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Abstract

:

The growing demand for critical raw materials (rare earth elements—REE, Nb, Ta, and others) enforces a need to look for their alternative sources. Distortions of the mineral supply chain caused by COVID-19 have necessitated a re-evaluation of what exists as mining waste from previous exploitation. Consequently, this study aims to provide an inventory of raw materials on the Indonesian Tin Islands (Bangka and Belitung). Geological and mineralogical examinations on Bangka have permitted an economic appraisal of tailings from the processing of cassiterite-bearing sands and confirmed the presence of REE-bearing minerals, chiefly monazite and xenotime, zircon, ilmenite, rutile, niobium-tantalum phases. In general, the mineral content of the tailings varies depending on the sampling site and the type of processing used during ore-production. ICP-MS (inductively coupled plasma–mass spectrometers) analyses revealed anomalous concentrations of LREE (light rare earth elements): La > 5%, Ce > 5%, Pr > 1%, Nd > 1%, Sm > 1% and HREE+Y (heavy rare earth elements and yttrium) up to 2.51 wt%. High values have been found for the “most critical” metals of the HREE group: Dy (up to 0.34 wt%), Tb (up to 0.08 wt%), Eu (up to 61.8 ppm), Nd (>1.0 wt%), and Y (up to 1.20 wt%). In addition, the following contents have been defined: Ga (to 0.03 wt%); Hf (to 0.64 wt%); Ta (to 0.08 wt%); Nb (to 0.23 wt%); W (to 0.14 wt%); Zr (>5.0 wt%); and Sc (to 0.01 wt%). Such high concentrations suggest the tailing dumps to be a potential new source of “critical raw materials”.
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1. Introduction


In the global modern economy, metals used in high technology and advanced industry play an increasingly important role [1,2,3]. In the geological literature, they are referred to as critical, strategic, or pivotal metals [4]. Countries where these are in demand strive to gain access to the necessary amounts of high-quality resources ensuring their mineral security [3]. Every three years, the European Commission issues a list of raw materials of key importance for the community economy [5,6,7,8]. There are new European challenges, such as the European Green Deal which requires member countries to reduce their greenhouse gas emission 50–55% by 2030 [9].



The occurrence of the majority of known critical raw material is restricted to only a few areas on the planet. Good examples are Co and Ta supplied to the European market mainly from the Democratic Republic of Congo (in 68% and 36%, respectively) [8]. Monopolistic China is responsible for fully 99% LREE and 98% HREE supply to the European Union (EU) [8].



The European Commission together with the association of European Geological Surveys EuroGeoSurveys [10] have proposed a reinventory of Europe’s economic geopotential, particularly with regard to deep geological structures, a more effective use of recycled material, and more detailed investigations of the mineral potential of the seas surrounding the European continent. Theoretically, it is a sound approach, but in practice it proves to be rather time-consuming. A number of EU member countries are instead conducting fairly intensive geological reconnaissance surveys on other continents. Europe’s economic progress necessitates a steady and continuous supply of critical raw materials. The lack of substitutes for most critical raw materials, the limited number of known deposits, and difficult access to those recognized but yet-to-be developed causes the necessity to ensure steady supplies from outside the European Union [3]. All this will lead to big competition on the global commodity market and the restoration of the global economy after COVID-19 pandemia will most certainly entail implementation of numerous projects related to mineral resources world-wide. Moreover, the distortion of global supply chains and the unstable situation on the commodity market will inevitably enforce a search for alternative critical minerals sources [1,11]. The limited supply chain of critical raw materials requires actions for sustainability by increasing recycling efficiency and searching for substitutes of metals (Co, Nb, W, REE, and other). Difficulties in the access to critical raw materials for industrial sectors vitally force the search for alternatives to these metals [12]. To this end, efforts are underway for the European Union to become a leader in the alternative use of raw materials by 2050. Mineral security is increasingly becoming a priority for safe economic development.



The growing demand of critical raw materials coupled with a gradual exhaustion of high-quality ore resources creates the need to evaluate the potential of existing mining wastes and to initiate use of materials recovered from urban mining. Quite frequently, mining waste subjected to recycling already proved to be the source of some metals (REE, Co, Re, Li) and in the near future, it will most probably grow in significance. Until now, for economic and/or technological reasons, such sources have largely been ignored. However, improvements in modern recovery technologies now enable an economically-effective extraction of raw materials from waste rocks. A proven way of increasing the supply of critical raw materials is the processing of tailings generated during mining of cassiterite-bearing sands on the Indonesian Islands of Bangka, Beilitung, and Singkep [11].



Currently, it is estimated that 80 to 90 billion tons of waste rock and 5 to 8 billion tons of tailings stored world-wide on dumping piles and in post-flotation settling ponds are produced annually [13]. The recovery of minerals from tailings demands technological facilities for the exploitation of waste ore, waste rock, and post-flotation waste as in the nearest future, the amount of mining waste will grow with the recovery of lower and lower grade ores.



