused by excessive greenhouse gas emissions (CO2, CH4, N2O, CFCs—
chlorofluorocarbons, and others) and environmental degradation are the greatest contempo-
rary threats to Europe and the world [1,2]. The mining and mineral processing sector has a
particularly negative impact on the ecosystem and the loss of biodiversity. It is estimated that
they are responsible for half of all global greenhouse gas (GHG) emissions [3]. Within the
European Union (EU, 27 countries) the greatest greenhouse gas emissions are connected to
burning fossil fuels and the power industry. Despite significant decreases in GHG emissions
(change of −22.04% since 1990), ca. 4 Mt CO2 eq is being released into the atmosphere [4].

Economic growth, especially in emerging and developing countries (China, Indonesia,
Brazil, Central and Eastern European countries) increases the demand for mineral resources
and energy. According to forecasts, the global consumption of mineral resources by 2060
will increase to 167 Gt from the current 79 Gt [5,6]. As a result of increased exploitation and
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processing of mineral raw materials, the volume of anthropogenic waste (mine waste-rock,
tailing, and slags), GHG emission, leaching of acid mine waters (AMD), pollution of soil
and surface and underground waters, among other things, through the failure of tailing
ponds [7], will increase. However, anthropogenic waste can be a valuable source of many
metals, including rare earth elements (REEs); Nb, Ta, Co and non-metallic minerals.

Increasing threats from ongoing climate change require action to reduce their future
negative impacts on the biosphere. In 2019, the European Commission adopted a set of
initiatives with the overarching goal of achieving climate neutrality by 2050. The European
Green Deal [2] and related strategies (A New Industrial Strategy for Europe [8,9], the
Digital Transition [10]) indicate the need for the efficient use of renewable resources, the
reduction in pollution levels, fostering innovation and increased participation in a closed-
loop economy.

The sustainable economic development of the European Union requires permanent
and secure access to a mineral supply chain. “Critical metals” are of particular importance
for the development of European strategies, including the European Green Deal [11]. The
critical raw materials (CRMs) group consists of metals with unique chemical and physical
properties used in technologies necessary for the development of a low-carbon economy.
The supply of these metals shows a high risk of limitations; at the same time, these metals
are characterized by a low degree of substitution. The European Commission updates the
list of CRMs every 3 years [11–14]. The current 2020 list includes 30 raw materials [11].

Rare earth elements (REEs) are important for the development of a modern, low-carbon
economy. The REE group consists of 17 elements belonging to the lanthanide group, plus
scandium (Sc) and yttrium (Y), as defined by the International Union of Pure and Applied
Chemistry (IUPAC). Traditionally, REEs are divided into light rare earth elements (LREE,
La-Eu) and heavy rare earth elements (HREE, Gd-Lu and Y). The unique properties (magnetic
and electrochemical) of REEs make them useful in many manufacturing technologies of, for
example, wind turbines (Nd, Sm, and Tb), solar panels (Yb), and electric cars (Nd and Dy).
Currently, China supplies 99% of LREE and 98% of HREE to the European Union [11]. China’s
monopoly is connected with the extraction and processing of rare earth elements at every
stage of the production chain. The reduction in export quotas introduced by the Chinese
government on REEs at the beginning of the 21st century has led to drastic price increases
and reduced their supply on the global market [15]. Additionally, the COVID-19 pandemic
has caused significant supply chain disruptions for many raw materials, including the REEs.
The consequence of a limited supply of REEs will be a steady increase in the number of new
raw material projects in Southeast Asia and offshore areas, among others [16].

Like REEs, a regular and uninterrupted supply of natural uranium, needed for the pro-
duction of nuclear fuel, medical radioisotopes and to power research reactors, is important
to the European Union’s energy security. Most uranium for the production of nuclear fuel
is imported from Russia (19.8%), Kazakhstan (19.6%), Niger (15.3%), Australia (14.4%) and
Canada (11.6%). These countries supply almost 90% of all natural uranium to the European
Union, and three of them can be classified as politically unstable countries [17].

Ensuring raw material and energy security for the European Union requires measures
aimed at permanent access to raw materials through the diversification of their sources.
Limited internal sources of metals indicate the need to search for and obtain them outside
of Europe. In the countries of South East Asia, such as Indonesia, which is characterized by
a high raw material potential, primary and secondary metal deposits may be of particular
importance [18–20]. Mining wastes represent a significant raw material potential. It is
estimated that about 8–10 billion tons of tailings are generated annually in the world as a
result of the mining and processing of, among others, copper, cassiterite, zinc and lead ores
and other minerals [21].

In the framework of the project “New Potential sources of Rare Earth Elements”,
the potential of tailings generated from the processing of cassiterite-bearing sands on
the Indonesian island of Bangka was evaluated [19,22]. Until now, the waste generated
on Bangka Island was stored in dumps. This material was considered useless. Until
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2013, there was no comprehensive study of the generated waste. Prospecting work was
carried out on this island, during which 35 samples of tailings were collected [22]. During
the investigations [19,22], it was found that the resulting waste is characterized by high
concentrations of many valuable metals, including REEs, U, Th, Sn, Ti, Nb, and Ta. So far,
there is no information in the literature about such rich metal contents in waste.

In particular, we investigated the source of rare earth elements and uranium. On the basis
of the studies obtained, the usefulness and direction of the use of the waste was determined.
The high contents of these metals may be important for obtaining a new supply source for the
European Union. Ensuring sustainable development of Europe through the diversification of
CRM sources and supplies is becoming a new challenge of the 21st century.

2. Geological Setting

A detailed description of the geological structure of Bangka Island (Figure 1) was
presented by [23–27]. The weathering of granitoid rocks from the late Miocene to Holocene
led to the formation of numerous on-shore and off-shore placer deposits [28–30]. The
genesis of these deposits is linked to the region’s strong tectonic activity, the erosion
and subsidence of the Sundland area, and eustatic changes of the world ocean in the
Cenozoic [23]. The sediments of the Ranngam Group (Paleogene-Neogene), which includes
sediments of the Ranngam Formation and Residual Gravel [23,26], are of greatest economic
importance in the recovery of heavy minerals, mainly cassiterite. The placer deposits are
subject to intensive mining by state-owned companies: PT Timah, PT Koba Tin, and by
artisanal mining (Figure 2A,B).

Figure 1. Geological map of Bangka Island (modified from [23–27]).
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Figure 2. Mining on Bangka Island: (A) open-pit cassiterite mining; (B) marine cassiterite extraction
using primitive mining platforms.

The mining activity conducted on the Bangka Island generates huge amounts of
tailings. The tailings generated by state-owned companies are collected in closed landfills
(Figure 3A), while the material from artisanal mining is used to infill illegal mining sites
(Figure 3B,C). In the case of middlemen/sellers of the mineral (compradores), the mixed
tailings are deposited in domestic landfills (Figure 3D).

Figure 3. Tailings on Bangka Island; (A) state-owned tailings dump with warnings indicating
radiation hazard; (B) illegal mining pit with pumps and tubs for washing cassiterite-enriched clastic
sediments; (C) tailing resulting from processing and washing of cassiterite sands. By-product used to
fill the pit; (D) jute bags of tailing in a domestic dump at a mineral broker/seller (compradores).
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3. Materials and Methods
3.1. Sampling

The sampling method was presented by [22]. Thirty-five crumb samples resulting
from the processing of cassiterite-bearing sands [19] were collected from mineral pro-
cessors/vendors (compradores) from domestic dumpsites located in the vicinity of the
towns (numbered on the map, Figure 1): 1—Belinyu, 2—Puput (West Bangka Regency);
3—Jurung, 4—Sungai Liat, 5—Pemali, 6—Matras (Bangka Regency), 7—Lubuk, (Central
Bangka); 8—Nyelanding, and 9—Toboali (South Bangka Regency). The most prospective
crumb samples with high content of REE-carrier minerals were selected for study.

3.2. Analytical Methods
3.2.1. Grain Size

Granulometric analysis of the selected samples was performed on a nylon sieve
column with diameters (MESH) ranging from 2 mm to 0.063 mm, according to Wentworth
classification [31]. Statistical description was performed with the open-source software
GRADISTAT v.5.11 [32], using the logarithmic method. The analysis was carried out at
the Laboratory of Clay Raw Materials Technology (Department of Geology, University of
Warsaw, Warsaw, Poland).

3.2.2. X-ray Diffraction

The mineral composition of the samples was investigated on an X’Pert PRO MPD
powder X-ray diffractometer (PANalytical B.V., Almelo, The Netherlands), in the Bragg–
Brentano system. Pressed powder preparations were recorded in the angular range 4–90◦

2θ, with a step of 0.026◦ 2θ, with a sample rotation of 1 rpm/2 s, in filtered CoKα radiation
(Fe filter) with current parameters of 30 mA and 40 kV. A PIXcel fast linear detector was
used for radiation detection. The analysis of the results was performed in X’Pert HighScore
Plus software (ver.2.2e) [33]. Quantitative phase analysis of the samples was performed
using the Retvield method. For the identification of mineral phases, ICDD PDF-2 v.2007
and PDF-4 + v.2011 databases were used.

3.2.3. SEM-Scanning Electron Microscope Observation

Mineral grain observations were performed using a Fe-SIGMA VP scanning micro-
scope (Carl Zeiss Microscopy Ltd., Cambridge, U.K.) equipped with two EDS detectors
(SDD XFlash| 10) (Brucker, Bremen, Germany). Analyses were performed in high vacuum
at an accelerating voltage of 15 kV. Observations were performed in the Environmental
Laboratory of Low Temperature Scanning Electron Microscopy Cryo-SEM (Department of
Geology, University of Warsaw, Warsaw, Poland).

