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Abstract

:

The strategic importance of tantalum and its scarcity in Europe makes its recovery from low grade deposits and tailings interesting. In Penouta, the contents of Ta and Sn in old tailings from an Sn mine are of economic interest. Due to the relatively low grade of Ta of around 100 ppm, a detailed study of the mineralogy and liberation conditions is necessary. In this study, the mineralogy and the liberation characteristics of Sn and Ta ores of the Penouta tailings were investigated and compared with the current leucogranite outcropping ores. The characterization was conducted through X-ray diffraction, scanning electron microscopy, and electron microprobe. In addition, automated mineralogy techniques were used to determine the mineral associations and liberation characteristics of ore minerals. The grade of the leucogranite outcropping was found to be about 80 ppm for Ta and 400 ppm for Sn, and in the tailings used for the liberation study, the concentrations of Ta and Sn were about 100 ppm Ta and 500 ppm Sn, respectively. In both, the leucogranite outcropping and tailings, the major minerals found were quartz, albite, K-feldspar, and white mica. Ore minerals identified were columbite-group minerals (CGM), microlite, and cassiterite. The majority of CGM examined were associated with cassiterite, quartz, and muscovite particle compositions and cassiterite was mainly associated with CGM, quartz, and muscovite. The liberation size was 180 µm for CGM.
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1. Introduction


The modern economy is highly dependent on specific raw materials, and this dependency is expected to increase in the near future. Tantalum and niobium have become essential metals for today’s society due to their high-tech applications, high supply risk, and limited substitutability. Tantalum has a high resistance to corrosion, a refractory character, a high density, a high dielectric strength, and a high level of hardness, melting point, chemical stability, and biocompatibility [1]. These properties make this metal suitable for use in multiple high-technology applications as well as in other areas such capacitors, chemical equipment, hard-metal tooling, and alloys [2]. The main use of tantalum is to make capacitors, but it is also increasingly being used in automotive electronics, mobile phones, personal computers and wireless devices, cutting tools, and in surgery [3,4].



Niobium shares many mechanical and chemical properties with tantalum [5] and can replace tantalum in most of its applications, but, in general, it has lower benefits [6,7]. Ceramics, aluminium, and niobium also can replace tantalum in capacitors [8,9]. In the case of niobium, as it has a lower dielectric capacity, the capacitor will have larger dimensions.



While the supply of crude oil and gas has raised great concerns for a long time, in the last decade, access to metals and minerals has received attention from the European Union (EU), where about 30 million jobs are directly reliant on access to raw materials [10]. The need for raw materials is huge and crucial for the sake of European industries and their associated jobs and economy, as well as for the rest of the world [9,11].



In the EU, the raw materials selected as critical are those with a higher supply risk and level of economic importance. The fact that many of these materials are currently only extracted in a few countries, with China being the leading supplier as well as consumer of several important raw materials, increases the risks of supply shortages and supply vulnerability along the value chain.



In addition, supply restrictions are not only due to factors in the source countries; all members of the supply chain have an influence on the supply conditions and price volatility. Moreover, mine production of minerals and metals relies on large scale investment projects, which can take many years to be implemented, and, therefore, cannot react quickly to short term changes in demand, or are vulnerable to market manipulations by established suppliers trying to hamper emergent mining operations [12]. The demand for Nb and Ta is higher than that of the supply [5]. Nb has been declared a critical metal for the European Union due to its economic importance along with its limited supply, because a single country, Brazil, produces more than 90% of the world total supply [13,14]. Tantalum was not included in the list of critical raw materials in 2014, [14] but it was incorporated in 2017.



Other countries, such as the United States of America, Australia, and Russia also have a raw materials classification based on similar parameters [15,16]. The USA uses supply risk, production growth and market dynamics [17]. Although the list of minerals included varies based on the country’s characteristics, similarly to the EU list, tantalum is included in the critical materials lists.



The Strategic Implementation Plan of the EU developed several projects to improve the primary and secondary supply, substitution, and material efficiency in the framework of the research and innovation programme Horizon 2020 for 2014 to 2020 [18]. A project on optimization technologies for the crushing and separation of tungsten and tantalum minerals (OptimOre) was one of them. The main goal of this project was to optimize the processing of tantalum and tungsten to favour the exploitation of low-grade deposits from the EU.



Tantalum and niobium occur together in nature. Most of the tantalum comes from the exploitation of pegmatites and rare metal granites [19]. However, the shortage of primary Ta deposits makes it necessary to look for other sources of this metal, such as the tailings of some old tin mines, which may have a high potential for Ta. The reprocessing of tailings represents an alternative collection method for many of the scarce metals associated with a supply risk [20]. This is the case for Penouta, where the ancient tailings are being exploited for tin and tantalum. In these cases, there is the advantage that the material has already been extracted from the mine and that its particle size has already been partially reduced, which represents significant savings in the comminution process. However, in most cases, these sources contain low-grade materials, so that in order to be economically profitable it is necessary to optimize their processing.



Tantalum occurs in a variety of oxide minerals, usually as solid solution with niobium linked with other elements distributed in complex textures, which necessitate a detailed mineralogical characterization of the ores to achieve optimal design of the mineral processing operations. The mineral composition, textures, mineral liberation, and associations must be determined to maximize the grade and the ore recovery. The mineral liberation size is a key parameter in determining the comminution operations.



These represent the main cost of the processing, due to the energy consumption [21] and in low-grade ores, accurate determination selection of this can make the operation economically viable [22]. In addition, the liberation characteristics are essential for selecting the mineral processing method [23].



The automated mineralogy techniques are invaluable in achieving these goals, allowing the quantification of the composition, texture, and the liberation degree of ores [24,25,26,27,28,29]. These techniques should be used together with other complementary techniques to obtain the correct mineralogical data [30]. The use of electron microprobe data may be necessary for minerals with complex distributions of elements [31], such as Nb and Ta-bearing oxide minerals.



