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Abstract

:

Coarse comminution test-work and modeling are powerful tools in the design and optimization of mineral processing plants and provide information on energy consumption. Additional information on mineral liberation characteristics can be used for assessing the potential of pre-concentration stages or screens in the plant design. In ores of high-value metals (e.g., Ta, W), standard techniques—such as the mineralogical quantification of grain mounts by quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN) or chemical analysis by X-ray fluorescence (XRF) can be challenging, due to the low relative abundance of such valuable minerals. The cost of QEMSCAN is also a limiting factor, especially considering the large number of samples required for the optimization of coarse comminution. In this study, we present an extended analytical protocol to a well-established mechanical test of interparticle breakage to improve the assessment of coarse mineral liberation characteristics. The liberation of ore minerals is a function of the rock texture and the difference in size and mechanical properties of the valuable minerals relative to gangue minerals and they may fraction in certain grain sizes if they behave differently during comminution. By analyzing the bulk-chemistry of the different grain size fractions produced after compressional testing, and by generating element by size diagrams, it is possible to understand the liberation characteristics of an ore. We show, based on a case study performed on a tantalum ore deposit, that element distribution can be used to study the influence of mechanical parameters on mineral liberation. This information can direct further mineralogical investigation and test work.
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1. Introduction


The upgrading of metal concentration of ores before fine comminution can decrease the capital expenditure and energy consumption of mining operations, as well as simplify environmental permitting [1,2]. The propensity of some ores to deport metal into specific size fractions can, in some cases, allow the early rejection of low grade materials by using selective comminution, grade by size or pre-concentrations during the coarse comminution stage [3,4,5,6,7,8,9,10]. Understanding how compressional breakage influences mineral liberation is an important first step to identify ores that have suitable characteristics for pre-concentration. There are multiple models that consider particle size reduction for coarse comminution, but few of them include mineral concentration or mineral liberation. Normally, the evaluation of liberation is made in the last step of the process, when all particles are reduced to a smaller size. Relatively few studies have tried to address liberation during coarse comminution, such as in the work of Carrasco [8,9] and Bazin [10].



During liberation analysis, the size reduction of the particles is not the only interesting concept, and it is important to understand how the minerals break. Gaudin [11] described two types of mineral liberation: by comminution and by detachment. Liberation by comminution or random breakage is achieved by random fracture mechanism; the crack propagation occurs through the mineral grain. In this type of breakage, the particles will be broken into finer particles with predictable unimodal distribution, which generate a constant composition due the same distribution of the minerals. In this case, the ore texture, grain boundaries or mineral properties do not influence the breakage [12]. The second type is liberation by detachment or non-random breakage, where the fractures or the cracks propagation are situated along the grain boundaries allowing the preferential liberation of the phases. Contrary to the random breakage, this type will generate a variation in the mineral composition of different size fractions [1]. There are two forms of non-random breakage in particle bed breakage: interfacial breakage (grain/phase boundary fracture) and preferential breakage. In interfacial breakage, the fracture occurs between different grains or between the phase boundaries, allowing the preferential liberation of the phases. In the second case, the preferential breakage occurs when the characteristics of the phases are different, resulting in breakage at different rates depending on the minerals properties of the ore [13,14,15]. Researchers such as Wang, Dhawan, Kodali and Vizcarra [16,17,18,19,20] have evaluated mineral liberation using different breakage mechanisms and their influence on the type of fractures.



The large number of factors influencing coarse liberation makes it difficult to make predictions based on the textural analysis. This study is, therefore, focused on developing a test protocol to analyze and characterize grade by size variation during compression breakage. The main hypothesis of this paper is that critical metals are not evenly distributed in the different size fractions during coarse comminution processes, since the breakage of particles will be affected by the mineralogy and texture, therefore a test protocol is necessary for evaluation.




2. Method for Analyzing the Mineral and Element Composition in Compression Breakage


The methods used in this study are divided into three parts that are schematically illustrated in Figure 1. The first part relates to a mineralogical and chemical characterization of the bulk sample. The second part is the mechanical characterization and includes laboratory compressive crushing involving interparticle breakage (IPB—bed breakage). The third part relates to mineralogical and chemical characterization of the sample after compression breakage.