3.2.4. EPMA-Electron Probe Microanalysis

Mineral chemistry studies were conducted using a CAMECA SXFiveFe electron mi-
croprobe (Cameca, Cedex, France) equipped with wave dispersive spectrometers (WDS).
Analyses were performed at an accelerating voltage of 15 kV, beam current of 47 nA (with a
deviation up to 2 nA), beam diameter around 1 µm, peak count time of 20 s, and background
time of 10 s. Spectra were analyzed on TAP (thallium acid phthalate), LPET (large pentaerythri-
tol), and LLIF (large lithium fluoride) spectrometers. Table 1 presents the standards, analytical
lines, diffracting crystals, detection limits, and standard deviation for the analyzed elements.
Samples for analysis were sputtered with a thin layer of carbon. Results were corrected based
on the CAMECA PAP algorithm by Pouchou and Pichoir [34]. Analytical work was carried
out in the Inter-Institutional Laboratory of Microanalysis of Minerals and Synthetic Substances
of the Faculty of Geology of the University of Warsaw, Poland.
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Table 1. Conditions EMP analyses.

Element Standard Analytical Line Crystal Detection Limit in wt% Standard Deviation σ in wt%

Si Wollastonite Kα TAP 0.01 0.01
Y Y glass Lα LPET 0.03–0.04 0.25–0.29

Lu Lu glass Lβ LLIF 0.12 0.11
Ho HoPO4 Lβ LLIF 0.12 0.09–0.10
Yb YbPO4 Lα LLIF 0.06 0.07–0.09
Tm Tm glass Lβ LLIF 0.04 0.05
Er ErPO4 Lα LLIF 0.04–0.05 0.07–0.09
Dy DyPO4 Lα LLIF 0.04–0.05 0.08–0.11
Tb TbPO4 Lα LLIF 0.05–0.07 0.04
P Apatite Kα LPET 0.02 0.20–0.22

Th Th glass Mα LPET 0.04–0.05 0.04–0.07
U U glass Mβ LPET 0.04–0.06 0.05–0.07
Ca Wollastonite Kα LPET 0.01 0.01
Gd GdPO4 Lα LLIF 0.03 0.04–0.07
Nd NdPO4 Lβ LLIF 0.05–0.06 0.05–0.06
Eu EuPO4 Lα LLIF 0.03–0.06 0.03
Sm SmPO4 Lα LLIF 0.07 0.06–0.09
Pb Pyromorphite Mβ LPET 0.03–0.04 0.04

3.2.5. Chemical Analyses (ICP-MS/ES Method)

Chemical composition testing of the samples was performed at a certified laboratory
(ISO 9001:2008) ACME Labs in Vancouver, BC, Canada. Analytical software LF202 (www.
acmelab.com, accessed on 10 October 2021) was used for analysis. A tailings sample
of approximately 10 g was grated and then mixed and fused with sodium lithoborate
(Na2B4O7/Li2B4O), followed by dissolution in a mixture of aggressive acids. Due to the
presence of minerals resistant to the digestion process (e.g., cassiterite), analytical results
were not close to 100%. The content of metals in the analytical programs was determined
using the ICP-MS/ES method. Loss on ignition (LOI) was calculated by weight difference
after ignition at 1000◦.

The level of accuracy and analytical precision can be found at (www.acmelab.com,
accessed on 10 October 2021). In order to guarantee the highest standards of analysis
(ICP-MS) to validate the proposed methodology, a Certified Reference Material (CRM) of
NCS DC 73,301 is granite. The laboratory (ACME Labs) carried out quality control by
performing duplicates analyses, analytical blank and using reference materials STD DS11,
STD OREAS45EA, STD OREAS45EA-Excepted.

4. Results
4.1. Tailings

Macroscopic studies of the tailings indicate that they are similar to previously analyzed
samples [19,22]. Depending on the separation technique used, the tailing forms fine to
medium-grained sediments (Figure 4). In the fine-grained samples, the dominant grain
fraction is in the range of 0.10–0.25 mm (Bngk 1, 3, 15) (Figure 4A,B). Medium-grained
samples are rarely dominated by grain sizes of 0.50 mm or more (Bngk 19) (Figure 4C,D).
Two groups of grains can be distinguished in the tailings: (1) very well-rounded spherical
and ellipsoidal grains; (2) very poorly rounded spindle and ellipsoidal grains. The specific
density of the tailings ranges from 2.82 g/cm3 to 3.88 g/cm3. The tailings are generally
medium sorted with varying statistical coefficients.

www.acmelab.com
www.acmelab.com
www.acmelab.com
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Figure 4. Grain size distribution in tailings samples; (A) fine-grained, moderately sorted tailings
from Belinyu; (B) fine-grained, moderately sorted tailings from Jurung; (C) medium-grained, poorly
sorted tailings from Lubuk; (D) medium-grained, moderately sorted tailings from Nyelanding.

Microscopic observations and XRD analyses reveal significant mineralogical variation
in the tailings (Table 2). The main REE-carrier phases are present in the samples: monazite
[Ce(PO4)] (1.55–9.30 wt%) and xenotime [Y(PO4)] (0.79–2.89 wt%). Other minerals consist of
zircon [Zr(SiO4)], ilmenite [Fe2+TiO3], rutile [TiO2], anatase [TiO2], pseudorutile [Fe2Ti3O9],
cassiterite [SnO2], quartz [SiO2], and others. Anomalously high concentrations in samples
show zircon up to 64.35 wt% (Bngk 30). The current results are for samples mentioned in
Table 2. Samples from columns Szamałek et al., 2013 [19] and Zglinicki et al., 2020 [35] were
taken from these cited publications for comparison with the current analyses.

The mineralogical characterization of the samples by XRD identified a major presence
of REE-bearing minerals. Xenotime (0.79–17.55 wt%) and monazite (1.55–21.23 wt%) are
present in almost all of the analyzed samples, making the mining waste on the whole
of Bangka Island economically important. The presence of titanium, tin, and zirconium
phases increases the economic value of the mining waste as a secondary resource. Tailings
from Bangka Island should be considered multi-component raw material, a source of many
valuable metals. In addition, variable contents of quartz (2.20–40.28 wt%), tourmaline
(1.96–4.65 wt%) and topaz (3.58–6.53 wt%) were found in all samples. The presence of
marcasite (up to 11.15 wt%) and pyrite (up to 9.95 wt%) is also particularly important.
Undergoing weathering, these minerals are destroyed, which leads to the formation of acid
drainage, thereby posing a threat to the local community.

4.2. Xenotime-Y(PO4)

Xenotime contents in tailings from Bangka Island are variable and depend on the
sampling location and processing technology of the cassiterite-bearing sands. Anomalously
high amounts of xenotime, up to 17.55 wt% in tailings, were described by [19]. However,
mostly, the amounts reach up to 2.89 wt% (Table 2). Xenotime grains are usually found in
coarser fractions above 100 µm. The samples are dominated by poorly coated and sharp-
edged grains. Xenotime occurs in association with monazite (Figure 5A) and cassiterite
(Figure 5B). Twinned xenotime crystals appear in the samples (Figure 5C).
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Table 2. Mineral composition of selected tailings samples from Bangka Island. X-ray diffraction
analyses. In brackets, the expanded uncertainty.

Mineral
Sample in wt%

Bngk
1

Bngk
3

Bngk
5

Bngk
7

Bngk
9

Bngk
13

Bngk
27

Bngk
30

Bngk
31

Bngk
32

Bngk
33

Average
n = 35

Szamałek et al.,
2013 [19]

Zglinicki et al.,
2020 [35]

Zircon 20.65
(25)

20.49
(26)

7.32
(17)

12.57
(18)

30.48
(24)

1.87
(43)

59.01
(29)

64.35
(28)

22.69
(22)

21.06
(42)

22.98
(37) 24.04 16.92 (21) 5.38 (94)

Xenotime 2.89
(11)

2.59
(11)

1.78
(47)

1.62
(11)

1.59
(51)

0.79
(30)

1.59
(46)

1.91
(54)

1.34
(18)

2.11
(31)

2.03
(13) 2.44 17.55 (26) 4.38 (91)

Monazite 2.31
(14)

2.09
(80)

5.22
(17)

5.33
(12)

1.55
(13)

4.27
(99) n.d. 4.19

(27)
9.32
(23)

9.30
(87)

9.07
(50) 8.78 21.23 (24) 4.71 (87)

Rutile 5.41
(18)

4.78
(17)

19.97
(45)

6.02
(15)

5.87
(16)

1.82
(27)

8.51
(21)

6.50
(20)

6.95
(41)

7.37
(21)

6.73
(63) 5.08 3.77 (20) 2.70 (75)

Anatase 0.58
(30)

0.45
(29)

1.92
(52)

1.46
(15)

1.32
(13)

0.55
(94) n.d. n.d. 0.62

(13)
1.11
(75)

0.66
(23) 1.24 0.92 (50) 1.54 (29)

Pseudorutile 26.32
(73)

27.66
(78)

41.7
(11)

29.48
(33) n.d. 64.46

(74) n.d. n.d. 10.17
(72)

9.61
(53)

9.52
(99) 25.29 7.19 (73) 24.61 (56)

Ilmenite 9.61
(26)

9.01
(27)

2.35
(27)

7.34
(28)

10.81
(27)

22.20
(10)

1.88
(96)

2.59
(12)

16.94
(23)

15.44
(37)

16.02
(10) 10.17 16.90 (30) 5.26 (19)

Cassiterite 3.73
(63)

3.89
(60)

1.90
(53)

1.48
(36)

10.66
(11)

0.61
(34)

10.56
(94)

16.41
(11)

15.46
(34)

9.57
(13)

9.83
(30) 5.98 8.46 (10) 2.18 (34)

Quartz 23.84
(30)

24.57
(32)

17.80
(37)

15.55
(23)

24.75
(34)

3.46
(16)

2.20
(22) n.d. 9.91

(94)
17.59
(74)

15.88
(50) 22.71 n.d. 40.28 (34)

Pyrite n.d. n.d. n.d. 9.94
(16)

9.95
(21) n.d. 5.10

(19)
2.08
(12)

1.33
(91)

1.60
(14)

1.75
(42) 3.61 4.68 (14) n.d.

Marcasite n.d. n.d. n.d. 1.53
(72) n.d. n.d. 11.15

(23) n.d. 1.44
(87)

1.55
(15)

1.49
(13) 4.14 2.39 (15) n.d.