The aim of this work is to determine the liberation characteristics of Penouta tailings and compare the results with those from outcroppings of the leucogranite low-grade tantalum ore. These results can be used to optimize the mineral processing operations. Liberation modelling is used to predict the distribution of valuable minerals in particles and to determine the optimal output size for a comminution unit.



Some of the ore liberation characteristics from the Penouta leucogranite have been reported previously using quantitative mineralogy TESCAN [32,33] as well as less expensive techniques, such as scanning electron microscopy (SEM) and X-ray powder diffraction (XRD) [34]. Gravity separation studies focussed in a particular sector of the Penouta tailings have been reported [35], as well as studies on metallurgical treatments [36]. These studies, along with the previous studies on crushing [37] and milling [32,38], provide a broad understanding of the Penouta ore processing. However, in this study, the mineralogical characteristics of ore materials, tailings, and leucogranite outcropping are characterized. Moreover, although tin is the main ore derived from Penouta, in previous liberation and comminution studies, only tantalum ore was studied; in the present study, the liberation characteristics of cassiterite are also provided. The liberation of these ores is analysed in detail, and a comparison between tailings and the outcropping rock is presented. With this characterization, the variability of this material is reported, which should be taken into account for processing issues.




2. Geological Setting and Mining History


The Penouta ore deposit is located in Penouta village, a municipality of Viana do Bolo, Ourense, Galicia in the northeast of Spain. The Penouta deposit mainly consists of a peraluminous, highly evolved rare-metal leucogranite with disseminated mineralization of cassiterite and columbite-tantalite. These ores are especially abundant in the apical zone, where pervasive kaolinitization of the granite and the presence of flat-lying sheets of aplo-pegmatite are not uncommon [39]. These centimetric- to metric-thick structures are nearly horizontal tabular bodies composed of different proportions of the main constituents (e.g., quartz-mica layers, albite layers, and quartz layers) sandwiched rhythmically. A poorly developed Sn-rich greisen occurs in the granite-metamorphic boundary, and quartz veins with locally developed greisen selvages are mostly hosted in metamorphic rocks (Figure 1). Quartz veins form dyke swarms composed of sigmoidal, lenticular and tabular in shape, hyaline to milky quartz with cassiterite mineralization. The veins are mainly composed of quartz, although barite, sphalerite, galena, chalcopyrite, pyrite, and bismuthinite occur in minor amounts.



The Penouta leucogranite is below the metamorphic pile consisting of gneisses of the Ollo de Sapo Formation and mica-schists corresponding to the Viana do Bolo series (Figure 1). In Penouta, an Sn–Ta greisen-type ore deposit, mineralization mainly occurs in the leucogranite body. The shape and size of this granite body have been constrained due to a drilling program carried out in 2013, revealing a sub horizontal lens-like body with the bottom of the granite at depth of 250 m. The granite body is elongated in the north–south direction (Figure 1), with a maximum length of 1100 m and maximum width of 700 m. A similar shape has been reported in other rare-metal leucogranites of central-western of Spain, exemplified by the Sn–Ta–Nb albite granites from Golpejas and Fuentes de Oñoro [40,41]. Fluxing elements present in these melts seems to be the clue to explain the shape of these granite bodies, as these elements reduce the viscosity of the melt, favouring the lateral extension [42]. The Penouta leucogranite was emplaced in the hinge of a D1 Variscan antiform (Figure 1), an ideal scenario where the uprising magma has sufficient room where it can be emplaced, avoiding the “room problem”. The study of outcrops and drill core sections supports the notion that the granite intruded following planar anisotropies, namely the regional foliation observed in the country rock [42].



Differences in colour in hand specimens occur from the top to the bottom of the granite. The greenish colour becomes more intense at the bottom. Granites of the apical zone are always leucocratic (whitish) and fine-grained in hand specimens. This is the part of the granite where albite and kaolinite are more abundant, providing a whitish colour to different extents, depending on its abundance. In more detail, when the albite and kaolinite contents decrease or disappear, the granite displays a pale green colour, mainly due to the colour of the white mica, which changes to a darker green at the deepest levels, where the white mica also exhibits a darker green colour. No relevant changes in grain size occur throughout the whole granite body, but the finest-grained granite occurs at the apical zone, specifically in places where it contacts the country rock, which can be interpreted as chilled margins. Gradational margins or contacts with different magma pulses were not observed. The granite margin is the only place with a significant orientation of plagioclase laths (concordant with the country rock), although without deformation, suggesting that a flow of low viscosity magma occurs adjacent to the wall of country rock. The lack of orientation in the rest of the granite is interpreted as being the result of rapid magma emplacement followed by crystallization after magma flow, as has also been reported in flood basalts (e.g., [43]).



The disseminated mineralization of cassiterite and columbite-tantalite in the Penouta granite suggests a passive crystallisation of the magma, in contrast with the B-bearing magmas that provides evidence of explosive processes such as the formation of breccia pipes and stockworks [44]. The columbite-tantalite and cassiterite occur from the bottom to the top of the granite body with the highest abundances in the apical zone, although cassiterite is also occasionally enriched in medium levels. Upwards Ta and Ta/Nb enrichment is explained by fractional crystallization processes, with a crucial role played by muscovite as the mineral phase that is able to fractionate Nb relative to Ta [42]. The strong Sn enrichment of the central part of granite has been related to the occurrence of fluid saturation/degassing in the lower margin as a consequence of cooling and crystallization of mostly anhydrous minerals (i.e., second boiling). The affinity of Sn for fluids could have yielded a Sn-rich fluid/vapour that migrated up to the central part of the granite sheet (hotter melt), where it was probably reabsorbed, enriching the melt in tin and explaining the magmatic signature of cassiterite [42]. It seems probable that there is a second fluid-saturated zone in the upper margin of the granite body, resulting in the formation of pegmo-aplites and greisen [42]. This exsolved fluid has also been recently attributed as the cause of the formation of sponge-like textures and strong depletions in Nb in the columbite-group minerals (CGM) [45].