Obviously, dumps of mine waste have a devastating and usually long-term effect on the local natural environment. Apart from the space they take up, which could be used more effectively and instability of the bedrock, they are responsible for harmful fumes, toxic gas exhaustion, dust-creation, acid mine drainage into groundwater [14]. Some authors worked on recovery of raw materials from mining wastes and tailings and the associated mitigation of environmental impacts [15,16,17]. The evaluation of the mineral potential of mining waste lies in agreement with the concept of the circular economy, sound use of resources, and reduction of the negative impact on the natural environment. Both, dumping sites and settling ponds, may provide valuable sources of many metals. Waste recycling is the key target in both the circular economy concept and the zero-waste philosophy.



For the last several years in Indonesia, a team of Polish geologists have been evidencing and examining dumping sites and tailings generated by ongoing mining operations. This project initiated in 2013 on Bangka Island and includes mineralogical and chemical examinations of tailings and is focused on critical metals needed by the EU. Field investigations have resulted in the collection of 35 samples of tailings generated from the processing of cassiterite-bearing sands and have provided data on both the production and potential resources of the waste material. In this article, are presented new data on contents of critical minerals (Ti, Nb, Ta, REE, W, Ga, Hf, Zr, Sc) in tailings from Bangka Island, complementary to those not reported in the previous publication [11].




2. Geological Setting


Bangka Island (Figure 1) lies in the southern continuation of the Southeast Asian Tin Belt extending from Myanmar and Thailand through the Malaysian Peninsula to the Indonesian islands [18,19]. Its geological evolution was related to subduction and accretion of the “Sibusmasu” islands arches (China-Siam-Burma-Malaysia-Sumatra acronym) to the Indochina terranes during the closure of Palaeotethys from the turn of the Devonian to the Middle Triassic and of the Neotethys from the Permian to the Palaeogene [20,21]. These tectonic events have been responsible for the formation of three granite provinces which differ both in geochemical and petrological characteristics [19,22]: (1) The West Granite Province with Cretaceous granites of type S and I; (2) The East Granite Province with Permo-Triassic granites of type I; and (3) The Central Granite Province with predominantly Triassic granites of type S.



The age of the granitic plutons on the Indonesian Tin Islands is estimated at 197 ± 12 to 252 ± 12 Ma [21,23]. U-Pb datings [24] of zircons indicate that granites known from the north eastern and south western part of the Bangka Island were formed respectively at ca. 225 Ma, and ca. 220 Ma in the course of two magmatic episodes. The Indonesian granites are the southern continuation of the Main Range granite provinces [24].



Two main and 13 smaller magmatic batholiths from the island are known to have intruded the country rock at the turn of the Permian and Triassic. The plutons are very variable, their composition ranges from gabbros to granites [18,23,25,26,27,28]. Among the granitoid structures, the following granite varieties have been distinguished: biotitic, hornblende-biotite, two-mica, pegmatitic and pegmatite, and aplite in lenticular form [18,19]. The Bangka granites are classified to the ilmenite-series granites [29]. Metasomatic and hydrothermal processes were closely related to the granitic magmatism and were responsible for the origination of the rich primary tin mineralization [18]. Granitic rocks have been subjected to very intensive chemical weathering under tropical conditions which persisted throughout the Neogene until the present, their weathering products developed as kaolin covers, placers, and off- and on-shore deposits being extensions of the overflooded palaeovalleys [19].




3. Materials and Methods


3.1. Sampling


In 2013, in the course prospecting on Bangka Island, 35 residuals left after post-processing of cassiterite-bearing sands were sampled [11]. Regardless of the source of the cassiterite-bearing sands, each process consists of 2 stages of mineral processing. The initial separation process is carried out by miners in the mines using the wooden washing cradles. The pre-tailing obtained initially process is brought in by compradors, where another separation process takes place using shaking table [11]. The material was acquired from manufacturers/vendors of the commodity (compradors) derived from adjacent stockyards adjacent to their dwelling places and located close to the following localities (marked by numbers): 1—Belinyu, 2—Puput (West Bangka Regency); 3—Jurung, 4—Sungai Liat, 5—Pemali, 6—Matras (Bangka Regency), 7—Lubuk (Central Bangka); 8—Nyelanding, 9—Toboali (South Bangka Regency). Samples were taken from jute sacks using a 30 cm long PVC (polyvinyl chloride) sampler 3 cm in diameter. In order to ensure the representativeness of the samples, one sample shall consist of 12 subsamples taken from 12 bags. The subsample was taken from three levels (bottom/middle/top) of every sack so as to avoid anthropogenic hypoconcentration. Subsequently, the samples were mixed using the ring and cone method and minimized in a Jones apparatus. From 9 tailing stockyards, a total of 35 clastic, each approximately 2 kg in weight.




3.2. Analytical Methods


3.2.1. Grain Size Distribution


Nylon sieves of 2.0 to 0.063 mm MESH (Laboratory of Clay Raw Materials, Faculty of Geology, University of Warsaw, Warsaw, Poland)) were used for gravitational separation of the material according to the Wenthworth classification (1922) [30] and, for the statistical analysis, the open source GRADISTAT v.5.11 [31] (Laboratory of Clay Raw Materials, Faculty of Geology, University of Warsaw, Warsaw, Poland) and a logarithmic method was applied.