Tourmaline 4.65
(24)

4.48
(25) n.d. 4.10

(21)
3.02
(13) n.d. n.d. 1.96

(13)
3.83
(29)

3.69
(23)

4.05
(11) 8.33 n.d. 2.74 (12)

Topaz n.d. n.d. n.d. 3.58
(43) n.d. n.d. n.d. n.d. n.d. n.d. n.d. 6.53 n.d. 6.18 (18)

n.d.—not detected.

Xenotime forms euhedral and anhedral crystals ranging in size from 50 to 350 µm.
Grains are characterized by numerous internal cracks (Figure 5D), usually along the schis-
tosity surface. Xenotime exhibits a varied internal structure from heterogeneous (Figure 5E)
to zonal (Figure 5F), defined by concentric bands characteristic of magmatic-derived xeno-
time. Zoning in BSE imaging reveals variations in chemical composition (HREE, Y, Si,
and U), across xenotime sectors [36,37]. Xenotime with relatively homogeneous internal
structure is very rare.

In zonal xenotimes, a characteristic feature is the change in chemical composition
occurring from outside to inside the grain (Table 3). The outer sectors contain an increased
proportion of Y2O3 (52.52 wt%), P2O5 (35.29 wt%) and lower contents of HREE (10.84 wt%),
UO2 (0.21 wt%). In contrast, inner zones are enriched in HREE (22.73 wt%), UO2 (2.43 wt%)
and ThO2 (1.40 wt%).

The dominant group of grains shows a complex internal structure (Figure 6B) resulting
from resorption (solid–fluid interaction) during metasomatic processes. The change in
chemical composition results from the scale of substitution of HREE, U, and Th by Y [36,37].
The results of the samples obtained with EPMA are presented in Table 4. In the studied
xenotime, the P2O5 content is in the range of 30.50–37.10 wt%, mean 34.78 wt%, and minor
admixtures are SiO2 (up to 2.45 wt%), CaO (up to 0.20 wt%), and PbO (up to 0.03 wt%). In
many samples, light rare earths (LREE) occur below the EPMA detection limit (Table 4).
Depending on the EPMA analysis site, the HREE content is variable (Table 4). The analyzed
xenotime is characterized by relatively constant YPO4 molar fraction values ranging from
0.72 to 0.81, with HREEs making up the remainder (Figure 6A,B). High contents are
indicated for Dy, Er and Yb, the most critical metals of the HREE group. The Th/U ratio is
high, indicating Th incorporation, mainly due to substitution in the crystallographic lattice
of the mineral, according to the mechanism: (Th,U)4+ + Si4+ 
 (REE,Y)3+ + P5+ [37].
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Figure 5. Backscattered electron images of xenotime grains. (A) Anhedral xenotime with monazite
and a few thorite inclusions visible; (B) xenotime with cassiterite; (C) twin xenotime, containing
several inclusions of thorite and uranothorite; (D) subhedral xenotime with cleavage directions visible
and some fractures, without U and Th inclusions; (E) anhedral xenotime with irregular composition,
containing cleavage directions visible and some fractures; (F) xenotime with oscillatory zoning.
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Table 3. Variability of zonal xenotime chemistry along the study profile. EMP analysis.

Sample. A-z16

Analysis No. 19/1. Border 19/2. 19/3. 19/4. 19/5. 19/6. 19/7. 19/8. 19/9. 19/10. 19/11. Core

Y2O3 (wt%) 52.52 44.48 40.93 41.33 41.15 39.90 41.00 38.64 39.22 40.59 39.07
SiO2 0.16 0.31 0.42 0.47 0.61 0.49 0.50 0.34 0.43 0.76 0.91
P2O5 25.29 34.11 33.55 33.64 33.27 33.70 33.76 33.57 33.02 32.71 32.03
CaO 0.00 0.04 0.08 0.08 0.08 0.09 0.08 0.06 0.02 0.07 0.06
PbO 0.00 0.00 0.01 0.00 0.07 0.04 0.01 0.00 0.02 0.04 0.05

Pr2O3 0.05 0.12 0.00 0.03 0.00 0.07 0.04 0.10 0.00 0.06 0.10
La2O3 0.00 0.00 0.00 0.06 0.00 0.06 0.00 0.00 0.00 0.02 0.00
Nd2O3 0.00 0.18 0.16 0.23 0.11 0.24 0.21 0.26 0.21 0.22 0.25
Ce2O3 0.06 0.00 0.03 0.08 0.09 0.05 0.03 0.13 0.00 0.04 0.01
Sm2O3 0.03 0.90 0.85 0.82 0.77 0.89 0.81 0.94 0.98 0.81 0.81
Eu2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gd2O3 1.43 5.08 5.26 5.00 4.73 5.29 5.40 6.04 5.69 5.14 5.07
Tb2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dy2O3 2.28 5.71 6.94 6.65 6.26 7.08 6.31 8.01 7.49 6.47 6.67
Ho2O3 0.53 0.85 1.17 1.05 1.05 1.20 1.01 1.26 1.16 1.19 1.18
Er2O3 2.48 3.08 3.91 3.70 3.68 3.98 3.58 4.49 4.26 3.71 4.14

Yb2O3 3.21 2.97 4.30 3.94 3.93 4.27 4.04 4.48 4.34 4.03 4.45
Lu2O3 0.91 0.88 1.30 1.38 1.10 1.19 1.10 1.35 1.17 1.02 1.22
Tm2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

UO2 0.21 0.36 1.68 1.90 2.28 1.86 1.64 1.14 1.46 2.69 2.43
ThO2 0.00 0.14 0.41 0.56 0.80 0.59 0.49 0.37 0,51 1.06 1.40
Total 99.06 99.13 101.04 100.93 99.98 101.02 100.05 101.22 99.91 100.67 99.86

Atoms per Formula Unit (apfu). Based on 4 Oxygens

Y 0.915 0.800 0.744 0.750 0.752 0.725 0.745 0.707 0.725 0.746 0.729
Si 0.005 0.010 0.014 0.016 0.021 0.017 0.017 0.012 0.015 0.026 0.032
P 0.978 0.978 0.971 0.971 0.968 0.975 0.976 0.977 0.972 0.956 0.951

Ca 0.000 0.001 0.003 0.003 0.003 0.003 0.003 0.002 0.001 0.003 0.002
Pb 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Pr 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.001
La 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Nd 0.000 0.002 0.002 0.003 0.001 0.003 0.003 0.003 0.003 0.003 0.003
Ce 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.002 0.000 0.001 0.000
Sm 0.000 0.011 0.010 0.010 0.009 0.010 0.010 0.011 0.012 0.010 0.010
Eu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Gd 0.016 0.057 0.060 0.056 0.054 0.060 0.061 0.069 0.066 0.059 0.059
Tb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Dy 0.024 0.062 0.076 0.073 0.069 0.078 0.069 0.089 0.084 0.072 0.075
Ho 0.006 0.009 0.013 0.011 0.011 0.013 0.011 0.014 0.013 0.013 0.013
Er 0.026 0.033 0.042 0.040 0.040 0.043 0.038 0.048 0.047 0.040 0.046
Yb 0.032 0.031 0.044 0.041 0.041 0.044 0.042 0.047 0.046 0.042 0.048
Lu 0.009 0.009 0.013 0.014 0.011 0.012 0.011 0.014 0.012 0.011 0.013
Tm 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
U 0.002 0.003 0.013 0.014 0.017 0.014 0.012 0.009 0.011 0.021 0.019
Th 0.000 0.001 0.003 0.004 0.006 0.005 0.004 0.003 0.004 0.008 0.011

Total 2.003 2.001 1.997 1.994 1.996 1.994 1.994 1.994 1.997 2.001 2.000
P + Si 0.983 0.989 0.985 0.987 0.989 0.991 0.993 0.988 0.987 0.982 0.983

XYPO4 0.90 0.79 0.74 0.74 0.75 0.72 0.75 0.70 0.72 0.73 0.72
Xbrb 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00

Y + REE 1.03 1.01 1.01 1.00 0.99 0.99 0.99 1.00 1.01 1.00 1.00
Th/U 0.00 0.40 0.25 0.30 0.36 0.32 0.31 0.33 0.36 0.40 0.59
U/Th 0.00 2.51 4.01 3.32 2.79 3.08 3.27 3.01 2.80 2.48 1.70
Y/Ho 165.82 87.37 58.54 65.87 65.58 55.64 67.93 51.32 56.58 57.08 55.40

XYPO4—Mole fraction YPO4 = Y/D. Xbrb—Mole fraction brabantite = (2Ca)/D; Where D = [La + Ce + Sm + Pr +
Nd + Gd + Dy + Yb + Er + Ho + Y + (2Ca) + (Th + U + Pb-Ca)] [38].
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Figure 6. Ternary plots of analyses. (A) LREE-HREE-Y; (B) LREE-Th + U-HREE + Y in xenotime.

Table 4. Chemical composition of xenotime with heterogeneous internal structure. EMP analysis.