There are no ages available for the Penouta granite, and only a relative time frame can be inferred from structural and contact relationships. The lack of foliation and significant internal deformation in this body are typical features of a late- to post-Variscan character. Similar structural features have also been reported in other granitic rocks in the area, such as Veiga and Pradorramisquedo plutons, which have been related to a strike-slip shear zone [46], this stage being similar in age (c. 308 Ma, [47] to other Sn-bearing granites recently dated in the Central Iberian Zone (e.g., Logrosán Sn–(W) ore deposit, 308 ± 1 Ma, [48]).



The Penouta leucogranite was exploited extensively during the 1970s to obtain mainly cassiterite and columbite-tantalite as by-products, although mining and processing methods were not efficient so great amounts of these minerals were progressively accumulated in the tailing ponds with similar grades as those of the original leucogranite [49,50].



As a consequence, nowadays, Strategic Minerals Spain is exploiting these old tailing ponds and dumps (12 Mt, average grades of 428 ppm for Sn and 35 ppm for Ta), mainly focusing on the Balsa Grande tailing, which contains about 4.8 Mt of residue with 387 ppm of Sn and 48 ppm of Ta, and the Balsa Pequeña (also called Balsa de la Abeja) tailing, with around 0.22 Mt of residue with 421 ppm of Sn and 42 ppm of Ta [51]. It is also investigating the re-opening of the original deposit whose measured and indicated resources are reported to be 95.5 Mt, with an average grade of 77 ppm of Ta and 443 ppm Sn [39].




3. Materials and Methods


3.1. Materials


Several samples were obtained from the Balsa Grande and Balsa Pequeña tailings and from the leucogranite outcropping ore of Penouta (Figure 2).



Due to the low Ta concentration in the Penouta deposit, it had to be concentrated in order to obtain a rich flow with a high number of ore particles to be studied. Fourteen kilograms of each sample were used. First, the sample was ground into particles less than 1 mm in size. Then, it was sieved and, thereafter, fed into a laboratory scale model Wilfley–Holman shaking table, with a feed rate of 75 kg/h and a stoke rate of 280 rpm. The screened samples under 212 µm were used throughout the separation in two stages. The sample with sizes between 212 and 106 µm and the sample under 106 µm were treated separately in the shaking table. Finally, to observe the liberation characteristics of a highly concentrated material, the Penouta leucogranite sample was reprocessed several times in the shaking table. The chemical composition and mineralogy were determined by XRD in all samples. Two representative samples of the Penouta ore were used for the mineral liberation analysis (MLA), one composite sample from the ancient open pit and other from the Balsa Grande tailing (Figure 3).




3.2. Analytical Methods


Whole rock samples were analysed at Activation Laboratories (ACTLABS). Major elements were analysed by X-ray fluorescence (XRF), and minor elements were measured using ICP-MS from the acid digestion of fused glass beads. Fusion was obtained using lithium or sodium borate. The range was 0.1–2500 ppm for Ta and 0.2–2500 ppm for Nb.



Mineralogical characterisation was carried out by X-ray powder diffraction (XRD), optical microscopy, and scanning electron microscopy. The XRD spectra were measured from powdered samples in a Bragg-Brentano PANAnalytical X’Pert Diffractometer (graphite monochromator, automatic gap, Kα-radiation of Cu at λ = 1.54061 Å, powered at 45 kV–40 mA, and a scanning range of 4°–100° with a 0.017°2θ step scan and a measuring time of 50 s). Identification and Rietveld semiquantitative evaluation of phases was conducted with PANanalytical X’Pert HighScore software (PANalytical, Almelo, The Netherlands).



Scanning electron microscopy with energy-dispersive spectral analysis (SEM–EDS) was used in back-scattered electron mode (BSE). A JEOL JXA-8230 (JEOL, Tokio, Japan) Electron microprobe was used to determine the chemistry of minerals. Details on the analytical conditions are provided in [32,45].



The structural formula of CGM was calculated on the basis of 24 oxygens and 12 cations per unit cell (apfu). The number of cations was fixed by a method of charge balance by conversion of a portion of Fe2+ to Fe3+. The structural formulas of tapiolite and cassiterite were calculated on the basis of 6 and 4 oxygens, respectively. The structural formula of microlite was calculated on the basis of a fully occupied B site (Nb + Ta + W + Ti = 2 apfu) and the concentration of OH– was calculated by charge-balancing to the anion total of 7 [52].



Automated mineral liberation analysis (MLA) was used to study particle liberation. It was carried out at the University of Tasmania using a FEI MLA650 (FEI, Hillsboro, OR, USA) environmental scanning electron microscope equipped with a Bruker Quantax Esprit 1.9 EDS system with two XFlash 5030 SDD detectors (Bruker, Berlin, Germany). MLA measurements were performed at 20 kV with a 1.5 micron pixel resolution using the XBSE method, which collects a range of BSE images at a specified resolution, segments the images into different mineral grains based on BSE contrast and textural features, and collects a single ED spectrum in the centre of each identified mineral grain. A Mineral Liberation Analysis (MLA) software package v3.1 was used.



The MLA of leucogranite outcropping was carried out at the Helmholtz Institute Freiberg for Resource Technology, Freiberg, Germany, using a FEI Quanta 650F (FEI, Brno, Czech Republic) equipped with two Bruker Quanta X-Flash 5030 EDX detectors and ThermoFisher/FEI’s MLA Suite 3.1.4 (ThermoFisher, Walthan, MA, USA) for automated data acquisition, and using 25 kV and a beam current of 10 nA.