2.1. Chemical and Mineralogical Characterization of the Bulk Sample—Raw Material Characterization


The characterization of the original sample or raw material includes the evaluation of the mineralogy and chemical composition. The mineralogy is evaluated by an automatic scanning electron microscopy (SEM) with energy-dispersive X-ray spectrometer (EDS) for high-density mineral phases and is conducted on polished slabs over a 4 cm × 2.5 cm area. The chemical composition of the ore is evaluated by bulk geochemical analysis. The description of both methods is included in Section 2.3. In-depth knowledge of the composition in terms of minerals and composition of the ore will help to understand the behavior of the material during comminution.




2.2. Compressive Breakage Test—Interparticle Breakage


Evertsson [21] developed a method for characterizing the compressive breakage behavior for rock material with the use of a piston and die test. This is a well-known method that imitates the conditions in a cone crusher, it has been used and optimized by Lee, Bengtsson and Barrios and Tavares [22,23,24]. The compressive breakage methodology allows analysis and mechanical characterization of the rock in terms of the breakage, particle size distribution, and energy consumption when compressive forces are applied. The breakage behavior is characterized by determining the particle size distribution after repeated compressions at different compression ratios. The test requires approximately 350 mono-sized particles corresponding to a size fraction of 22.4–31.5 mm. A quantity of 350 particles of this size fraction correspond approximately to 500 gr, and variation in the mass will depend on the density of the evaluated material and variation in size of each particle. A schematic illustration of the interparticle breakage (IPB) is shown in Figure 2. The bed height (b) is defined by the thickness occupied by the material. The displacement of the piston (s) and the compression ratio (s/b) are fixed values. The definition of the compression ratio is presented in Equation (1) and it represents the compression by the relation between the initial and final height.


   S    s b     =  s b   



(1)







For the interparticle breakage, the mono-sized particles are located in the piston chamber with several inter-contact points between the particles and the cylinder surface, as Figure 2 shows. It is necessary to avoid unfilled spaces between particles in the bed. Homogeneity is achieved by a good reorganization of the particles by shaking the piston chamber with the particles before the test. The tested values for the compression ratio are 0.10, 0.15, 0.20, 0.25, 0.30 and 0.35. For each compression ratio, the samples are compressed and sieved a number of times or cycles to analyze the particle size distribution as a function of the compression, 0.10 is repeated 5 times or 5 cycles, 0.15 is repeated 4 cycles, 0.20 4 cycles, 0.25 4 cycles, 0.30 2 cycles with an addition of one cycle of 0.15, and 0.35 2 cycles. In Figure 3, the test procedure for the experiment is described. The suggested test is designed to simulate the conditions where a volume of material is compressed in a real crushing chamber and it is based on the work of Evertsson [21].




2.3. Methods for Geochemical and Mineralogical Characterization


The chemical and mineralogical characterizations are performed on the products generated from the breakage sequence in the compression breakage test using a specific compression ratio and size distribution fraction. Three values of compression ratio are evaluated: 10%, 20% and 30%. After the IPB test the comminuted product is sieved and divided into nine class size fractions as shown in Table 1.



For the geochemical characterization, the samples were analyzed by acid digestion of fused bead by inductively-coupled plasma atomic emission spectrometry (ICP-AES; major elements) and inductively-coupled mass spectrometry (ICP-MS; trace elements) by ALS global. Refractory elements (e.g., Nb and Ta minerals) are difficult to digest, but fused samples were totally solubilized with sodium peroxide and then analyzed by ICP-MS. The mineralogy was analyzed by X-ray diffraction (XRD). The XRD spectra was 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, scanning range 4–100° with a 0.017° 2θ step scan and a 50 s measuring time). Identification and Rietveld semi-quantitative evaluation of phases is done using the PAN analytical X’Pert HighScore software. The analysis was performed at the Centres Cientifics i Tecnològics de la Universitat de Barcelona. SEM with EDS was used for mineralogical and textural characterization of the ore, e.g., to study mineral liberation, the mineralogy of composite particles, grain sizes, and fractures. The analysis of the composite particles was focused on minerals related to critical metals and their associations. The particles from each size fraction were mounted separately and were embedded in epoxy. Polished surfaces of epoxy mounts were carbon coated and analysis was performed using a Hitachi S-3400N SEM coupled to an Oxford Instruments X-Max EDS at the University of Gothenburg, Sweden. Oxford Inca software was set up to automatically detect high-density minerals by the back-scatter intensity and to analyze the chemistry of each grain detected by EDS.