Sample A-z1 A-z7 Z-16 Z-27 Z-30 Z-42 Z-45 Z-65 Z-83 Min Max Mean

Analysis
No. 1/1. 1/2. 15/1. 16/1. 20/7. 20/8. 40/1. 41/1. 3/1. 9/1. 20/2. 20/3. 21/1. 22/1. 33/1. 34/1. 40/1. 41/1. (n =

118)
(n =
118)

(n =
118)

Y2O3
(wt%) 41.33 40.59 43.75 44.16 39.96 39.69 40.87 42.80 41.99 41.87 38.66 39.06 41.91 38.95 41.86 43.06 40.87 42.80 30.83 52.52 41.16

SiO2 0.32 0.42 0.11 0.11 0.54 0.50 0.57 0.06 0.17 0.49 0.96 0.89 0.40 2.45 0.38 0.07 0.57 0.06 0.00 2.45 0.34
P2O5 35.74 35.38 36.57 36.52 33.04 32.92 33.41 34.40 34.24 33.81 32.41 32.04 33.91 30.97 34.11 34.32 33.41 34.40 30.50 37.10 34.78
CaO 0.02 0.02 0.01 0.01 0.06 0.02 0.07 0.04 0.03 0.02 0.03 0.04 0.07 0.00 0.05 0.03 0.07 0.04 0.00 0.20 0.03
PbO 0.00 0.02 0.00 0.00 0.04 0.00 0.01 0.00 0.03 0.01 0.02 0.04 0.01 0.02 0.06 0.00 0.01 0.00 0.00 0.19 0.02

Pr2O3 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.04 0.04 0.04 0.06 0.00 0.00 0.00 0.06 0.16 0.00 0.04 0.00 0.16 0.02
La2O3 0.00 0.00 0.00 0.00 0.03 0.00 0.04 0.03 0.01 0.01 0.00 0.00 0.04 0.00 0.02 0.00 0.04 0.03 0.00 0.17 0.01
Nd2O3 0.36 0.36 0.05 0.11 0.20 0.26 0.36 0.20 0.32 0.35 0.24 0.20 0.34 0.36 0.30 0.35 0.36 0.20 0.00 1.21 0.28
Ce2O3 0.00 0.00 0.00 0.00 0.09 0.00 0.13 0.05 0.03 0.09 0.06 0.02 0.15 0.09 0.05 0.00 0.13 0.05 0.00 0.40 0.06
Sm2O3 0.69 0.64 0.42 0.59 0.86 0.83 0.61 0.54 0.67 0.42 0.75 0.80 0.54 0.70 0.70 0.68 0.61 0.54 0.03 2.18 0.63
Eu2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.00
Gd2O3 2.44 2.56 2.15 2.61 5.30 5.32 3.88 4.15 2.43 1.76 5.07 5.25 4.21 4.76 4.40 4.49 3.88 4.15 1.42 7.16 3.19
Tb2O3 0.62 0.64 0.50 0.59 0.00 0.00 0.00 0.00 0.68 0.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.24 0.46
Dy2O3 5.42 5.64 4.81 5.10 6.92 7.14 6.14 6.02 6.08 4.39 6.67 6.48 5.92 5.53 6.09 5.93 6.14 6.02 2.28 11.21 5.93
Ho2O3 0.90 0.97 0.72 0.78 1.10 1.19 1.07 1.07 1.45 1.33 1.17 1.06 1.21 1.02 1.20 1.18 1.07 1.07 0.53 2.29 1.10
Er2O3 4.09 4.07 3.92 3.67 3.93 3.98 4.02 4.27 4.63 4.64 3.96 3.88 4.07 3.67 4.11 4.26 4.02 4.27 2.44 7.85 4.31
Yb2O3 4.60 4.23 4.33 3.82 4.08 4.12 5.39 4.84 4.29 5.45 4.16 4.03 4.62 2.70 4.25 4.39 5.39 4.84 1.71 7.10 4.36
Lu2O3 1.22 1.13 1.09 0.89 1.32 1.36 1.40 1.66 0.59 0.86 1.29 1.28 1.32 1.07 1.19 1.14 1.40 1.66 0.15 2.11 1.11
Tm2O3 0.72 0.73 0.66 0.62 0.00 0.00 0.00 0.00 0.63 0.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.21 0.50

UO2 0.78 1.67 0.37 0.06 1.73 1.74 1.79 0.44 1.08 0.60 2.69 2.70 1.11 4.16 1.04 0.13 1.79 0.44 0.00 4.16 0.95
ThO2 0.83 1.10 0.65 0.18 0.83 0.64 0.70 0.00 0.46 1.13 1.52 1.28 0.65 4.01 0.61 0.16 0.70 0.00 0.00 4.01 0.63
Total 100.12 100.24 100.11 99.82 100.08 99.76 100.47 100.59 99.86 98.45 99.71 99.01 100.45 100.34 100.5 100.36 100.47 100.59 - - -

Atoms per Formula Unit (apfu). Based on 4 Oxygens

Y 0.732 0.723 0.764 0.772 0.736 0.734 0.745 0.770 0.761 0.765 0.718 0.732 0.758 0.722 0.755 0.776 0.745 0.770 - - -
Si 0.011 0.014 0.004 0.004 0.019 0.017 0.020 0.002 0.006 0.017 0.034 0.031 0.014 0.085 0.013 0.002 0.020 0.002 - - -
P 1.008 1.003 1.016 1.015 0.968 0.969 0.969 0.985 0.987 0.983 0.958 0.955 0.976 0.914 0.979 0.984 0.969 0.985 - - -

Ca 0.001 0.001 0.000 0.000 0.002 0.001 0.003 0.001 0.001 0.001 0.001 0.002 0.003 0.000 0.002 0.001 0.003 0.001 - - -
Pb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 - - -
Pr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.002 0.000 0.000 - - -
La 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 - - -
Nd 0.004 0.004 0.001 0.001 0.002 0.003 0.004 0.002 0.004 0.004 0.003 0.003 0.004 0.004 0.004 0.004 0.004 0.002 - - -
Ce 0.000 0.000 0.000 0.000 0.001 0.000 0.002 0.001 0.000 0.001 0.001 0.000 0.002 0.001 0.001 0.000 0.002 0.001 - - -
Sm 0.008 0.007 0.005 0.007 0.010 0.010 0.007 0.006 0.008 0.005 0.00 0.010 0.006 0.008 0.008 0.008 0.007 0.006 - - -
Eu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - - -
Gd 0.027 0.028 0.023 0.028 0.061 0.061 0.044 0.047 0.027 0.020 0.059 0.061 0.047 0.055 0.049 0.050 0.044 0.047 - - -
Tb 0.007 0.007 0.005 0.006 0.000 0.000 0.000 0.000 0.008 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - - -
Dy 0.058 0.061 0.051 0.054 0.077 0.080 0.068 0.066 0.067 0.049 0.075 0.073 0.065 0.062 0.067 0.065 0.068 0.066 - - -
Ho 0.010 0.010 0.008 0.008 0.012 0.013 0.012 0.012 0.016 0.015 0.013 0.012 0.013 0.011 0.013 0.013 0.012 0.012 - - -
Er 0.043 0.043 0.040 0.038 0.043 0.043 0.043 0.045 0.050 0.050 0.043 0.043 0.043 0.040 0.044 0.045 0.043 0.045 - - -
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Table 4. Cont.

Sample A-z1 A-z7 Z-16 Z-27 Z-30 Z-42 Z-45 Z-65 Z-83 Min Max Mean

Analysis
No. 1/1. 1/2. 15/1. 16/1. 20/7. 20/8. 40/1. 41/1. 3/1. 9/1. 20/2. 20/3. 21/1. 22/1. 33/1. 34/1. 40/1. 41/1. (n =

118)
(n =
118)

(n =
118)

Yb 0.047 0.043 0.043 0.038 0.043 0.044 0.056 0.050 0.045 0.057 0.044 0.043 0.048 0.029 0.044 0.045 0.056 0.050 - - -
Lu 0.012 0.011 0.011 0.009 0.014 0.014 0.014 0.017 0.006 0.009 0.014 0.014 0.014 0.011 0.012 0.012 0.017 0.017 - - -
Tm 0.007 0.008 0.007 0.006 0.000 0.000 0.000 0.000 0.007 0.007 0.000 0.000 0.000 00.00 0.000 0.000 0.000 0.000 - - -
U 0.006 0.012 0.003 0.000 0.013 0.013 0.014 0.003 0.008 0.005 0.021 0.021 0.008 0.032 0.008 0.001 0.005 0.000 - - -
Th 0.006 0.008 0.005 0.001 0.007 0.005 0.005 0.000 0.004 0.009 0.012 0.010 0.005 0.032 0.005 0.001 0.005 0.000 - - -

Total 1.975 1.975 1.975 1.979 1.995 1.994 1.994 1.991 1.997 1.993 1.992 1.996 1.994 1.996 1.993 1.998 1.994 1.991 - - -
P + Si 1.018 1.017 1.020 1.019 0.986 0.986 0.989 0.987 0.993 0.999 0.992 0.986 0.990 0.999 0.992 0.986 0.989 0.987 - - -

XYPO4 0.78 0.77 0.81 0.81 0.73 0.73 0.74 0.77 0.77 0.78 0.72 0.72 0.76 0.73 0.76 0.77 0.74 0.77 - - -
Xbrb 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 - - -

Y + REE 0.96 0.95 0.96 0.97 1.00 1.00 1.00 1.02 1.00 0.99 0.98 0.99 1.00 0.94 1.00 1.02 1.00 1.02 - - -
Th/U 1.09 0.67 1.80 3.07 0.49 0.38 0.40 0.00 0.44 1.93 0.58 0.48 0.60 0.99 0.60 1.26 0.40 0.00 - - -
U/Th 0.92 1.48 0.56 0.33 2.04 2.66 2.50 0.00 2.28 0.52 1.73 2.06 1.67 1.01 1.67 0.79 2.50 0.00 - - -
Y/Ho 76.84 70.02 101.68 94.74 60.79 55.81 63.92 66.93 48.36 52.68 55.29 61.66 57.96 63.90 58.37 61.06 63.92 66.93 - - -

The diagram normalized to the chondrite (Figure 7) shows a depletion in LREE (Ce,
Nd) relative to HREE. Clear negative anomalies for Eu, Ho and positive anomalies for Sm,
Dy, Er are seen in all patterns. Variable values, positive and negative are shown by Lu.

A significant proportion of the xenotimes with heterogeneous internal structure are
characterized by high porosity (Figure 8A–D) in which inclusions (up to 25 µm) of Th(SiO4)-
uranothorite (Th,U)SiO4 are present. The size and distribution of the inclusions vary, with
no preferential alignment to the crystallographic axis of the xenotime. Larger inclusions
form subhedral and anhedral forms, internally heterogeneous and porous (Figure 8C,D).
Around the larger inclusions, cracks and fissures are filled with material enriched in U and
Th. Inclusions typically occur in the inner xenotime altered zones. Around the inclusions,
alteration halos are formed that are visible during BSE imaging. Chemical composition
studies show that the inclusions contain SiO2 ranging from 7.08 to 17.02 wt%, ThO2 34.68
to 71.04 wt%, and UO2 2.68 to 39.63 wt% (Table 5). The LREE content is low or below the
detection limit, while there is an enrichment in Y and HREE.