4. Results and Discussion


4.1. Chemical Composition


Despite the fact that the tailings came from the processing of the previously exploited Penouta leucogranite, the chemical composition of the Penouta tailings has some differences with respect to the remaining leucogranite ore. Thus, the tailings show considerable variability in their Si and Al contents, as well as higher Fe and Ti contents. Regarding the metals of economic interest, high Sn, Nb, and Ta contents stand out in the tailings, as they are unevenly distributed. Likewise, the contents of U and Th are clearly higher in the tailings than in the leucogranite outcropping (Table 1).



Leucogranite samples from different points along the open pit area show a range from 81 to 140 ppm of Ta and from 50 to 64 ppm of Nb [45]. In the tailings Ta content varies from 40 to 226 ppm, the Nb content varies from 40 to 123 ppm, and the Sn content varies from 186 to 1110 ppm.



The Ta content varies with the particle size as demonstrated in the analyses of the different size fractions. The Nb and Sn contents follow the same trend (Figure 4). The U and Th contents are low in the whole sample but the fine size fractions are highly enriched; thus, they can be concentrated in the Ta concentrate.



The chemical composition of the materials used in the ore concentration and the obtained waste show the efficiency of the concentration process. This was higher in the case of leucogranite outcropping with only 7 ppm of Ta remaining in the final waste. The concentration of Nb did not decrease in the same proportion. In both concentration processes, the wastes contained a quantity of Nb that was even slightly higher than that of Ta (Table 2); however, samples with a greater quantity of Ta than Nb were used. The Nb/Ta ratio varied according to the richness of these oxides: the higher the content of Ta, the lower this ratio will be. This was observed not only for the concentration wastes, but also for the tailing materials and in the original leucogranites (Figure 5).



Regarding the concentration, this is justified by the higher density of Ta-rich minerals compared to Nb-rich materials, which are easier to concentrate by gravimetric methods. Similar results were achieved for the gravity concentration of fine tailings in previous studies [35], in which the higher recovery of tantalum was attributed to larger tantalite particles; however, in this case, no evidence of this size difference was shown.




4.2. Mineralogy Mineral Chemistry


4.2.1. Bulk Mineralogy


The Ta–Sn ores from Penouta occur as oxides hosted in leucogranite. The leucogranite ore has an inequigranular snowball texture with large grains of quartz, about 1 mm in size, included in a matrix of other grains lower than 0.5 mm in size including quartz, K-feldspar (microcline), albite, and white mica. Locally, kaolinite can be present in large amounts. Minor concentrations of spessartine, tourmaline, zircon, monazite, beryl, cassiterite, CGM, zircon, and uraninite are accessory minerals and were almost ubiquitous. Ta-rich ore minerals occur as crystals, usually smaller than 300 µm in size, free or associated mainly with quartz and muscovite [45]. Other rare accessory minerals are fluorite, microlite, wodginite, tapiolite, and occasionally, sulphide minerals, either in nodules or, more frequently, related to small veins. Sphalerite, galena, arsenopyrite, pyrite, bismuthinite, chalcopyrite, and stannite are the most common sulphides.



Tailings come from previously exploited leucogranite, so, the mineralogy should be similar in both cases. The XRD results show that although the composition was similar in both cases, with quartz, albite, microcline, and muscovite as the major minerals in the leucogranite outcropping; the contents of these minerals hardly vary from one point to another, whereas in the tailings, the oscillations are greater, even at nearby points (Figure 6).



Leucogranite from the tailings showed a distribution of minerals that was largely dependent on the particle size fractions, as observed by the XRD diagrams (Figure 7). Quartz is most abundant in coarse particle fractions, K-feldspar is more abundant in the medium-sized fractions, whereas albite and kaolinite are concentrated in the smallest fractions. The mineral distribution depends on the hardness of the minerals, and the original texture. Quartz has the highest hardness of the major minerals and a significant amount occurs in grains of 1–2 mm. However, albite and kaolinite are composed of thin crystals.




4.2.2. Ore Minerals


A detailed characterization of Nb–Ta oxide minerals from the Penouta leucogranite ore was reported previously [39,45]. In the tailings, the characteristics of the tantalum-bearing minerals are similar to those of the leucogranite outcropping. Additionally, here, the CGM prevails. These present similar textures, with those with a columbite-rich core and a tantalite-rich rim being more abundant (Figure 8a–c), but other textures such as oscillatory and patchy (Figure 8d,e) also occur. Occasionally, small uraninite inclusions appear in these crystals (Figure 8f). A frequent association of CGM with microlite was observed, which usually occurs within or in contact with CGM (Figure 8g–i).



The chemical composition of CGM follows a similar pattern in leucogranite outcropping and tailings, with the most abundant compositions being those that belong to columbite-(Mn) and tantalite-(Mn) (Figure 9). This trend is typical of CGM from granites [53,54,55]. These similarities also occur in the composition of microlite (Figure 9), which is highly variable. Although Ca is the most abundant cation of its site, in some cases, U and Pb can be relatively abundant, especially in the rims of microlite crystals. Wodginite is also present in a minor amount.



Although the tailings have been exploited for cassiterite, this is the most abundant ore mineral that is still contained, occurring as a homogeneous subhedral to anhedral grains, up to a few mm in size. The chemical composition of cassiterite shows a high Ta content, up to 9 wt% of Ta2O5 and a lower content of Nb2O5 [39,45].





4.3. Mineral Liberation Analysis


4.3.1. Modal Mineralogy


The MLA provided the characterization of 69,262 particles from the leucogranite outcropping ore concentrate and 23,753 from the tailings concentrate of Penouta. The mineral distribution (Table 3) was mapped for visual appreciation and observation of shapes and texture (Figure 10). Although in the sample of the leucogranite outcropping, the concentration of ores was higher, as evidenced by the higher quartz content in tailings, the comparison between the results of the mineralogy of concentrate material from the open pit and tailings showed that, in both cases, the CGM had a similar morphology, in which columbite partially surrounded by a rim of tantalite predominated.