3.2.2. X-ray Diffraction


The phase composition was examined using the X’Pert PRO MPD (PANalytical B.V., The Netherlands) diffractometer, in the Bragg–Brentano focusing geometry. Diffractograms were recorded in the 4–90° 2θ angle range, with 0.026° 2θ measurement step and rotation 1/2 s, in filtered CoKα (filter Fe) radiation of 30 mA and 40 kV. The instrument is equipped with a solid-state PIXcel detector for recording XRD spectra. Measurement time was 3 h. Crystalline phases were identified using the X’Pert HighScore Plus software by comparing the registered diffractograms with the ICDD PDF-2-4+ standards.




3.2.3. Microscopic Observations


A total of 35 standard thin sections were prepared, one for each sample. Observations (SEM-BSE) have been conducted under the FE-SIGMA VP (Carl Zeiss Microscopy Ltd., Cambridge, UK) scanning microscope equipped with two detectors EDS (SDD XFlash| 10) (Bruker, Germany). Analytical conditions were an accelerating voltage of 25 kV in a high vacuum. The samples were dusted with thin carbon film. XRD and SEM-BSE examinations were completed at the Faculty of Geology, University of Warsaw.




3.2.4. Chemical Composition


The chemical composition was determined by the certified laboratory (ISO9001:2008) ACME Labs in Vancouver (Canada) using the LF202 and AQ200 (code) analysis programs (www.acmelab.com, accessed on 10 March 2021). An approximately 10 g sample was ground, and 3 g sample was mixed with sodium lithium borate (Na2B4O7/Li2B4O), and subsequently diluted in a mixture of aggressive acids. Owing to the presence of melt-resistant phases, the PF370 (sodium peroxide fusion for refractory mineral ores) method had to be introduced. The metal content was determined by the ICP-MS/ES method. Information on the level of accuracy and analytical precision can be found on (www.acmelab.com, accessed on 10 March 2021). Loss on ignition (LOI) was calculated by weight difference after ignition at 1000°. Additionally, the TOT/S (total sulfur) and TOT/C (total carbon) contents were determined using the LECO organic analyzer.






4. Results


4.1. Grain Size and Macroscopic Description of Tailings Samples


The grain size analysis revealed the tailings to be equivalents of fine-grained sands (27 samples) with medium to good sorting degree, the predominating grain fraction falling between 0.1 and 0.25 mm (Figure 2A,C,D). Statistical parameters are indicative of differentiated skewness coefficients: platykurtic, mezokurtic, and leptokurtic as well as a variable kurtosis. The remainder 8 samples correspond to medium-grained sands with a poor or medium sorting degree, platykurtic and mezokurtic, fine and coarse skewed. The predominant grain fraction lies in the 0.25 to 0.5 mm range (Figure 2B).



Depending on the predominating mineral constituent, the samples show the following colors: (1) black; (2) mottled white-black (Figure 3A); (3) pink (Figure 3B); (4) mottled orange-black; and (5) mottled yellow-black. Rock fragments and organic matter (leaf and bark remains) are absent. The appearing yellow-white efflorescences smell strongly of sulfur.




4.2. Mineral Composition of Tailing


Examinations of the mineral composition of the tailing revealed its polymineral nature. The content of strategically useful constituents depends much on the sampling site: (1) black samples (more than 50 wt%) contain ilmenite [Fe2+TiO3], rutile [TiO2] and anatase [TiO2], subordinate cassiterite [SnO2] (Figure 4A); (2) white-black samples are distinctive by the presence of quartz [SiO2], zircon [Zr(SiO4)], plagioclase, ilmenite, cassiterite, pyrite [FeS2], and tourmalines; (3) pink samples (Figure 4 and Figure 5) are composed mainly of zircon, subordinate monazite-Ce [Ce(PO4)], xenotime-Y [Y(PO4)], cassiterite, rutile, and quartz; (4) orange-black samples (Figure 6) are mixtures of monazite-Ce, xenotime-Y, zircon, ilmenite, rutile, and cassiterite (Figure 4B); (5) yellow-black samples contain predominant monazite-Ce and subordinate cassiterite and rutile (Figure 5). On the basis of the predominating mineral constituent (more than 50 wt%), four types of tailings were distinguished: (1) zircon; (2) ilmenite-rutile; (3) monazite; and (4) monazite-xenotime-zircon mixture.



In all the samples examined, subordinate amounts of following minerals have been identified: scheelite [Ca(WO4)]; struverite [(Ti,Ta,Fe)O2]; columbite [Fe2+Nb2O6]; malayaite [CaSn(SiO4)O]; polycrase-(Y) [Y(Ti,Nb)2(O,OH)6]; magnetite (Fe2+Fe3+2O4); topaz [Al2(SiO4)(F,OH)2]; pyroxenes; amphiboles and copiapite [Fe2+Fe3+4(SO4)6(OH)2·20H2O] formed due to decomposition of pyrite and marcasite. In the mineral concentrate, both individual grains and numerous intergrowths of monazite(-Ce)-xenotime(-Y), quartz-zircon, quartz-tourmaline-cassiterite were noted.