Figure 7. Chondrite-normalized REE patterns for selected xenotime from samples. Chondrite data
are from [39].
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Figure 8. Backscattered electron images of xenotime and thorite-uranothorite grains. (A) xenotime
with oscillatory zoning boundary with a thorite inclusion in the center. The core has an irregular
composition; (B) xenotime with a zoning rim; (C) euhedral xenotime with a thorite inclusion. The
high porosity of the grain; (D) subhedral xenotime with a large inclusion of thorite-uranothorite;
(E) inclusion of a thorite grain with high porosity; (F) irregular composition of a thorite inclusion.
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Table 5. Chemical composition of thorite-uranothorite. EMP analysis.

Sample A-z1 A-z3 A-z8 D-z10 A-z34 Z-2 Z-16 Z-23 Z-28 Z-31 Z-34 Z-45

Analysis No. 5/1. 7/1. 8/1. 9/1. 10/1. 13/1. 1/1. 7/1. 3/1. 9/1. 13/1. 7/1.

SiO2 (wt%) 17.02 11.70 16.97 12.21 17.39 10.69 11.88 7.08 11.04 8.00 9.30 7.59
P2O5 4.03 4.55 4.74 6.02 1.45 10.70 4.24 2.22 5.35 7.42 9.21 7.14
Al2O3 0.00 0.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 0.00 0.27 0.00 0.00 0.00 0.31 0.21 0.16 0.15 0.71 0.28 0.68
FeO 0.22 0.13 0.15 0.10 0.05 0.00 0.00 0.00 0.00 0.00 0.00 1.09
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnO 0.04 0.05 0.02 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
ThO2 43.66 71.04 55.58 50.19 54.11 36.70 37.58 34.68 38.86 58.37 55.49 56.81
UO2 22.23 7.31 10.59 11.34 17.23 11.50 33.29 39.63 28.80 2.68 4.88 2.47
PbO 0.45 0.01 0.79 0.66 0.71 0.36 0.99 0.99 0.71 0.09 0.00 0.00
Y2O3 6.15 0.96 5.89 7.55 2.42 13.53 4.55 2.70 6.08 1.72 6.59 1.92
La2O3 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Ce2O3 0.00 0.15 0.00 0.00 0.09 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Pr2O3 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nd2O3 0.08 0.19 0.00 0.10 0.47 0.34 0.20 0.20 0.24 0.06 0.32 0.12
Sm2O3 0.35 0.39 0.19 0.42 0.20 0.52 0.17 0.09 0.09 0.00 0.11 0.12
Eu2O3 0.00 0.00 0.07 0.00 0.08 0.00 0.00 0.03 0.01 0.00 0.02 0.01
Gd2O3 0.81 0.40 0.59 0.51 0.49 1.16 0.30 0.23 0.34 0.19 0.37 0.23
Dy2O3 1.08 0.62 1.45 1.25 0.72 2.34 0.97 0.70 1.01 0.07 0.00 0.06
Ho2O3 0.29 0.13 0.45 0.30 0.16 0.48 0.15 0.00 0.10 0.10 0.21 0.04
Er2O3 0.76 0.53 1.10 0.71 0.41 1.34 0.62 0.44 0.74 0.40 0.74 0.43
Yb2O3 0.68 0.30 0.94 0.85 0.21 1.64 0.64 0.51 0.69 0.59 0.90 0.56
Tb2O3 0.14 0.11 0.19 0.20 0.12 0.24 0.04 0.03 0.08 0.05 0.04 0.04
Lu2O3 0.50 0.37 0.42 0.41 0.46 0.42 0.26 0.14 0.18 0.07 0.21 0.10
Tm2O3 0.01 0.02 0.20 0.11 0.18 0.38 0.07 0.05 0.09 0.02 0.02 0.03
Total 98.51 99.93 100.34 92.93 96.95 92.69 95.58 89.88 94.56 80.54 88.69 80.45

Atoms per Formula Unit (apfu). Based on 4 Oxygens

Si 0.853 0.645 0.831 0.663 0.939 0.526 0.677 0.505 0.624 0.513 0.513 0.489
P 0.171 0.212 0.196 0.277 0.066 0.445 0.205 0.134 0.256 0.403 0.430 0.390
Al 0.000 0.044 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.000 0.016 0.000 0.000 0.000 0.016 0.013 0.012 0.009 0.049 0.017 0.047
Fe 0.009 0.006 0.006 0.005 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.002 0.002 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Th 0.498 0.891 0.619 0.620 0.665 0.411 0.488 0.563 0.499 0.852 0.697 0.833
U 0.248 0.090 0.115 0.137 0.207 0.126 0.422 0.629 0.362 0.038 0.060 0.035
Pb 0.006 0.000 0.010 0.010 0.010 0.005 0.015 0.019 0.011 0.002 0.000 0.000
Y 0.164 0.028 0.153 0.218 0.070 0.354 0.138 0.103 0.183 0.059 0.194 0.101
La 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.000 0.003 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Pr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nd 0.001 0.004 0.000 0.002 0.009 0.006 0.004 0.005 0.005 0.001 0.006 0.003
Sm 0.006 0.007 0.003 0.008 0.004 0.009 0.003 0.002 0.002 0.000 0.002 0.003
Eu 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Gd 0.013 0.007 0.010 0.009 0.009 0.019 0.006 0.005 0.006 0.004 0.007 0.005
Dy 0.017 0.011 0.023 0.022 0.013 0.037 0.018 0.016 0.018 0.001 0.000 0.001
Ho 0.005 0.002 0.007 0.005 0.003 0.008 0.003 0.000 0.002 0.002 0.004 0.001
Er 0.012 0.009 0.017 0.012 0.007 0.021 0.011 0.010 0.013 0.008 0.013 0.009
Yb 0.010 0.005 0.014 0.014 0.003 0.025 0.001 0.011 0.012 0.012 0.015 0.011
Tb 0.002 0.002 0.003 0.004 0.002 0.004 0.001 0.001 0.001 0.001 0.001 0.001
Lu 0.008 0.006 0.006 0.007 0.008 0.006 0.004 0.003 0.003 0.001 0.003 0.002
Tm 0.000 0.000 0.003 0.002 0.003 0.006 0.001 0.001 0.002 0.000 0.000 0.001

Total 2.018 1.986 2.014 2.007 2.015 2.017 2.006 2.019 2.005 1.946 1.959 1.988
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4.3. Geochemical Analysis

A geochemical investigation of the samples (Table 6) revealed variable amounts of oxides
and some correlations in the case of REE concentrations. The highest values were obtained for
SiO2 in the range 2.81–55.65 wt% (mean 22.75 wt%, median 25.19 wt%), TiO2 3.74–48.51 wt%
(mean 21.00 wt%, median 20.89 wt%) and Fe2O3 0.85–22.51 wt% (mean 13.20 wt%, median
14.93). These oxides are characterized by the greatest variation between the lowest and highest
values. Among oxides with significantly lower contents, one should point out Al2O3 occurring
in the content range between 0.32 and 10.14 wt% (mean 2.63 wt%, median 1.64 wt%) and
P2O5 with measured content between 0.20 and 17.23 wt% (mean 2.91 wt%, median 1.4 wt%).
The results of the content of other oxides are in the range < 0.01–2.06 wt%. The variation in
the content of particular oxides in the samples results from differences in the amounts of the
main tailings minerals, i.e., monazite, xenotime, rutile, ilmenite, zircon and others. Loss on
ignition (LOI) is relatively high and reaches up to 11.10 wt%.

Chemical analyses (Table 6) showed high contents of radioactive elements: U and Th.
Uranium in the samples ranges from 0.01 to 0.16 wt% (mean 0.06 wt%, median 0.04 wt%),
and thorium 0.04–1.0 wt% (mean 0.32 wt%, median 0.17 wt%).

Tailing due to its mineral composition (presence of REE-bearing minerals) contains high
concentrations of REE: Ce (up to 3.51 wt%, mean 0.94 wt%), La (up to 2.6 wt%, 0.60 wt%), Gd
(up to 0.75 wt%, mean 0.16 wt%), Dy (up to 0.74 wt%, mean 0.17 wt%), Pr (up to 0.64 wt%,
mean 0.14 wt%), Nd (up to 0.58 wt%, mean 0.28 wt%), Eu (up to 61.8 ppm, mean 10.12 ppm),
Er (up to 0.52 wt%, mean 0.11 wt%), and Yb (up to 0.52 wt%, mean 0.11 wt%). Concentrations
of other REEs did not exceed 0.25 wt%. High contents were also found for Sc 132 ppm (mean
71.40 ppm) and Y maximum at 4.83 wt% (mean 0.99 wt%). Significant concentrations of rare
earth elements form the most “critical” elements in the REE group (Gd, Dy, Eu, Er and Yb).

Several samples analyzed (Table 6) showed higher total LREE content (LREE/HREE + Y
ratio value above 1), while two (Bngk 1 and Bngk 3) samples showed higher HREE content
(LREE/HREE + Y below 1). This indicates a dominant LREE-bearing mineral in most samples
and an increased HREE concentration in single samples (Bngk 1 and Bngk 3). The sum of
all REE + Y ranges from 0.96 wt% in the samples examined to as high as > 16.89 wt% in
sample Bngk 22.