In the leucogranite, the concentration process was effective and, consequently, the most abundant particles were those of CGM and cassiterite; feldspars were also abundant. However, in the tailings, the concentration process was less effective, and the most abundant particles were quartz, followed by CGM and cassiterite. In this case, Fe oxides were frequently observed. These, are often round particles and can be slags of the previous metallurgical treatment of the Penouta concentrates (Figure 10b,c). Some fragments of pyrite partly altered to Fe oxides were also observed (Figure 10d,e).



In the concentrates the most abundant ore mineral was cassiterite, with 53.6 wt% in the leucogranite and 10.1 wt% in the tailing, followed by tantalite (20.1 and 2.0 wt%, respectively), columbite (6.5 and 1.4 wt%, respectively), and microlite (0.1 and 0.3 wt%, respectively). Although wodginite was determined by EMPA, it was not detected with MLA. This could be because this mineral is too similar to columbite-tantalite in terms of BSE contrast and the energy dispersive spectrum. Minor amounts of sulphide minerals were determined; the most abundant was pyrite, with 0.7 wt% and 0.2 wt%, respectively. Other silicate minerals determined by MLA were garnets, mainly spessartine.




4.3.2. Particle Size


The MLA also provided the particle size distribution (PSD) of the concentrates (Figure 11a) and the grain size distribution (GSD) of the ore minerals (Figure 11b,c). The PSD results show that the mean size of the particles of leucogranite concentrate are more than 50 µm coarser that those of the tailings concentrate. In Figure 11 it can be seen that while in leucogranite the GSDs of the CGM and cassiterite are similar to the PSD, in the tailings, they are much lower, that is, the average grain size is greater than that of the ore liberation. In both cases, the grains of tantalite show a somewhat larger size than those of columbite. This, is because tantalite often surrounds columbite; therefore, the size of the CGM to consider is the one shown by tantalite. Cassiterite has similar values, while microlite is much smaller, especially in the case of leucogranite.




4.3.3. Mineral Association


For the mineral association of binary CGM-bearing particles with other minerals, as shown in Table 4, the two end-members of this group, columbite and tantalite, appeared separately. We observed that while the main mineral associated with columbite is tantalite (59–60 wt%), in the case of tantalite, columbite is the main associated mineral, but only in concentrations of 16.5 wt% and 32.9 wt% from the leucogranite outcropping and tailings, respectively. This is because in the texture of CGM, as it has been shown (Figure 8), tantalite frequently surrounds columbite, making it less exposed to contact with other minerals. The association with microlite is higher in the case of tantalite because both minerals are genetically associated [13], and often, microlite is located within or close to the Ta-richest CGM.



Tantalite is mainly associated with quartz, kaolinite, albite, and muscovite. The high degree of association of tantalite with kaolinite and the difference in this between leucogranite and tailings are highlighted.



The mineral association with CGM depends on the particle grade. In particles with low grades, the CGM are mainly associated with cassiterite in the tailings, whereas in leucogranite, the association with silicates, mainly with quartz and with Fe oxides, is also important (Figure 12). In contrast, in particles with high grades of CGM, the distribution is relatively similar but with a higher proportion of association with Fe oxides.



In the low-grade CGM particles, the associations in the concentrates obtained by gravimetric processing are highly dependent on the final density of the particles, which will depend on the degree of concentration achieved. So, in the case of achieving a high level of separation, particles with a dominant content of light minerals moved toward the waste fraction. Therefore, most of the quartz particles with a low percentage of CGM will go to waste, or the light fraction, in the case of the processed leucogranite; on the other hand, by making a less effective separation with the tailings material, this still can contain a significant fraction of light minerals. For particles with a high proportion of CGM, the influence of the degree of efficiency is not significant, since the composition of the grains associated with the CGM particles will have little effect on their total density.



The associations of kaolinite with CGM and with cassiterite, is most common in the leucogranite outcropping concentrate. Kaolinite and Nb–Ta rich minerals are frequently naturally associated [53,56]. The lower content in the tailings can be explained by the removal of kaolinite, which occurs as particles of a few microns in size, from the tailings e.g., by the action of rainwater.



In the case of Fe oxides, they present a high density, so a less intense concentration process, such as that carried out on tailings, should result in fewer Fe oxides associated with CGM grains; however, in the tailings of Penouta the opposite situation was observed. This could be explained by the slightly different mineralogical composition of the initially exploited leucogranite compared to that which still remains in the outcrops, or it could be due to the inclusion of some materials from the veining greisen area located in the uppermost part of the deposit. This initial leucogranite would be richer in Fe oxides, probably in pyrite and also in microlite.



Cassiterite is liberated in most of the particles (73–81 wt%). In the other cases, it is mainly associated with CGM in the leucogranite concentrate, while in the less pure concentrates, such as those from tailings, cassiterite is mainly associated with quartz, especially when the cassiterite grade is not too high. In both cases, this is followed by the association with muscovite, which is greater in ore-rich particles. Regarding the association with Fe oxides (Mn, Al), these are more commonly associated with cassiterite than with CGM and, in both cases, they predominate more in tailings than in leucogranite concentrates.



When analysing the data contained in these MLAs, it should be considered that, despite the fact that this method allows the observation of a high number of particles, which is important for statistical results [57], the data represent a considerably low proportion of the overall population and, therefore, the generated error can be high. The total counts of particles measures during the MLA from the leucogranite concentrate was 69,262 with 136,042 grains and in the tailing concentrate 21,344 particles with 62,547 grains were measured. The number of particles for each size fraction is variable (Table 5). This number is large for the extreme classes but smaller for the intermediate grades, corresponding to the “U” shape distribution of the liberated particle sizes, as predicted by liberation models [58].