3. Application of the Method


The combination of methods for the testing of mechanical and material properties allows the identification of grade by size variation in coarse comminution by recognizing how ore-bearing particles relate to compression ratio, size distribution, and mineralogy.



The aim of this study was to introduce a test protocol for coarse comminution that provides relevant and accurate information, at an acceptable cost. Other techniques such as QEMSCAN will provide similar information, but considering the large number of samples that would be required this is not economically feasible. For this purpose, we performed a case study of a low grade Sn–Ta greisen-type mineralization in Spain. Through fairly detailed investigations of this material, we tried to constrain tests that could accurately characterize liberation during coarse comminution. Based on the case study we made recommendations of a protocol for material characterization.




4. Case Study


4.1. Materials


The application of the method was evaluated in a case study of a low grade Sn–Ta greisen-type mineralization ore from the Penouta deposit located in Penouta village, in the municipality of Viana do Bola, Ourense, Galicia, in the northeast of Spain. The mineralization is hosted in leucogranite affected by greisen processes to the greisen and in the surrounding leucogranites. The Penouta leucogranite is hosted in metamorphic rocks, mainly constituted by gneisses and mica-schists [25]. The essential minerals are quartz, albite, K-feldspar, muscovite, and kaolinite. Accessory minerals are present, such as garnet, cassiterite, apatite, monazite, zircon, columbite-tantalite, and uraninite. The major components of this ore are SiO2 70–76 wt.%, Al2O3 14.2–16.6 wt.%, Fe2O3 0.4–1.12 wt.%, Na2O 4.3–6.7 wt.%, CaO 0.1–0.15 wt.%, MgO 0.01–0.03 wt.%, and K2O 3.35–4.1 wt.% [26,27]. Main valuable minerals are cassiterite (SnO2) and columbite-group minerals (CGM), which constitute a solid solution with tantalite ((Fe,Mn)(Ta,Nb)2O6) and columbite ((Fe, Mn)(Nb, Ta)2O6) and four end members: columbite-(Fe), (FeNb2O6), columbite-(Mn), (MnNb2O6), tantalite-(Fe), (FeTa2O6) and tantalite-(Mn), (MnTa2O6) [26]. Other Ta-rich minerals, such as microlite and wodginite, have also been reported [25,28]. A detail characterization of Penouta ore is described by Lorens et al., López et al., and Alfonso et al. [26,27,28].



The case study was performed on two ~1 ton samples from the Penouta open pit mine, collected by university of Centres Cientifics i Tecnològics de la Universitat de Barcelona during January 2015, as a part of a multi-partner research collaboration (OPTIMORE, project number 642201) [25,28,29,30,31,32]. Due to potential mineralogical variations, samples of the mineralized leucogranite were collected from different parts of the open pit. Splits of 100 kg from the original samples were received to Chalmers University in Gothenburg during 2015. The sub-sampling of this material was based on the protocol of Evertsson [21], and 12 samples each weighting 500 g was collected by hand from each original sample. Particles in the range of 22.4 to 31.5 mm was selected for the for the compressive breakage test. Initial petrographic studies indicated that valuable minerals in Penuota samples were relatively small and homogenously distributed, and it was therefore assumed that 500 g grams of starting materials would be sufficient for representative geochemical analysis. This assumption was validated by evaluation of grade by size distribution of test materials (see below). This may not be the case for other mineralization (e.g., gold) where valuable mineral grains can be much more heterogeneously distributed, and more material must be tested in order to obtain representative analysis c.f. Gy [33].




4.2. Chemical and Mineralogical Characterization of the Bulk Sample


The ore is an extremely fragile granite rich in quartz, cassiterite and columbite-group minerals. The granite is dominated by 2–4 mm spherical quartz and occasional K-feldspar and white mica megacrysts in a matrix of albite, muscovite and K-feldspar. Minor kaolinite is also present, replacing feldspars. Albite is present in the ore. The fracturing of the rock is controlled mainly by frequent micro-fractures in albite, while megacrysts are much less fractured or even unfractured. Results show that columbite-group minerals occur as smaller grains, usually in grains of less than 250 µm diameter insize with variable composition. Valuable minerals typically occur in the matrix, or more rarely in grain boundaries of megacrysts. The chemical composition of the two samples is presented in Table 2 as whole rock values.