The correlation matrix of the elements and oxides content results is presented in
Table 7. In the correlation, the absolute values of the correlation coefficient ≥ 0.3 were
considered relevant. Missing data were removed by accident. The values of the analyses
below the detection limit of the method were changed to half the value of the detection limit
for statistical purposes. The results were interpreted on the basis of the linear correlation
coefficient value. The absolute values of the correlation coefficient above 0.3 are highlighted
in red in the table. In the oxides group, there are clearly visible positive correlations
between SiO2, Al2O3, K2O and MgO, indicating the presence of certain amounts of rock-
forming minerals, such as silicates, in the tested samples. In turn, a strong correlation
of iron and titanium oxides results from the presence of ilmenite and rutile. P2O5 and
CaO show not only a high correlation with each other, but also with the group of REE
elements (Table 7). This relationship was confirmed mineralogically by the presence of
REE carrier minerals: xenotime, monazite and fluorocarbonates. In addition, P2O5 shows
a clearly negative correlation with SiO2, Fe2O3 and TiO2. Radioactive minerals U and
Th show a strong positive correlation with CaO, P2O5 and the entire REE group, which
was confirmed in the EMPA mineralogical studies. Elements within the REE group show
strong correlation with each other, which indicates the obvious fact of their presence in the
same minerals. Moreover, these elements (along with U and Th) show a clearly negative
correlation with SiO2, Al2O3, MgO or TiO2 (Figure 9). These results clearly confirm that the
rock-forming and heavy minerals present in the tested samples do not contain rare earth
elements. Scandium, despite belonging to the REE group, shows no correlation with any of
these elements, probably due to its low concentration in the tested samples.
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Table 6. Chemical compositions of tailings from Bangka Island. ICP-MS/ES analysis.

Sample Bngk1 Bngk3 Bngk5 Bngk8 Bngk9 Bngk10 Bngk15 Bngk17 Bngk19 Bngk20 Bngk22 Bngk28
Zglinicki
et al., 2021

[22]

Zglinicki
et al., 2021

[22]

Zglinicki
et al., 2021

[22]

(CRM) of
NCS DC

73301

Oxide in wt%

SiO2 25.19 25.66 10.28 14.39 24.68 40.71 55.65 27.07 5.29 33.50 6.87 27.38 14.23 2.81 27.48 72.27
Al2O3 1.92 1.95 1.51 0.32 0.88 3.70 5.18 3.84 0.85 1.02 0.39 4.94 1.64 1.16 10.14 13.54
Fe2O3 16.19 15.92 22.51 5.87 18.18 13.84 9.12 18.24 0.85 12.01 14.93 13.40 16.27 5.20 15.41 2.10
MgO 0.22 0.18 0.04 <0.01 0.24 0.06 0.19 0.10 0.19 0.12 <0.01 1.55 0.03 <0.01 0.32 0.41
CaO 0.06 0.07 0.04 0.07 0.06 0.04 0.06 0.03 <0.01 0.05 0.10 0.05 0.02 0.28 0.11 1.58

Na2O 0.08 0.08 0.05 <0.01 0.03 0.11 0.30 0.12 0.01 0.04 <0.01 0.06 0.01 0.02 0.66 3.07
K2O 0.03 0.02 <0.01 <0.01 0.02 0.01 0.08 0.02 0.02 <0.01 0.04 0.09 <0.01 <0.01 0.10 5.08
TiO2 25.18 25.86 43.31 6.80 13.77 23.27 9.70 35.19 0.65 18.88 16.62 22.56 48.51 3.74 20.89 0.29
P2O5 1.14 1.74 1.05 1.86 0.74 3.18 0.84 0.97 0.20 1.11 8.42 1.40 1.91 17.23 1.91 0.09
MnO 1.25 1.27 2.06 0.45 0.38 1.32 0.47 1.40 0.02 0.94 1.42 0.89 1.35 0.15 1.00 0.06
Cr2O3 0.23 0.25 0.02 0.18 0.44 0.05 0.16 0.078 0.40 0.19 0.20 1.68 0.07 0.43 0.12 <0.002

LOI 1.80 1.70 1.10 1.70 11.10 1.90 2.60 5.30 0.30 3.10 2.30 0.30 2.18 3.70 1.80 -
Total 73.25 74.74 82.00 31.59 70.59 88.15 84.38 92.37 8.74 * 71.01 66.92 92.58 86.21 34.77 87.76 98.53

Element in wt% ppm

Th 0.17 0.16 0.22 0.75 0.08 0.29 0.12 0.13 0.04 0.14 0.94 0.08 0.42 1.00 0.30 55.0
U 0.07 0.06 0.08 0.11 0.04 0.04 0.03 0.02 0.01 0.03 0.16 0.02 0.04 0.13 0.06 18.7

Sc (ppm) 70.0 68.0 132.0 70.0 77.0 48.0 55.0 93.0 25.0 54.0 63.0 73.0 110.0 55.0 78.0 6.0
Y 1.40 1.17 0.42 1.10 0.28 1.49 0.24 0.42 0.18 0.26 4.83 0.36 0.49 1.10 1.06 62.70
La 0.27 0.24 0.27 1.66 0.15 0.67 0.24 0.20 0.09 0.36 2.60 0.21 0.66 >5.00 0.71 53.60
Ce 0.57 0.51 0.58 3.51 0.31 1.51 0.52 0.41 0.21 0.77 >5.00 0.42 1.35 >5.00 1.61 104.90
Pr 0.07 0.06 0.07 0.38 0.04 0.16 0.06 0.05 0.03 0.08 0.64 0.05 0.14 >1.00 0.16 11.96
Nd 0.24 0.21 0.24 >1.00 0.13 0.54 0.20 0.17 0.10 0.28 >1.00 0.17 0.47 >1.00 0.58 43.4
Sm 0.07 0.06 0.05 0.25 0.03 0.11 0.04 0.04 0.03 0.05 0.06 0.04 0.08 >1.00 0.12 9.08

Eu (ppm) 9.63 8.89 1.70 9.73 6.40 6.09 2.53 3.39 1.20 4.90 19.96 2.94 4.60 61.80 8.00 0.76
Gd 0.13 0.11 0.05 0.20 0.03 0.14 0.04 0.05 0.03 0.04 0.55 0.04 0.07 0.75 0.13 8.76
Tb 0.03 0.02 0.01 0.03 0.01 0.03 0.01 0.01 0.01 0.01 0.11 0.01 0.01 0.08 0.03 1.48
Dy 0.21 0.18 0.07 0.20 0.05 0.22 0.04 0.07 0.04 0.04 0.74 0.06 0.08 0.34 0.18 9.44
Ho 0.05 0.04 0.02 0.04 0.01 0.05 0.01 0.02 0.01 0.01 0.17 0.01 0.02 0.04 0.04 1.98
Er 0.16 0.14 0.05 0.14 0.04 0.17 0.03 0.05 0.03 0.03 0.52 0.05 0.06 0.10 0.13 6.49
Tm 0.03 0.02 0.01 0.02 0.01 0.03 0.00 0.01 0.00 0.01 0.08 0.01 0.01 0.01 0.02 1.02
Yb 0.17 0.14 0.06 0.14 0.04 0.17 0.03 0.05 0.02 0.04 0.52 0.05 0.06 0.07 0.14 7.00
Lu 0.03 0.02 0.01 0.02 0.01 0.03 0.00 0.01 0.00 0.01 0.08 0.01 0.01 0.01 0.02 1.08

∑REE + Y 3.41 2.92 1.91 >8.69 1.11 5.32 1.47 1.53 0.96 1.98 >16.89 1.48 3.50 >15.51 4.93 323.65
LREE 1.22 1.07 1.21 >6.79 0.66 3.00 1.06 0.86 0.45 1.54 >9.30 0.88 2.70 >13.00 3.18 222.94

HREE + Y 2.20 1.85 0.70 1.90 0.46 2.32 0.31 0.67 0.24 0.44 7.58 0.60 0.80 2.51 1.74 100.71
LREE:HREE 0.56 0.58 1.73 >3.58 1.43 1.29 2.58 1.28 1.88 3.52 >1.23 1.46 3.39 >5.17 1.83 2.21

n.a.—not available. LREE: La, Ce, Pr, Nd, Sm. HREE + Y: Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu + Y. * >50 Sn wt%.
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Table 7. Correlation matrix of oxides and elements in studied samples (n = 15).

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 Th U Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

SiO2 1.00
Al2O3 0.51 1.00
Fe2O3 0.17 0.17 1.00
MgO 0.20 0.38 0.03 1.00
CaO −0.31 0.01 −0.27 −0.13 1.00

Na2O 0.45 0.92 0.12 0.09 0.09 1.00
K2O 0.42 0.81 0.03 0.63 0.01 0.72 1.00
TiO2 0.04 0.11 0.81 −0.01 −0.40 −0.01 −0.14 1.00
P2O5 −0.45 −0.20 −0.30 −0.22 0.91 −0.17 −0.17 −0.32 1.00
MnO 0.04 0.09 0.83 −0.09 −0.32 0.02 −0.09 0.86 −0.22 1.00
Cr2O3 −0.03 0.11 −0.16 0.93 0.06 −0.16 0.45 −0.21 0.03 −0.29 1.00