The representativeness of these classes is limited; thus, the measurement error is a function of the number of particles measured and the variability of particle composition in the sample [59]. This is evidenced in the mineral associations with 20–30 wt% of CGM in the tailings (Figure 10a), where only ten particles were measured, and in all of them, quartz was absent and feldspar was as the main associated mineral. Thus, more sections should be analysed to increase the representativeness of the results.




4.3.4. Liberation Analysis


Particles constituted by a single mineral are described as free, and a mineral is considered to be liberated when more than 90 wt% of it is free (e.g., [60]). In this case, columbite and tantalite were considered single minerals, because they could not be separated each other by physical methods.



The characteristics of the liberation of CGM and cassiterite ores from Penouta are summarised in Table 6. As expected from the concentration results, the number of ore-bearing particles and the total amount of ore were considerably higher in the leucogranite outcropping concentrate than in the tailings concentrate. However the distribution of ores in the liberation classes was similar in concentrates from leucogranite and tailings. In both cases, most of the ore-bearing particles were non-liberated. For example, in the leucogranite concentrate, 29.6% (30 wt%) of the particles were found to contain CGM; of these, 18.1% (9.2 wt%) were free and 21.7% (22.5 wt%) were liberated. This, means that some liberated particles contained a small amount of impurities. A concentration of 30 wt% of CGM were found to be free and 71.5 wt% were liberated. Cassiterite displayed similar behaviour but with higher values.



Although the tailings concentrate was found to have a considerably lower CGM grade than the leucogranite concentrate, the distribution of CGM among the different particle fractions and grade classes showed a similar pattern in both concentrates. In the two cases, most of the particles bearing CGM were liberated or present at a low grade. As Figure 12 shows, in most CGM particles with less than 10 wt% CGM, the predominant mineral was cassiterite. Textural observations indicate that these are cassiterite-rich particles that contain small inclusions of CGM [45].



A predictive liberation model was developed for the leucogranite outcropping and tailing concentrates. Particles of −200 µm contain 96 wt% of CGM in the leucogranite concentrate and 89.5 wt% in the tailings concentrate. Particles of −200 μm contain 86.1 wt% and 70 wt% of the total cassiterite, respectively (Figure 13); these lower concentrations are because of the larger size of cassiterite. The size of particles is very important to the efficiency of the processing method. Froth flotation has a low level of efficiency with particles smaller than 20 μm [61], and abundant problems are produced when the method is used with fine particles [62], and loss efficiency in concentrate particles under 50 μm in size [35,61,63]. In the Penouta leucogranite and tailing concentrates only 0.28 wt% and 0.17 wt% of cassiterite, respectively, are present in particles of less than 20 μm in size, and its content of cassiterite in particles under 50 μm is also small enough that the exclusive use of gravity methods may be feasible.



The liberation size for CGM is –180 μm; thus, this range represents 80 wt% of the liberated particles in leucogranite and tailing concentrates. However, to recover 80 wt% of cassiterite in the leucogranite and tailing concentrates, it would be necessary to include particles with sizes up to 189 µm and 236 µm, respectively (Figure 13). Using the MLA data, the differential mass of all samples was determined at different grade classes and size fractions. The calculation of the distribution density and modelling of liberation is shown in Figure 14 for CGM and in Figure 15 for cassiterite.



It is important to keep in mind that although the MLA data used here were obtained from a concentrate, in the waste material from our re-processing of tailings, only 20 ppm of the Ta and 94 ppm of the cassiterite remained (Table 2), which represents less than 20 wt% of the total. So, the distribution of the CGM particles should be similar to the original tailings material.



Similar to CGM, most cassiterite was found in the high-grade classes with between 90% and 100% cassiterite. A comparison of Figure 14 and Figure 15 shows that while the CGM are found abundantly in particles in small proportions, that is to say, with low-grade CGM, in the case of cassiterite, this is much less frequent, although the grade class of >0% to 10% is also more abundant than classes with intermediate grades.






5. Conclusions


Using the MLA, the characteristics of mineral liberation were quantified for CGM and cassiterite from Penouta leucogranite and ancient tailings. The mineral association and relationships among the ore content, size of particles, and grade class were determined. These data are necessary to select the particle size that must be reached according to the recovery to be obtained.



In Penouta, CGM are mainly associated with cassiterite, quartz, and muscovite and, to a lesser extent, with feldspars, kaolinite, and Fe oxides or hydroxides. The association is similar in the leucogranite outcropping and tailing concentrates, although tailings are richer in quartz and Fe (Mn), Al oxides or hydroxides and poorer in kaolinite.



Cassiterite from the leucogranite concentrate is mainly associated with CGM, whereas in the tailings concentrate this mainly occurs with quartz.



Most of the Penouta ores in concentrates are liberated, showing similar ratios in the leucogranite (highly concentrated) and tailings (moderately concentrated). The liberated CGM are 71.5 wt% of all CGM from leucogranite concentrate and 77.8 wt% from tailings concentrate. The liberated cassiterite is 87.6 wt% and 81.6 wt% of this mineral from leucogranite and tailings concentrates, respectively.