Microscopic observations revealed various forms of minerals: from automorphic zircon crystals to xenomorphic monazites. Monazite and xenotime grains are strongly affected by decomposition processes (Figure 7).




4.3. Chemical Composition of Tailing


Chemical examinations revealed highly differentiated amounts of oxides and metals (Table 1). The SiO2 contents range from 2.81 to 50.36 wt%, and Al2O3 from 0.40 to 12.80 wt%. Very high values of Fe2O3 4.77–30.40 wt% and TiO2 3.74–48.51 wt%. have been recognized in all samples. The amount of P2O5 varies from 0.34 to 17.23 wt%, depending on the amount of monazite and xenotime present in the samples. Low values have been found for: Na2O (to 1.05 wt%), K2O (to 0.10 wt%), MgO (to 4.42 wt%; averaging 0.50 wt%), MnO (to 2.46 wt%), and CaO (up to 0.28 wt%). The presence of sulfur is related to the presence of pyrite and marcasite but also with their weathering products such as minerals of the copiatite group. Loss on ignition (LOI) is relatively high—from 0.70 to 4.20 wt%. The low TOT/C content is 0.1% at the maximum which is indicative of a minor amount of organic material in the samples. The TOT/S ranges from 0.03 to 6.12%. The elevated TOT/S is caused by roasting of FeS2. The total amount of oxides falling below 100% results from the presence of minerals resistant to the melting under the LF202 analysis programs (www.acmelabs.com, accessed on 10 March 2021).



Tailings contain elevated amounts of the following critical raw materials: Ga (to 0.03 wt%); Hf (to 0.64 wt%); Ta (to 0.08 wt%); W (to 0.14 wt%); Zr (>5.0 wt%); and Sc (up to 0.01 wt%). Because of the presence melt-resistant minerals, the PF370 (sodium peroxide fusion for refractory mineral ores) procedure was applied. Additionally, high amounts of Sn to 11.64 wt% and Nb to 0.23 wt% have been found in the samples. The anomalously high REE contents are listed in Table 1. The highest REE values occur in samples with prevailing monazite or monazite with xenotime. In the case of the monomineral Bngk21 sample (more than 90 wt% of monazite), the REE content is above the upper detection limit (La > 5%, Ce > 5%, Pr > 1%, Nd > 1%, Sm > 1%) of the applied LF202 procedure. In sample Bngk 21, the HREE+Y value is 2.51 wt%, including Gd (0.75 wt%), Tb (0.08 wt%), Dy (0.34 wt%), Yb (0.07 wt%).



In the remaining samples, the high contents of LREE (up to 3.18 wt%) and HREE+Y (up to 1.93 wt%) also include very high concentrations of the “most critical” HREE: Dy (to 0.18 wt%), Tb (to 0.03 wt%), Eu (to 8.4 ppm), Nd (to 0.58 wt%), and Y (to 1.20 wt%). LREE/HREE+Y ratio ranges from 0.32 to 3.59. An anomalous value of more than 5.17 was noted in sample Bngk 21.



Chemical analyses revealed that potentially toxic metals and metalloids such as As, Pb, Cd, Hg occur within detection limits. Only Sb shows a slightly elevated content attaining 10.53 ppm. Large amounts of U (to 0.13 wt%) and Th (>1.0 wt%) were also noted. Monazites (Figure 8A) and xenotime (Figure 8B) observed under the microscope have abundant inclusions, particularly of thorite (ThSiO4), and subordinate uranothorite (Th,U)SiO4.





5. Discussion


5.1. Critical and Other Raw Materials from Tailing


Mining operations connected with exploitation and processing of mineral raw materials are responsible for the generation of waste material stored on dumping sites and in post-flotation settling ponds [32]. Tailings can contain both natural materials such as waste rock and chemically modified matter enriched in organic and inorganic phases [33]. Its composition can be a helpful indicator of possible valuable metals left in parts of the unexploited deposit owing to either a big depth of occurrence, lack of adequate technology, lack of awareness of their occurrence, and their possible economic value at the time of earlier exploitation.



Mining of cassiterite-bearing sands on the Bangka, Belitung, and Singkep Indonesian Tin Islands has been conducted uninterruptedly since the XVIII century [11]. On Bangka Island, two Indonesian government-owned companies are active: PT KobaTin and PT Timah. Besides, about 50,000 artisanal small mines (ASM) are likely to operate there, most of them illegally [34]. The fairly dispersed and partly illegal mining means that the total amount of generated tailings is unknown. That produced by small vendors (compradors) is kept on many sites all over the island often on dumping sites adjacent to homes, while that generated by government-owned companies is secured on authorized dumping sites. According to official data available for 2013, the amount of tailing produced by 21 independent smelters is about 28,080 tons. As estimated by Szamałek et al. 2013 [11], the total annual production of tailing from both government-owned companies and compradors on the entire island can exceed 1.2 mln t [11].