Th −0.54 −0.30 −0.27 −0.37 0.70 −0.19 −0.23 −0.24 0.82 −0.09 −0.16 1.00
U −0.53 −0.33 −0.04 −0.37 0.65 −0.16 −0.18 −0.18 0.70 0.10 −0.20 0.90 1.00
Sc −0.16 0.06 0.77 −0.03 −0.17 0.02 −0.11 0.83 −0.19 0.69 −0.17 −0.04 0.07 1.00
Y −0.29 −0.18 0.08 −0.23 0.27 −0.09 0.03 −0.09 0.45 0.27 −0.16 0.65 0.76 −0.13 1.00
La −0.51 −0.27 −0.30 −0.32 0.72 −0.17 −0.16 −0.33 0.84 −0.14 −0.10 0.99 0.89 −0.15 0.71 1.00
Ce −0.37 −0.16 −0.33 −0.34 0.53 −0.05 −0.17 −0.28 0.58 −0.13 −0.20 0.90 0.78 −0.08 0.54 0.87 1.00
Pr −0.29 −0.21 −0.03 −0.25 0.10 −0.10 0.00 −0.12 0.26 0.18 −0.19 0.69 0.72 −0.04 0.87 0.72 0.72 1.00
Nd 0.09 0.28 0.18 −0.22 −0.16 0.35 0.11 0.24 −0.11 0.38 −0.38 0.32 0.28 0.14 0.47 0.29 0.56 0.66 1.00
Sm −0.06 0.03 −0.21 −0.22 0.04 0.12 −0.11 −0.12 −0.04 −0.05 −0.24 0.42 0.35 0.03 0.16 0.34 0.75 0.48 0.67 1.00
Eu −0.45 −0.21 −0.34 −0.22 0.96 −0.15 −0.20 −0.38 0.97 −0.33 0.03 0.76 0.66 −0.21 0.31 0.77 0.54 0.12 −0.21 −0.01 1.00
Gd −0.50 −0.24 −0.29 −0.28 0.87 −0.17 −0.15 −0.36 0.96 −0.17 −0.04 0.90 0.84 −0.21 0.63 0.93 0.69 0.47 0.03 0.09 0.92 1.00
Tb −0.45 −0.21 −0.16 −0.27 0.67 −0.11 −0.03 −0.31 0.81 −0.01 −0.08 0.86 0.88 −0.23 0.87 0.92 0.67 0.71 0.23 0.10 0.72 0.92 1.00
Dy −0.39 −0.20 −0.03 −0.26 0.48 −0.11 −0.02 −0.19 0.64 0.15 −0.13 0.79 0.85 −0.17 0.97 0.84 0.63 0.82 0.38 0.16 0.53 0.80 0.96 1.00
Ho −0.31 −0.18 0.09 −0.26 0.27 −0.08 0.02 −0.08 0.45 0.29 −0.19 0.66 0.77 −0.11 1.00 0.71 0.54 0.87 0.47 0.15 0.31 0.64 0.87 0.97 1.00
Er −0.27 −0.16 0.09 −0.22 0.22 −0.07 0.05 −0.08 0.39 0.28 −0.16 0.62 0.74 −0.13 1.00 0.68 0.53 0.88 0.50 0.19 0.26 0.59 0.84 0.96 1.00 1.00
Tm −0.22 −0.16 0.22 −0.18 0.14 −0.09 0.02 0.01 0.31 0.38 −0.15 0.55 0.69 −0.06 0.98 0.60 0.47 0.85 0.53 0.18 0.18 0.51 0.78 0.91 0.97 0.98 1.00
Yb −0.24 −0.14 0.14 −0.21 0.17 −0.05 0.07 −0.04 0.33 0.33 −0.17 0.58 0.72 −0.09 0.99 0.64 0.51 0.88 0.54 0.20 0.20 0.53 0.81 0.93 0.99 1.00 0.99 1.00
Lu −0.22 −0.16 0.22 −0.18 0.14 −0.09 0.02 0.01 0.31 0.38 −0.15 0.55 0.69 −0.06 0.98 0.60 0.47 0.85 0.53 0.18 0.18 0.51 0.78 0.91 0.97 0.98 1.00 0.99 1.00
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Figure 9. Correlation graphs: positive correlation U vs. La (a) and negative correlation SiO2 vs. La
(b) (n = 15).

5. Discussion
5.1. HREE and U Potential

Both the cassiterite-bearing placer deposits of the Indonesian islands and the tailings
obtained from their processing have received interest as raw materials. Hamzah et al.
(2018) [40] in an XRD with SEM/EDS study of samples of tin tailing sands of a post-tin
mining area in Kuala Raya Singkep Island (Indonesia) indicated an average content of La at
0.2%, Ce at 7.8%, and Th at 2.0%, while identifying monazite and xenotime as the main REE
carriers. SEM/EDS analyses provided by [40] simultaneously indicate very low lanthanum
and cerium contents in the monazite studied. On the other hand, [41] indicated that tailings
after tin mining collected from several sites in Singkep Island contain 123–368 ppm REEs.
Setijadji et al. (2009) [42] in collaboration with PT Timah analyzed a series of samples
from the Bangka and Belitung islands to identify REE content. The samples came from
both active placer deposits in the southern part of Bangka Island, from the processing
and enrichment plant (after concentration by physical methods), and from tailing sands.
The results showed elevated Sn and Y concentrations for the placer deposit samples and
LREE and Th for the concentrate samples. The study also revealed increasing HREE
contents in the samples as the enrichment and separation process progressed (including
magnetic susceptibility and electrical conductivity methods). Estimated REE contents of
about 1% and U and Th contents above 1000 ppm in highly enriched and sub-concentrated
samples from PT Timah plants. On the other hand, [28] presented the results of a study on
untreated cassiterite-bearing sands of Bangka Island, indicating the presence of monazite
and xenotime (with sample contents of 1.31 and 0.23 wt%, respectively) as the main REE
carriers. The results [28] of EDX analyses indicate that the studied monazites are mainly
carriers of Ce, La, and Nd and xenotime of Y, Dy, and Gd.

Investigations and observations of both the morphology of the xenotime grains and
the thorite and uranothorite inclusions present in them indicate their complex history, and
thus, the history of the source area from which they originate. The differentiated structure
of individual xenotime grains with a porous and homogeneous central part of the grain
with an oscillatory zoning boundary (e.g., 7A) and chemical differences of the two zones
indicate their formation during different hydrothermal–metasomatic episodes, probably
separated by a time gap. According to [43], thorite and uranothorite inclusions in xenotime
and the porous texture of the grains may testify to the intense impact of fluid–mineral
metasomatic processes in a closed chemical system. These processes must have occurred in
source rocks containing xenotime, and thus may provide evidence in the discussion of the
history and development of Bangka Island granitoids.
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Quite significant content of radioactive elements in the examined tailings should lead to
their recovery, not only for economic, but also for environmental reasons. Tailings, as waste
after the processing of cassiterite-bearing sands, can be used as a valuable by-product: a source
of both REEs and U and Th. Several methods are known for the recovery of uranium and
thorium from concentrates of REE-bearing minerals, such as leaching, precipitation, solvent
extraction, and ion chromatography [44]. The results of this study indicate the technical
feasibility of recovering 55% to even 99% of U and Th from REE concentrate.

Chemical analysis results (Table 6) indicate positive anomalies of the most critical
HREE, such as Tb, Dy and Y. These results warrant further detailed tailings studies to
determine more accurate metal resource estimates. Despite the opening of new mines and
refining facilities, the growing demand for rare earth elements will ensure that they remain
in short supply and with hefty price tags attached. The exploration of new, readily available
alternative sources can play a significant role in building a secure supply chain. The waste
generated on Bangka Island can play that role.

The raw material potential of the island for CRMs and, in particular, HREE is very
poorly explored. Szamałek et al. (2013) [19] estimated that up to 29,760 t of xenotime can be
recovered annually from mining waste. Assessing the raw material potential for the whole
island is difficult due to the considerable fragmentation of production (artisanal mining)
and the diversity of material recovery technologies. This is shown in the results of the
study (Table 6), where the regional variation in HREE + Y concentration is very high, from
0.24 to 7.58 wt%. Due to the impossibility of estimating the raw material potential of the
mining waste, it is necessary to compare the obtained test results to the average elemental
content of the bulk continental crust [45]. The tailing from Bangka Island has REE contents
higher than the average crustal abundance (Table 8). The geochemical dataset indicates
that the resulting waste has significant raw material potential throughout the island.

Table 8. A comparison of average REE content in tailing from Bangka Island to average REE in the
bulk continental crust [45].

Elements Composition of the Continental Crust in ppm This Study (Average in ppm)

Y 19.0 7836.72
La 20.0 5025.09
Ce 43.0 9117.20
Pr 4.9 1178.31
Nd 20.0 3069.61
Sm 3.9 701.14
Eu 1.1 9.77
Gd 3.7 1145.22
Tb 0.6 206.44
Dy 3.6 1316.80
Ho 0.77 289.22
Er 2.1 923.07
Tm 0.28 145.37
Yb 1.9 939.76
Lu 0.30 148.08

The Bangka Island is a major producer of tin in Indonesia. According to Mordor
Intelligence forecasts [46], the tin market is expected to register a growth (CAGR) of over 2%
during the 2021–2026 period. As a result of the global demand for tin, the mining of Bangka
Island will continue. The production of tailings arising from the processing of cassiterite-
bearing sediments will be an ongoing phenomenon. Long-term production of tailings with
high CRM content is to be expected. Resources from Bangka Island are therefore becoming
very prospective for obtaining CRM by the European Union. Production and supply in
Indonesia’s mineral sector is characterized by stability and predictability, which should
translate into an uninterrupted supply of CRM to the EU.
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5.2. Recovery of Critical Raw Materials

REE recovery from the secondary sources, such as tailing or mining waste, has been
studied for some time, and the results seem to be cost effective. For example, REE-bearing
tailings from the Luossavaara–Kiirunavaara Aktiebolag mine in Kiruna (Sweden) contain
about 6% of REE minerals (mostly apatite and monazite). With multiple stages of REEs
separation, it is able to achieve extraction at the level of 70%–100% for heavy REE (Y, Dy,
and Er) [47]. Another example is the presence of REEs in tailings of iron ore [48] with
average REO content of 14.7%. The floating method gives results of 70% recovery of the
REE-bearing phosphates from the tailing.

In order to reprocess the tailings, a number of geometallurgical domains were identi-
fied that may enable the design of a conceptual framework for appropriate CRM recovery
techniques. Differences in mineral composition and particle size for historical and currently
generated waste are related solely to the artisanal processing method. As a result, it is prac-
tically impossible to obtain tailings from local producers, which possess suitable qualitative
and quantitative parameters. The starting point for the development of an appropriate
technological processes for obtaining REE is the source material with a diversified mineral
composition (Table 2), containing xenotime (average 2.44 wt%) and monazite (average
8.78 wt%). A characteristic feature of the tailings is the occurrence of grains with different
specific densities: quartz 2.65 g/cm3; rutile 4.25 g/cm3; xenotime 4.4–5.1 g/cm3; and
cassiterite 6.98–7.10 g/cm3. The presence of mineral phases of different densities allows
the use of the simplest gravitational separation methods, such as using spiral concentrators
and shaking tables. The use of separation techniques will make it possible to obtain suitable
mineral fractions differing in specific density. The present mineral composition will yield
mixtures of (1) monazite–xenotime; (2) zirconium; (3) rutile–pseudorutile–anatase; (4) cassi-
terite; and a light tailings fraction. An important feature of the REE phases is the limited
amount of overgrowth with cassiterite and rutile, which can reduce the costs associated
with feed grinding. Each subsequent stage of the technological process, including magnetic
separation (e.g., for ilmenite), flotation (for monazite and xenotime) will make it possible
to obtain high quality concentrates. Adequate material recovery will enable the mine to
meet the high requirements set by mining regulations in Indonesia for the production of
monomineral concentrates. Thus, extracted xenotime and monazite concentrates, among
others, can be the starting point for advanced techniques of rare earth metals, and uranium
and thorium recovery. In order to properly evaluate the project, a process sustainability
assessment, as well as the economic and environmental cost analyses must be carried out.