The liberation size for CGM is 180 μm. Particles smaller than 200 µm include 96 wt% of the CGM in the leucogranite concentrate and 89.5 wt% of the CGM in the tailings concentrate, but they account for only 86.1 wt% and 70 wt% of the total cassiterite. To obtain a high recovery, the size of tailings should be reduced to about 200 µm.
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Figure 1. Location of the Penouta deposit. Upper left: geological map of the Central Iberian Zone with the location of the Penouta deposit. Upper right: geological sketch of the Ollo de Sapo Anticlinorium with the location of the Penouta leucogranite. Lower part: detailed geological map of the Penouta deposit (modified from [42]). 
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Figure 2. Satellite image with the location of the Penouta tailings. 
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Figure 3. (a) Trench from Balsa Grande showing the distribution of samples 7–10. (b) Particle size distribution of samples. 
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Figure 4. Variations in Ta, Nb, Sn, U, and Th with the particle size of the tailings from Penouta. 
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Figure 5. Nb/Ta ratio vs. the Ta content from Penouta materials. 
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Figure 6. X-ray powder diffraction (XRD) diagrams showing the mineralogical composition of samples from the leucogranite (Pen-14) and from the Balsa Grande (Pen-8, Pen-9) and Balsa Pequeña tailings (Pen-16). Qz, quartz; Ab, albite, KF, K-feldspar; Ms, muscovite; and Kln, kaolinite. 
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Figure 7. XRD diagrams showing the mineralogical composition of different particle sizes from the Balsa Grande tailing. Qz, quartz; Ab, albite, KF, K-feldspar; Ms, muscovite; and Kln, kaolinite. 
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Figure 8. Columbite group minerals from the Penouta tailings showing different textures and associations: (a–c), concentric zoning; (d) oscillatory zoning; (e) patchy zoning; (f) presence of oscillatory zoning including uraninite microcrystals; and (g–i) association with microlite. Col, columbite; Tan, tantalite; Microl, microlite; Qz, quartz, Ms, muscovite; and U, uranium. 
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Figure 9. Chemical composition of columbite-group minerals (CGM) and microlite from the Penouta leucogranite outcropping ore [45] and from tailings in the columbite quadrilateral. 
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Figure 10. Representative pseudo-colour particle maps from the mineral liberation analysis of the ore concentrate from (a) the leucogranite outcropping, (b–e) the tailings. 
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Figure 11. Size distribution determined by mineral liberation analysis (MLA). (a) Particle size distribution of ores from concentrates of leucogranite and tailings; (b) grain sizes of ore minerals from the Penouta leucogranite; and (c) grain sizes of ore minerals from the Penouta tailings. 
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Figure 12. False colour images showing the mineral associations of ores in Penouta concentrates. (a) columbite-group minerals (CGM) from Balsa Grande tailings; (b) CGM from leucogranite; and (c) cassiterite from Balsa Grande tailings; and (d) cassiterite from leucogranite. 
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Figure 13. Cumulative recovery of CGM and cassiterite according to the particle size distribution determined by MLA in Penouta concentrates; (a) from leucogranite; and (b) from tailings. 
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Figure 14. Distribution of CGM in the concentrated materials according to particle size and CGM grade classes. (a) Leucogranite, taking all of the particles into account; (b) detail where the zero grade particles were not considered; (c) tailings taking all the particles into account; and (d) detail where the zero grade particles were not considered. 
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Figure 15. Distribution of cassiterite in the concentrated materials according to particle size and cassiterite grade classes. (a) Leucogranite taking all of the particles into account; (b) detail where the zero grade particles were not considered; (c) tailings taking all of the particles into account; and (d) detail where the zero grade particles were not considered. 
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Table 1. Comparison of the chemical composition of samples from the Penouta tailings (Balsa Grande, P-7-10 to P-16; Balsa Pequeña, P-17 to P-21) and the leucogranite outcropping ore (Penouta tailings (Pen T), [45]). N.a.: not analysed.
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	Oxides (wt%)
	P-7-10
	P-11
	P-12
	P-16
	P-17
	P-18
	P-19
	P-20
	P-21
	Pen T





	SiO2
	77.34
	58.19
	62.47
	56.48
	78.51
	79.16
	67.18
	72.31
	71.03
	74.9



	TiO2
	0.06
	0.28
	0.47
	0.33
	0.10
	0.10
	0.12
	0.15
	0.23
	0.00



	Al2O3
	10.06
	25.89
	22.48
	26.64
	11.90
	11.32
	11.17
	10.85
	16.53
	15.3



	FeO
	0.84
	2.41
	3.42
	2.68
	1.12
	1.17
	1.20
	1.33
	1.83
	0.67



	MnO
	0.14
	0.08
	0.07
	0.11
	0.07
	0.11
	0.10
	0.10
	0.12
	0.05



	CaO
	0.06
	0.04
	0.14
	0.10
	0.04
	0.06
	0.04
	0.08
	0.34
	0.15



	MgO
	0.12
	0.48
	0.78
	0.61
	0.22
	0.22
	0.25
	0.32
	0.46
	0.04



	Na2O
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	5.40



	K2O
	4.86
	4.65
	4.51
	5.36
	4.09
	3.95
	3.95
	3.80
	5.21
	3.18



	P2O5
	0.02
	0.07
	0.08
	0.07
	0.02
	0.02
	0.03
	0.02
	0.03
	0.03



	Traces (ppm)
	
	
	
	
	
	
	
	
	
	



	Nb
	79.7
	26.0
	17.6
	31.6
	45.6
	77.6
	97.5
	45.1
	51.5
	81.0



	Ta
	134.2
	36.4
	16.7
	46.5
	84.0
	156.0
	215.0
	79.0
	89.1
	103.0



	Sn
	541.7
	295.0
	112.0
	366.0
	716.0
	1040
	1340
	591.0
	437.0
	383.0



	W
	314.5
	54.5
	155.0
	29.6
	142.0
	227.0
	179.0
	352.0
	108.0
	35.0



	U
	2.9
	5.0
	6.4
	4.4
	2.2
	2.4
	2.9
	2.5
	3.3
	2.5



	Th
	3.50
	7.3
	10.9
	8.3
	3.5
	3.6
	4.2
	5.0
	6.4
	2.4



	Pb
	11.6
	18.4
	54.6
	14.6
	7.9
	8.0
	8.1
	7.0
	13.0
	6.8



	Rb
	1217
	1020
	639
	1550
	1000
	1000
	990
	924
	1270
	966



	Cs
	52.2
	60.3
	42.0
	88.1
	50.9
	52.3
	52.7
	52.7
	68.9
	64.0
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Table 2. Chemical composition of the Penouta tailings and the leucogranite outcropping ore including the Nb, Ta, and Sn concentrations and the Nb/Ta ratio used in the experiments in this work.
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	Weight %
	Nb
	Ta
	Sn
	Nb/Ta