Examinations of the tailings from Bangka Island revealed their polymineral nature. In the samples examined, the following anomalous concentrations have been found: REE more than >15.51 wt%, Nb (to 0.23 wt%), Ta (to 0.08 wt%), W (to 0.14 wt%), Zr (>5.0 wt%), Sc (up to 0.01 wt%), Ga (to 0.03 wt%), and TiO2 (51.26 wt%). The differences in metal contents among the individual samples appear to be related to: (1) the processing technology of cassiterite-bearing sand and (2) the nature of the site of extraction. Schwartz et. al. (1995) [19] noted, that the content of monazite and xenotime in the tailings of Bangka Island may be 1.3 wt%. It was found [11] that tailings could be almost monomineral and contain up to 90 wt% of monazite. Tailings from the Singkep Island [35], and in particular that from the Kebun Nyjur area, contain up to 5807 ppm REE and are therefore of high economic potential. Their processing and use may, however, be hindered by its high uranium and thorium contents. Indeed, the presence of radioactive mineral phases can make processing of monazite and xenotime economically ineffective owing to the high costs of REO (rare earth oxide) extraction.



The current development of clean technologies and global transformation of the energy sector stimulates the search for new sources of critical raw materials. Tailings from Tin Island may prove an alternative source of high-quality REE concentrates, particularly such as: Dy, Nd, Tb, Eu, Y, and also Ti and Zr concentrates with Hf.



The samples contain high concentrations of U (0.13 wt%) and Th (>1.0 wt%). Tailing could be a potential source of natural uranium for the nuclear industry in Europe. In line with the European Commission, the Euratom Supply Agency [36] strives to diversify the supply of natural uranium and nuclear fuel for power and non-power uses. The diversification of supply sources is one of the European strategic objectives for sustainable development, energy and raw materials security. So far, Russia and Kazakhstan are the top providers of natural uranium to the EU in 2019 [36]. To this end, efforts are underway to analyze a new potential source of natural uranium. Studies of imported phosphate rocks indicate the potential recovery of approximately 334 t of natural uranium, with a cut-off at 90 ppm [37]. Tailing from Bangka Island may be a potential source of uranium. A new source of natural uranium could increase Europe’s resources security. At the end of 2019, 126 commercial nuclear power reactors were operating in the EU. Euratom Agency estimates of future uranium demand over the period 2030–2039, a reduction in uses of uranium and uranium fuel [36]. Despite this, four reactors were under construction in Europe. In the near future, three nuclear power plants are planned, including in Poland. The development of new projects may contribute to a stable supply of natural uranium for power and non-power uses in Europe.



The use of adequate processing procedures may also enable the recovery of silica, phosphorus, and iron, thereby mitigating the negative impact on the natural environment from mining waste. The high silica percentage (up to 50.36 wt%) in the tailings and its suitable physical parameters could also meet the requirements of the glass manufacturing industry. Tailings can be also a cheap and readily available source of quartz sand used in building and chemical industries.



Tailings derived from illegal mining is usually irretrievably lost in as much as they are normally used as fill for space left after mining operations, thereby harmfully affecting the natural environment. Implementation of the zero-waste philosophy and sustainable development may contribute to a better protection of the environment and natural habitats. Additionally, circular economy practice can essentially control the local economy by a sound use of mineral raw material. Therefore, tailings processing may prove a good way to increase the income of the local community and thereby enhance development of the artisanal sector.




5.2. Potential Resources of Critical Raw Materials from Bangka Island


Granites of Bangka [24], Singkep [38], and Belitung [39] Indonesian Islands are the continuation of the Main Range Granite Province. The Main Range-type granites belong to both type I hornblende monzogranites and type S horblende barren monzogranites. There is no substantial difference either in chemical or isotopic composition when compared with Malaysian granites of the Main Range Granite Province. The Bangka Island granites have been defined as syn-collision and WP granites [24]. According to [39], rocks formed under certain tectonic conditions show elevated REE and Y concentrations. Similar to the Main Range Granite Provence of SW Thailand and West Malaysia, the Bangka Island granites are distinctive by the presence of a tin-tantalum-REE mineralization zone [21] and further examinations confirmed the presence of rich mineralization of the granitoidic rocks [19]. Intensive chemical weathering which continues to affect the granitoidic structures throughout the Neogene till the present is responsible for the formation of colluvial and alluvial slope wash deposits enriched in heavy metals [19].



According to Indonesia’s Center of Geological Resources [40], the resources of REE minerals and zircon from the tin mining area are estimated at 951,000 tons [40] and the hypothetical monazite reserves from the Bangka Island coast at 471,087,689 m3 [41]. Presumedly, the REE potential may significantly increase with the progress of geological knowledge of the coastal deposits.



Some mineral potential may be expected in the kaolin covers and their outwash extracted during the development of tin deposits. Superficial covers contain elements such as Zr, Hf, Nb, Ti [42,43] which show a relatively high resistance to weathering, while others, for example REE, are prone to migration, fractionation and can form considerable enrichments in the weathering profile [44]. The Bangka Island granitoids contain, among others, REE-bearing minerals such as monazites and xenotimes [18,19]. Under the microscope, the mineral surfaces show traces of erosion caused by weathering. Both intensive weathering and the presence of numerous kaolin covers may favor concentration of these elements [45]. Washout processes may be the main factor leading to REE concentration in the weathering profile. REE can show strong correlations with clay minerals (kaolinite, haloisite), permitting their adsorption as cations on mineral surfaces [46].