5.3. The European Transformation

The reconstruction of the European economy due to the COVID-19 pandemic, in
the context of climate-related hazards (reducing CO2 emissions by 2050), has required a
transition to clean, low-carbon and sustainable energy sources, such as wind, solar, tidal
and geothermal energy [49]. Climate neutrality is a challenge for European countries,
especially those whose national power industry is based on old coal-fired power plants,
e.g., Poland, Hungary, Czech Republic. In Central and Eastern Europe, work is underway
to increase the share of renewable energy sources in the energy mix, e.g., building wind
farms in the Polish Exclusive Economic Zone (EEZ) of the Baltic Sea. However, the energy
transition requires constant and safe access to raw materials and technology based on
critical metals, e.g., Nd, and Y (for production of permanent magnets for wind turbines);
Li, and Co (for the production of lithium-ion batteries); Te, and In (for the production of
photovoltaic panels); and Hf (for the production of fuel rods in nuclear power plants).

The distribution of mineral deposits is uneven, with some deposits of critical metals
concentrated in several regions of the world (China—REEs, Congo—Co, and Bolivia—Li).
The European Union, despite being self-sufficient in construction minerals and a few indus-
trial minerals, is highly dependent on the import of critical metals (CRMs), including 99%
LREEs (dominant supplier—China), 98% HREEs (China), 66% Sc (China), 45% Ti (China),
85% Nb (Brazil), and 78% Li (Chile) [50]. Despite medium and long-term raw material
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strategies at a national, as well as at a European level [51], access to new deposits is limited.
This is mainly due to the need of permits, concessions, social acceptance, environmental
requirements and also the time-consuming process of prospecting, identification, documen-
tation of deposits and the construction and development of a mining plant [50]. According
to the Advanced Rare-Earths Project Index, the success rate of rare earth mining projects in
the world that have gone into production within the last decade is 1.5% [52]. Currently,
there is no REE mining in Europe. However, resource projects are underway to discover
new deposits of critical metals, including REEs and U. So far, the EURARE program has
evaluated the REE resource potential of Europe [53].

The limitation of the supply of metals in the global market through, among others,
an increase in export quotas, restriction of access to raw materials (China) [54–56], po-
litical instability in the exporting country (Democratic Republic of the Congo) and the
rapid growth in consumption is becoming a driving force for conflict and geopolitical
tensions [56]. Additionally, the outbreak of the global COVID-19 pandemic has contributed
to a significant disruption in the value of the mineral supply chain. There are also a number
of other factors determining the limitation of the supply of raw materials on the global
market, such as cyber-attacks on refining plants, and disruptions to shipping. The search
for new and alternative sources of metals is becoming a challenge for the EU. Due to global
uncertainties about the supply chain of raw materials, many countries (including Australia,
and U.S.A.) have intensified their efforts in the search for metals critical to their economies.
Additionally, this has contributed to the increased integration of the U.S., Canada, Aus-
tralia, EU, and Japan to deepen relationships in ensuring an uninterrupted and secure CRM
supply chain.

The lack of own sources of critical metals in the European Union creates the need to
seek their substitutes, increasing the recycling of scrap and waste, as well as looking for new
alternative sources (programs): SCREEN, ERMA, EIT, and SPIRE [57]. The import and diver-
sification of global suppliers is important in obtaining CRMs, as indicated by the European
Commission in the Raw Materials Initiative of 2008 [58] and the 2020 Communication Critical
Raw Materials Resilience: charting a path towards greater security and sustainability [11].

The lack of domestic sources of critical metals creates the need for cooperation with
countries outside of Europe who possess a high potential for deposits, e.g., Indonesia. As
part of the geological works in the Malay Archipelago, a group of Polish geologists made an
assessment of the deposit potential of the Bangka Island (Indonesia). It was found that the
material coming from mining and processing of cassiterite-bearing sands on Bangka Island
is a source of many valuable metals, such as base metals (Sn, W, Sb, and Ti), radioactive
elements (U and Th), critical elements (Ga, Hf, and Ta) and REEs (mainly La, Ce, Pr, Nd,
Gd, Dy, Eu, Er, Yb, Sc and Y) [22]. The present study of tailings formed after the processing
of cassiterite-bearing sediments revealed the presence of anomalous contents of HREE
above 2 wt%, U 0.16 wt% and Th 0.94 wt%. In the tailings, the main carrier of these metals
is xenotime, which can reach up to 17.55 wt%.

5.4. A Circular Economy

China has a globally dominant rare earth processing capacity. Trade tensions between
China and the United States may contribute to a deficit or temporary oversupply of rare
earth metals to limit global competition. Uncertainty in the critical metals market creates a
need to verify the potential of Bangka Island, where rich anthropogenic accumulations of
HREEs, U and Th were found. The global race for critical metals, including the HREEs is
the “new economic war” of the 21st century.

The Bangka and Belitung Islands are the main tin producers in Indonesia. They owe
their mineralogical wealth to the collision of the Sibamasu and Indochina blocks, which
resulted in the formation of S-type tin-bearing granitoids by crustal melting [59,60]. The
Bangka Island granitoid formations are characterized by the presence of mineralized Sn-
W-REE zones [60], which subsequently underwent severe chemical weathering (from the
Neogene to the present day), leading to the formation of secondary concentrations of heavy
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minerals (including REE-bearing minerals) in the form of onshore and offshore scatter
deposits [28–30]. The result of sediment processing is the formation of mineral-rich critical
metal bearing tailings. Mining activities carried out by state-owned companies are focused
exclusively on the mining and processing of cassiterite. According to the International
Tin Association [61], tin mining in Indonesia in 2019 was at 77.5 kt. However, no selective
separation of heavy minerals has been conducted on the island. There is no information
about the resulting mining waste.

The fragmented structure of artisanal mining, a lack of mining efficiency and skilled
manpower means that the island’s raw material potential is irretrievably lost. The rapidly
increasing number of illegal pits further contributes to the devastation of the local ecosystem.
As indicated by Syarbaini’s research [62], the increase in illegal mining and tin processing
contributes to an increase in the risk of radioactive substance contamination.

Leaving radioactive elements in tailings can cause significant environmental and waste
management problems. Additionally, it can be a potential source of radiation exposure
for workers and the population living near the landfills [49]. Although methods exist to
store this type of radioactive waste, they are not used on a large scale for Bangka Island
tailings, especially those generated from artisanal mining and processing. The local practice
is to leave the processed waste in an open environment near the tailings facility. Waste
stored in this manner and unprotected can generate both airborne dust and, through
rainfall, particles of radioactive minerals can be washed away and contaminate the waters
of surrounding reservoirs and rivers. In both cases, internal radiation exposure of local
residents may occur [49]. It seems reasonable that the waste accumulated in this way would
be deprived of radioactive elements. The implementation of appropriate practices and
standards in accordance with the values adhered to by the European Union may improve
the effectiveness of exploitation and processing of mineral resources on the tin islands
of Bangka and Belitung. The sustainable development and implementation of a circular
economy strategy will allow a complete utilization of the tailings. The development of
knowledge-based processing technology will ensure the production of high quality HREEs,
U, and Th concentrates.

6. Conclusions

Sustainable development in the European Union requires constant access to mineral
resources, especially those used for modern, low-carbon technologies. The limited number
of CRM deposits forces the European Union to take action to ensure raw material security
through diversification of metal supply sources. China’s monopoly on rare earth elements
and the unstable economic situation due to COVID-19 require a search for the best and least
expensive solutions. Tailings may be of particular importance for obtaining metals. Each year,
about 8–10 billion tons of tailings are produced, which can be a source of many metals.

The Indonesian island of Bangka is one of the world’s major suppliers of tin to the global
market. The production of cassiterite concentrates leads to the formation of a polymineral tail-
ings containing monazite (1.55–21.23 wt%), xenotime (1.55–21.23 wt%), zircon (1.87–64.35 wt%),
rhytulite (1.82–19.97 wt%), ilmenite (1.88–22.20 wt%) and others. Research conducted by
Polish geologists revealed high contents of metals, including the most critical HREEs, Gd2O3
(1.42–7.16 wt%), Dy2O3 (2.28–11.21 wt%), Er2O3 (2.44–7.85 wt%), and Yb2O3 (1.71–7.10 wt%),
as well as U (up to 0.11 wt%), Th (0.75 wt%), and Sc (132 ppm). Despite the high deposit
potential of the tailings, this material is irretrievably lost. It should be noted that tin production
on many other Indonesian islands (e.g, Belitung, and Singkep) indicates that post-cassiterite
tailings could be a significant source of HREE.

A preliminary conceptual framework was developed for Bangka Island mine tailings,
taking into account geometallurgical domains (e.g., density and mineralogical and chemical
variability, presence of inclusions and overgrowths and others). The results obtained may
be helpful for the systematic development of a technological, economic and environmental
model for CRM acquisition. The new data fill another gap for the recovery of metals and
critical minerals from tailings as a source of secondary raw materials.
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This requires further detailed research. The example of the Bankga Island tailings
highlights the extent and significance of such a potential REE resource base. The develop-
ment of a technology based on a circular economy and zero-waste principle can contribute
to the acquisition of rich mineral concentrates. Improving the efficiency of the technological
process will improve environmental safety by reducing emissions of radioactive substances
and will reduce the poverty level of the local mining community. The diversification of
critical metals sources is one of the goals of the Green Deal and of the energy transition of
Europe. EU–Indonesian bilateral cooperation can bring mutual benefits by ensuring the
security of raw materials, increasing awareness among local communities of radiogenic
risks and environmental protection, increasing the supply of metals on the world market
and boosting Bangka’s GDP.
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