	Penouta tailings
	79
	134
	542
	0.59



	Penouta waste from tailings concentration
	21
	20
	94
	1.05



	Penouta leucogranite
	81
	102
	385
	0.79



	Penouta waste from the leucogranite concentration
	9
	7
	53
	1.23
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Table 3. Modal mineralogy of the leucogranite from Penouta and concentrates from tailings and leucogranite.
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	Mineral (wt%)
	Original Leucogranite
	Leucogranite

Concentrate
	Tailings

Concentrate





	Columbite
	-
	6.5
	1.4



	Tantalite
	-
	20.1
	2.0



	Microlite
	-
	0.3
	0.1



	Cassiterite
	-
	53.6
	10.1



	Quartz
	20.2
	2.0
	42.1



	Albite
	55.4
	2.6
	2.6



	K-Feldspar
	10.9
	0.9
	2.4



	Almandine
	-
	0.5
	0.7



	Spessartine
	0.1
	5.1
	4.4



	Muscovite
	6.7
	1.7
	7. 5



	Kaolinite
	5.4
	1.5
	1.9



	Fe (Mn) oxide/hydroxide
	0.6
	2.6
	10.4



	Zircon
	0.03
	1.30
	0.64



	Monazite
	0.02
	0.21
	0.38



	Xenotime
	-
	0.12
	0.15



	Pyrite
	0.01
	0.24
	0.66



	Other
	0.64
	0.73
	20.07







-: contents <0.01
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Table 4. Mineral associations (normalized wt%) of columbite, tantalite, and cassiterite in binary particles from Penouta outcropping leucogranite (LG) and tailings (T), as determined by mineral liberation analysis.
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Columbite

	
Tantalite

	
Columbite

	
Tantalite

	
Cassiterite

	
Cassiterite




	
Weight% Locked in

	
LG

	
LG

	
T

	
T

	
LG

	
T






	
Columbite

	

	
16.49

	

	
32.94

	
0.17

	
0.19




	
Tantalite

	
59.29

	

	
59.86

	

	
2.98

	
0.78




	
Microlite

	
0.00

	
1.15

	
0.02

	
1.05

	
0.28

	
0.52




	
Cassiterite

	
0.72

	
2.81

	
0.11

	
1.15

	

	




	
Quartz

	
0.49

	
4.81

	
1.45

	
3.93

	
2.52

	
4.42




	
Albite

	
0.35

	
2.62

	
0.00

	
0.34

	
1.91

	
1.00




	
K-Feldspar

	
0.07

	
1.32

	
0.35

	
1.27

	
1.66

	
2.09




	
Spessartine

	
0.12

	
0.06

	
0.00

	
0.12

	
0.08

	
0.07




	
Muscovite

	
0.40

	
3.75

	
0.20

	
4.24

	
4.52

	
8.36




	
Kaolinite

	
0.27

	
5.34

	
0.00

	
0.73

	
0.75

	
0.58




	
Fe (Mn) oxides/hydroxides

	
0.12

	
0.23

	
1.06

	
2.43

	
0.07

	
2.88




	
Zircon

	
0.19

	
0.43

	
0.53

	
0.00

	
0.11

	
0.00




	
Phosphates

	
0.11

	
0.26

	
0.01

	
0.01

	
0.06

	
0.00




	
Pyrite

	
0.09

	
0.01

	
0.00

	
0.00

	
0.01

	
0.00
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Table 5. Number of particles measured in the MLA according to the ore grade.
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	Ore grade (wt%)
	CGM(LG)
	CGM (T)
	Cst (LG)
	Cst(T)





	Free (100)
	12,513
	553
	23,182
	1932



	Liberated (<100 to 90)
	2527
	228
	3555
	519



	90–80
	1150
	61
	968
	132



	80–70
	711
	25
	490
	60



	70–60
	443
	27
	332
	33



	60–50
	367
	12
	254
	31



	50–40
	304
	19
	210
	24



	40–30
	296
	14
	203
	26



	30–20
	321
	10
	245
	27



	20–10
	416
	16
	260
	33



	10 to >0
	1442
	150
	607
	121



	0
	48,772
	20,228
	38,956
	18,406



	Total
	69,262
	21,344
	62,262
	21,344
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Table 6. Classification of ore-bearing particles from concentrates of Penouta outcropping leucogranite (LG) and tailings (T) determined by MLA. Cst, cassiterite.
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Material

	
LG, CGM

	
T, CGM

	
LG, Cst

	
T, Cst






	
Total ore (wt%)

	
26.6

	
3.4

	
53.6

	
10.1




	

	
Number of particles (%)




	
Ore-bearing

	
29.6

	
5.2

	
43.9

	
13.8




	
Free

	
18.1

	
2.6

	
33.6

	
9.1




	
Liberated

	
21.7

	
3.7

	
38.7

	
11.5




	

	
Mass of particles (wt%)




	
Ore-bearing

	
30.0

	
3.7

	
51.9

	
11.4




	
Free

	
9.2

	
0.6

	
19.2

	
2.1




	
Liberated

	
22.5

	
2.2

	
46.8

	
6.0




	

	
Mass of ore (wt%) in particles




	
Free

	
30.0

	
22.5

	
35.5

	
29.4




	
Liberated

	
71.5

	
77.8

	
87.6

	
81.6
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