4.3. Compressive Breakage Test


Results from particle size distributions obtained after interparticle breakage are shown in Figure 4 for both samples. The plots correspond to the cumulative size distribution of the particles for three compression ratios: 10%, 20% and 30%. Each plot shows the particle size distribution of the sequences of compressions or cycles. The black line represents the final reduction step or compression test. Sample 2 showed the same behavior as Sample 1 in terms of the size distribution of the particles.



As expected, the particle size distribution is dependent on the compression ratio and the number of cycles. A higher compression ratio generates more reduction in the particles, resulting in more particles in the fine fraction. Likewise, a large number of cycles produces a greater reduction in size. This behavior is observed in Figure 4, by comparing each sequence of compression with the previous one.



The particle size distributions obtained after cycles of compression by 20% or 30% are similar (Figure 4b,c). In the case of 10% compression, the material is more coarse, and only 24 wt.% of processed material is smaller than 4 mm.




4.4. Elemental Analysis of the Ore—Grade by Size


Major, minor and trace element analyses were performed on the sieved products generated in the crushing sequence in the compression breakage test for 10%, 20% and 30% of the compression ratio in the final reduction step (black lines in Figure 4). The bulk chemical data offers information on how the element distribution is related to particle size and compression ratio. The representative composition of the ore in the different class size fractions is presented in Table 2 for a compression ratio of 30% and for selected number of elements. Niobium, tin and tantalum content in different size fractions after compression breakage at the three values of compression ratios for both samples are presented in Table 3. More elements were analyzed, which include, Cr2O3, TiO, MnO, P2O5, SrO, BaO, Ba, Ce, Cr, Cs, Dy, Er, Eu, Ga, Gd, Hf, Ho, La, Lu, Nb, Nd, Pr, Rb, Sm, Sn, Sr, Ta, Tb, Th, Tm, U, V, W, Y, Yb, and Zr, and the totals of the analyses varied between 99.70% and 101.63%. Figure 5 represents the variation of major elements in size fractions for the three different compression ratios for both sample 1 and sample 2. Figure 6 represents the variation of trace elements in size fractions for the three different compression ratios for both sample 1 and sample 2.



There are no clear differences in the grade-by-size distribution for the three different compression ratios. Minor variations in chemistry between different compression ratios are more easily explained by small heterogeneities in the chemical composition of the starting material. This indicates very similar mineral breakage behavior in the size reduction range of 20% to 50% of the material less than 4 mm for the Penouta deposit. The composition of the 4–5.6 mm fraction is similar to the starting composition of major elements in both samples (Table 2), suggesting that crushing induced fractionation starts at grain-sizes from 4 mm and smaller. The two different samples show very similar major element distribution, despite minor differences in the concentration of the starting composition (Table 2). In both samples, the SiO2 increases and Al2O3 decreases in the 1–2 and 2–4 mm fractions relative to the 4–5.6 mm fraction. SiO2 is lower and Al2O3 is higher in the smaller fractions (0.063 to 1 mm) relative to 4–5.6mm. There is also a weak trend of decreasing SiO2 and increasing trend of Al2O3 decreasing from 1 mm to 0.063 mm. K2O concentrations increase dramatically in the fractions 0.5 and 1 mm, and drop significantly again in the smaller fractions to levels below that of the 4–5.6 mm fraction. Na2O is significantly enriched in the finest fractions (<0.25 mm).



Tantalum and niobium, the critical metals of main interest in this deposit, show similar grade by size variations in both samples, with strong enrichment in the 0.25 to 1 mm size range (~40%), relative to the 4–5.6 mm fraction. These elements are strongly depleted in the fraction finer than 0.125 mm, and slightly lower in the 1–2 and 2–4 mm fractions relative to the 4–5.6 mm fraction. Tin shows a similar trend, although displays a more pronounced enrichment in 0.25–0.5 and 0.5–1 mm fractions than in 0.125–0.25 mm fraction. A suggested analysis and modeling of the element content as a function of the size fraction is presented by Leon et al. [34]. The calculated head grades correspond well with the whole rock composition of the starting materials. Tin shows a difference in sample 1 between the calculated and measured head grade, which could result from more heterogeneous distribution of cassiterite crystal, compared to tantalum and niobium minerals. However, general similarity in composition of the valuable elements between the two different samples and the three different compression tests show that the sampling strategy and amount of material were appropriate for the Penuota mineralization.