It now seems likely that ion-adsorption deposits will provide the world’s largest source of heavy rare earths elements (Gd-Lu) [47]. They originate under subtropical conditions and contain both primary and secondary REE minerals. Favorable climatic conditions, topography, mineral composition of the source rock, and a long exposure to weathering suggest that enrichment in REE metals, mainly HREE, is likely to occur in the kaolin covers of Bangka Island. Exploration for the REE potential should thus focus on the weathering regolith overlying the granitoid structures.





6. Conclusions


Distortion of the supply chain of mineral resources caused by the COVID-19 pandemia created an urgent need to look for alternative sources of key raw materials. The REE metals, Nb, Ta form a “metals of the future group”, the demand for which will continuously grow. Transformations in the energy sector and progress in modern technologies necessitate a steady and reliable supply of raw materials. The tailings from Bangka Island generated by processing of cassiterite-bearing sands could be seen as a new potential source of critical metals. Mineralogical examinations have confirmed the presence of REE-bearing minerals, ilmenite and rutile, cassiterite, and niobium-tantalum phases. On the basis of the predominating constituent (more than 50 wt%), the following concentrates can be distinguished in the tailings: (1) zircon; (2) ilmenite-rutile; (3) monazite; and (4) monazite-xenotime-zircon mixture. In all samples, anomalous rare earths elements contents have been found (LREE > 13.00 wt%), and HREE+Y (up to 2.51 wt%) in particular. Tailing samples contain the most critical HREE: Dy (to 0.34 wt%), Tb (to 0.08 wt%), Eu (to 61.8 ppm), Nd (>1.0 wt%), and Y (to 1.20 wt%) and elevated values of: Ga (to 0.03 wt%); Hf (to 0.64 wt%); Ta (to 0.08 wt%); Nb (0.23 wt%); W (to 0.14 wt%); Zr (>5.0 wt%); and Sc (to 0.01 wt%). These results indicate the tailing to have a high economic potential.



The application of effective technological procedures can be helpful in production of high-quality REE metals concentrates, particularly: Dy, Nd, Tb, Eu, Y; Ti and Zr with Hf. Samples have high content of U (0.13 wt%) and Th (>1.0 wt%). Additionally, tailings can be a cheap source of silica, titanium, and phosphorus. Furthermore, a complete utilization of the tailings in accordance with zero-waste philosophy will mitigate the harmful effect from mining waste on the natural environment
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Figure 1. Geological map of Bangka Island (modified from [19,23,24,25]). 
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Figure 2. Grain size distribution in tailing samples in mm; (A) fine-grained, medium-sorted tailing from Toboali; (B) medium-sorted, poorly sorted tailing from Lubuk; (C) fine-grained, well-sorted tailing from Pemali; (D) fine-grained, medium-sorted tailing from Sungai Liat. 
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Figure 3. Tailing after the post-processing of cassiterite-bearing sands: (A) tailing from Nyelanding, sample Bngk 4; (B) tailing from Pemali–Bngk 16. Stereoscopic image magn. ×2. 
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Figure 4. Mapping of minerals using SEM-BSE: (A) Ilmenite-rutile tailing (Sample Bngk 27); (B) monazite tailing (Sample Bngk 21). 
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Figure 5. Diffractogram of monazite concentrate. Sample Bngk 25. Z—zircon; M—monazite; X—xenotime; K—cassiterite; R—rutile; ?—unidentified peak, probably Ti-phases. 
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Figure 6. Diffractogram of monazite concentrate (Sample Bngk 21). M—monazite; X—xenotime; K—cassiterite; R—rutile; ?—unidentified peak, probably Ti-phases. 
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Figure 7. Weathered grains of monazite with numerous traces of dissolution on the grains surface SEM observation. 
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Figure 8. (A) Monazite with thorite inclusions; (B) Xenotime pore space filled with thorite. SEM-BSE observations. 
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Table 1. Chemical results of selected tailing samples from Bangka Island. ICP-MS/ES method.
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Sample