4.5. Mineralogical Analysis


Results of the XRD in the different size fractions are presented in Figure 7, which shows the quartz, albite, microcline and muscovite content for sample 1.



The mineral modal proportions from XRD are broadly consistent with the grade by size distribution of major elements. This can be shown by recalculating mineral proportions from XRD to major element composition using the mineral chemical formulas of the main minerals, and to compare these these calculated compositions with the geochemical analysis (Figure 8).The results show that quarts is enriched in the 4 mm fraction and strongly depleted in fraction <0.5 mm (Figure 7), in agreement with SiO2 content of corresponding fraction. Albite is enriched in <0.25 mm fraction, which explains the increase in Na2O observed in the finer grain sizes.



Microcline is enriched in the fraction between 0.125 and 0.5 mm, which likely explain the strong enrichment of K2O in the 1 and 0.5 mm fractions. Muscovite is depleted in the <0.125 mm fractions which explain the K2O depletion in the finest fractions.



SEM-EDS was used for mineralogical and textural characterization of the different size fractions. No pre-concentration of valuable minerals was performed, because the breakage mechanism responsible for grade and by size distribution was of primary interest. Valuable minerals typically occur in the matrix (Figure 8), or more rarely in the grain boundaries of megacrysts, and are heterogeneously distributed in agreement with previous studies [25,28].



The fracturing of the rock is mainly controlled by frequent micro-fractures in albite, whereas the quartz megacrysts are less fractured or without fractures, especially in the coarse particles, as it is possible to observe in Figure 9. Figure 9 shows the material with a particle size of 4 mm after a compression ratio of 20%. Figure 10 shows the material with a particle size of 1 mm after a compression ratio of 10%. In Figure 9 it is possible to observe a pattern of interfacial breakage (non-random breakage), which allows the easy liberation of the minerals present in the brittle matrix. The breakages mainly occur in the matrix of fine grained and micro-fractured albite, whereas the more competent quartz megacrysts remain unfractured.



Particles that contain Ta, Nb, and Sn were identified by EDS analysis of all high-density minerals in the epoxy mounts of size fractions (4.0, 2.0, 1.0, 0.5, 0.25, 0.125, 0.063 mm) in sample 1 and sample 2 (Table S1). The particles from each size fraction were mounted separately and were embedded in epoxy, followed by polishing. One polished block was used for each size fraction and each sample. Minerals containing tantalum were either found as liberated particles or occurred as composite particles with other minerals. The investigated fractions generally contained between 5 and 10 ore-bearing particles, with up to 40 particles in the <0.063 mm fraction. Four examples of a composite particle are presented in Figure 9; Figure 10. Figure 11 shows three examples of liberated tantalum-rich particles for particles finer than 0.063 mm. Most columbite-tantalite particles were found in the small particle size fraction (0.063 and 0.25 mm). In the 1 to 4 mm fractions, columbite-tantalite grains were composite, and normally the columbite-tantalite grains were associated with quartz, albite, and K-feldspar and muscovite. For 0.063–0.125 and <0.063 mm fractions, ~50% of tantalite/columbite particles occur totally liberated (>90% of the particle consist of the ore-mineral), and composite particles were associated with quartz, albite, and K-feldspar and muscovite.





5. Penouta Material Characteristics


Material from Penuota has previously been studied in terms of breakage mechanism and ore mineral liberation in medium to fine-comminution (high pressure grinding-roles (HPRG) and ball mill) [31]. Methods such as XRD, automatic SEM and pre-concentration have been deployed for quantification of comminution and liberation characteristics [25]. Of relevance to the present study, a laboratory compression test of inter-particle breakage in a piston press was used to simulate HPGR at a high compression rate [31]. The test produced ~70% material < 4 mm compared to ~50% for the highest compression rate in the present study. Despite the different compression rates the distribution of the main minerals shows very similar trends. The mineral-by-size distribution indicates a strong crushing induced fractionation that can be explained by a relative increase in resistance to breakage from albite, K-feldspar, and muscovite to quartz. Hamid et al. [31] suggest that this trend is a result of albite and K-feldspar being more prone to the alteration, but our SEM-EDS study indicates that albite and K-feldspar are typically associated with frequent micro-fractures not observed in quartz megacrysts. Considering that mineral by size distribution is so similar across a wide range of compression rates, breakage induced mineral fractionation is likely restricted to grain sizes < 4 mm.