	
Bngk2

	
Bngk4

	
Bngk6

	
Bngk7

	
Bngk11

	
Bngk12

	
Bngk13

	
Bngk14

	
Bngk16

	
Bngk18

	
Bngk21

	
Bngk23

	
Bngk25

	
Bngk27






	
Oxide

	
in wt%




	
SiO2

	
26.51

	
20.43

	
47.33

	
20.33

	
50.36

	
31.39

	
14.23

	
3.75

	
17.82

	
25.37

	
2.81

	
27.48

	
18.65

	
32.66




	
Al2O3

	
2.00

	
9.41

	
16.18

	
0.40

	
12.80

	
1.15

	
1.64

	
1.34

	
2.67

	
1.89

	
1.16

	
10.14

	
1.00

	
4.64




	
Fe2O3

	
14.79

	
19.03

	
12.30

	
4.77

	
12.58

	
12.13

	
16.27

	
30.40

	
21.12

	
15.08

	
5.20

	
15.41

	
11.48

	
13.26




	
MgO

	
0.20

	
0.16

	
0.40

	
0.03

	
4.42

	
0.13

	
0.03

	
0.05

	
0.11

	
0.17

	
<0.01

	
0.32

	
0.45

	
0.12




	
CaO

	
0.06

	
0.03

	
0.14

	
0.05

	
0.02

	
0.06

	
0.02

	
0.02

	
0.03

	
0.06

	
0.28

	
0.11

	
0.05

	
0.04




	
Na2O

	
0.08

	
0.35

	
1.05

	
0.01

	
0.05

	
0.04

	
0.01

	
0.01

	
0.06

	
0.07

	
0.02

	
0.66

	
0.02

	
0.17




	
K2O

	
0.03

	
0.03

	
0.07

	
<0.01

	
0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
0.02

	
<0.01

	
0.10

	
0.07

	
0.07




	
TiO2

	
23.97

	
41.82

	
9.31

	
6.04

	
7.68

	
18.65

	
48.51

	
51.26

	
25.50

	
25.43

	
3.74

	
20.89

	
13.48

	
32.68




	
P2O5

	
1.76

	
0.58

	
0.39

	
0.34

	
0.42

	
1.15

	
1.91

	
1.73

	
2.26

	
1.89

	
17.23

	
1.91

	
2.01

	
1.08




	
MnO

	
1.16

	
1.85

	
0.47

	
0.10

	
0.39

	
0.92

	
1.35

	
2.46

	
1.11

	
1.20

	
0.15

	
1.00

	
0.19

	
0.96




	
Cr2O3

	
0.27

	
0.02

	
0.03

	
0.20

	
3.63

	
0.17

	
0.07

	
0.08

	
0.08

	
0.26

	
0.43

	
0.12

	
1.63

	
0.08




	
LOI

	
2.10

	
2.00

	
3.70

	
1.90

	
0.70

	
4.20

	
2.18

	
1.40

	
11.50

	
1.70

	
3.70

	
1.80

	
3.40

	
2.00




	
Total

	
72.94

	
95.78

	
91.41

	
34.17

	
93.16

	
70.02

	
86.21

	
92.58

	
82.25

	
73.17

	
34.77

	
87.76

	
78.36

	
96.10




	
As

	
0.02

	
0.02

	
<0.01

	
0.03

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.03

	
0.23

	
0.03

	
<0.01

	
0.01




	
Pb

	
<0.03

	
<0.03

	
<0.03

	
0.07

	
0.05

	
<0.03

	
0.04

	
<0.03

	
0.05

	
<0.03

	
0.06

	
<0.03

	
<0.03

	
<0.03




	
Zn

	
0.02

	
<0.01

	
0.06

	
0.01

	
0.03

	
0.03

	
0.01

	
<0.01

	
0.05

	
0.02

	
0.01

	
<0.01

	
0.02

	
<0.01




	
S

	
0.23

	
0.07

	
0.50

	
1.70

	
9.15

	
2.41

	
0.02

	
0.20

	
2.78

	
0.26

	
1.72

	
0.21

	
3.34

	
0.24




	
TOT/C

	
0.06

	
0.05

	
0.06

	
0.05

	
0.07

	
0.04

	
0.10

	
0.05

	
0.10

	
0.04

	
0.06

	
0.04

	
0.06

	
0.04




	
TOT/S

	
0.40

	
0.08

	
0.69

	
1.69

	
0.03

	
1.76

	
0.04

	
0.20

	
6.12

	
0.25

	
1.65

	
0.22

	
0.96

	
0.23




	
Element

	
in ppm/ppb




	
Cd [ppm]

	
0.03

	
0.09

	
0.04

	
0.06

	
0.02

	
0.02

	
0.01

	
0.10

	
0.22

	
0.03

	
0.04

	
0.12

	
0.02

	
0.04




	
Sb [ppm]

	
3.62

	
1.48

	
1.02

	
10.53

	
0.26

	
1.85

	
4.56

	
3.50

	
2.34

	
3.00

	
3.63

	
2.11

	
1.82

	
2.72




	
Hg [ppb]

	
169

	
203

	
131

	
188

	
43

	
173

	
3121

	
439

	
774

	
183

	
426

	
312

	
102

	
432




	
in wt%




	
Ga

	
0.00

	
0.02

	
0.00

	
0.00

	
0.00

	
0.00

	
0.03

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Hf

	
0.36

	
0.03

	
0.04

	
0.61

	
0.08

	
0.42

	
0.14

	
0.04

	
0.23

	
0.36

	
0.01

	
0.19

	
0.64

	
0.07




	
Nb

	
0.09

	
0.23

	
0.12

	
0.01

	
0.03

	
0.05

	
0.16

	
0.17

	
0.15

	
0.09

	
0.04

	
0.06

	
0.04

	
0.14




	
Ta

	
0.01

	
0.02

	
0.08

	
0.00

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.03

	
0.01

	
0.02




	
Sn

	
3.89

	
0.50

	
2.96

	
11.64

	
6.72

	
3.98

	
1.58

	
0.87

	
1.03

	
3.68

	
5.89

	
1.23

	
5.14

	
0.83




	
Th

	
0.16

	
0.17

	
0.03

	
0.17

	
0.03

	
0.14

	
0.42

	
0.28

	
0.40

	
0.17

	
1.00

	
0.30

	
0.05

	
0.12




	
U

	
0.06

	
0.02

	
0.02

	
0.04

	
0.01

	
0.04

	
0.04

	
0.03

	
0.08

	
0.07

	
0.13

	
0.06

	
0.04

	
0.02




	
W

	
0.02

	
0.14

	
0.03

	
0.03

	
0.01

	
0.01

	
0.10

	
0.08

	
0.05

	
0.02

	
0.06

	
0.02

	
0.02

	
0.08




	
Zr

	
>5.0

	
0.90

	
0.90

	
>5.0

	
2.95

	
>5.0

	
>5.0

	
1.15

	
>5.0

	
>5.0

	
0.61

	
>5.0

	
>5.0

	
2.27




	
Sc

	
0.01

	
0.01

	
0.01

	
0.01

	
0.00

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
Y

	
1.05

	
0.27

	
0.24

	
0.46

	
0.17

	
0.40

	
0.49

	
0.50

	
0.51

	
1.20

	
1.10

	
1.06

	
0.57

	
0.44




	
La

	
0.30

	
0.15

	
0.04

	
0.34

	
0.07

	
0.33

	
0.66

	
0.57

	
0.72

	
0.27

	
>5.0

	
0.71

	
0.07

	
0.22




	
Ce

	
0.58

	
0.33

	
0.09

	
0.72

	
0.15

	
0.68

	
1.35

	
1.13

	
1.55

	
0.54

	
>5.0

	
1.61

	
0.14

	
0.46




	
Pr

	
0.06

	
0.04

	
0.01

	
0.08

	
0.02

	
0.08

	
0.14

	
0.13

	
0.16

	
0.06

	
>1.0

	
0.16

	
0.02

	
0.05




	
Nd

	
0.23

	
0.13

	
0.04

	
0.028

	
0.07

	
0.25

	
0.47

	
0.44

	
0.53

	
0.21

	
>1.0

	
0.58

	
0.06

	
0.18




	
Sm

	
0.06

	
0.03

	
0.01

	
0.06

	
0.02

	
0.05

	
0.08

	
0.09

	
0.09

	
0.06

	
>1.0

	
0.12

	
0.02

	
0.04




	
Eu (ppm)

	
8.4

	
0.9

	
1.6

	
7.4

	
1.4

	
5.3

	
4.6

	
4.4

	
5.2

	
8.9

	
61.8

	
8.0

	
6.1

	
3.0




	
Gd

	
0.10

	
0.03

	
0.02

	
0.06

	
0.02

	
0.05

	
0.07

	
0.09

	
0.08

	
0.12

	
0.75

	
0.13

	
0.04

	
0.05




	
Tb

	
0.02

	
0.01

	
0.01

	
0.01

	
0.00

	
0.01

	
0.01

	
0.01

	
0.01

	
0.03

	
0.08

	
0.03

	
0.01

	
0.01




	
Dy

	
0.17

	
0.04

	
0.04

	
0.08

	
0.03

	
0.06

	
0.08

	
0.09

	
0.08

	
0.19

	
0.34

	
0.18

	
0.09

	
0.07




	
Ho

	
0.04

	
0.01

	
0.01

	
0.02

	
0.01

	
0.02

	
0.02

	
0.02

	
0.02

	
0.05

	
0.04

	
0.04

	
0.02

	
0.02




	
Er

	
0.13

	
0.03

	
0.03

	
0.06

	
0.02

	
0.05

	
0.06

	
0.06

	
0.06

	
0.15

	
0.10

	
0.13

	
0.07

	
0.05




	
Tm

	
0.02

	
0.00

	
0.01

	
0.01

	
0.00

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.01

	
0.02

	
0.01

	
0.01




	
Yb

	
0.14

	
0.03

	
0.04

	
0.06

	
0.03

	
0.05

	
0.06

	
0.05

	
0.07

	
0.15

	
0.07

	
0.14

	
0.08

	
0.05




	
Lu

	
0.02

	
0.00

	
0.01

	
0.01

	
0.00

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.01

	
0.02

	
0.01

	
0.01




	
∑REE+Y

	
2.93

	
1.10

	
0.60

	
2.23

	
0.62

	
2.04

	
3.50

	
3.20

	
3.92

	
3.08

	
>15.51

	
4.93

	
1.20

	
1.66




	
LREE

	
1.23

	
0.67

	
0.20

	
1.47

	
0.32

	
.38

	
2.70

	
2.35

	
3.06

	
1.15

	
>13.00

	
3.18

	
0.29

	
0.95




	
HREE+Y

	
1.70

	
0.43

	
0.40

	
0.76

	
0.30

	
0.66

	
0.80

	
0.84

	
0.85

	
1.93

	
2.51

	
1.74

	
0.91

	
0.71




	
LREE:HREE

	
0.72

	
1.57

	
0.50

	
1.93

	
1.09

	
2.10

	
3.39

	
2.80

	
3.59

	
0.60

	
>5.17

	
1.83

	
0.32

	
1.35








LREE: La, Ce, Pr, Nd, Sm; HREE+Y: Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu + Y.
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