The liberation of niobium and tantalum phases by HPGR comminution was evaluated by a laboratory HPGR, followed by gravity separation on a shaking table [25]. Gravity separation was effective in the size fraction < 250 µm and automated SEM showed that a high proportion of the minerals were liberated (>40%) and that the rest of the ore mineral occurs in mixed particles where niobium and tantalum minerals make up >50 volume % of the particle. In the >250 µm fraction, gravity concentration is less effective, where niobium tantalum minerals occur in mixed particles in the concentrate. These results are in line with an observation from our SEM-EDS investigation of unconcentrated samples, despite the much more limited number of ore-bearing particles studied.



A simple conceptual model for the induced fractionation of minerals during crushing is presented in Figure 12, which is based on the presented results and previous studies [25,31,32]. Fractures and microfractures in matrix minerals possibly control the overall breakage behavior of the rock; as a consequence of this, most of the finer particles are generated from breakage of matrix minerals. In contrast, quartz megacrysts are much more difficult to break and therefore accumulate in the coarser size fractions. The ore mineral mainly occurs in association with matrix minerals, and this likely results in the liberation of ore-bearing particles at relatively coarse size fractions. However, the valuable minerals behave more competently than the microfractured matrix minerals and experience relatively modest size reduction in relation to their original size. This likely results in an enrichment of the ore-minerals in 0.25–1 mm fractions and a depletion in the finest fractions < 0.125 mm.




6. Grade-by-Size Methodology


The combined information from automated SEM, XRD, and pre-concentration by gravity separation provides a detailed understanding of compressive breakage of material from the Penouta deposit. The only problem is that these methods are time consuming, expensive, and not well suited for testing large numbers of samples for geometallurgy or for monitoring of coarse to medium ore-comminution in production. Therefore, we compare information that can be gained from grade-by-size distribution curves to information that was gained from the more specialized methods. The goal is to assess grade-by-size distribution as a standalone method for certain applications in the development of low-grade ore deposits.



The main advantage of a method that is based on bulk composition is that the large number of grains analyzed in each size fraction provides a strong statistical basis for comparisons. This is supported by results from the Penouta case study showing that grade-by-size distribution is highly reproducible between samples and between different compression rates. The drawback is that detailed information about mineralogy and mineral liberation is not quantified but has to be inferred. However, without any knowledge about the mineralogy or mineral chemistry of the Penouta deposit, several insights can be extracted from grade-by-size distribution after compressive breakage. The fractionation of major elements shows that the rocks consist of several minerals with different mechanical properties, where a sodium rich phase(s) breaks down most easily and that a silica-rich phase(s) is most resistant to breakage. The strong enrichment of K2O and Ta, Nb and Sn in the 0.125 to 1 mm range indicate that the valuable minerals are either frequently associated with potassium-rich mineral(s), or that the liberated ore mineral occurs in this size range. The low abundance of valuable minerals in <0.125 mm fractions would indicate that the bulk of the valuable minerals are larger than 0.125 mm, and the decrease in Nb–Ta–Sn in the 2–4 mm fraction suggests that these metals are less frequently associated with the silica-rich phase(s). These insights are fully consistent with results from SEM-EDS and XRD, showing that geologically meaningful information can be extracted from the grade-by-size distribution. The liberation point of the valuable minerals cannot be inferred from the grade-by-size curve, but fractionation of the ore mineral into a distinct size range points to the liberation of ore-bearing particles during comminution. For coarse to medium comminution, this information is actually more valuable than knowledge about complete liberation of valuable minerals, since the focus here is to identify material characteristic that could enable pre-concentration or screening in an operation. In the case of Penouta mineralization, the distinct enrichment of Ta, Nb, and Sn in material < 1 mm warrant further investigation. It would be reasonable to evaluate if early rejection of ore-depleted quartz-rich material in the range of 1–4 mm could benefit the overall economy of the operation. The early rejection could be accomplished either by screening at 1 mm or by gravitational separation (e.g., jig) of material less than 4 mm. In both cases, a substantial amount of metal would be lost, but the cost of fine comminution could be reduced significantly. These options would necessarily have to be carefully evaluated in the larger context of the planned operation, but the point is that grade-by-size information or assessment of the distribution of each element in the coarse to medium comminution steps, could be helpful to evaluate the potential of early rejection of coarse material. This could result in a process that is more economical, uses less energy, and produces less fine-grained waste material.



Ore deposits are generally associated with large internal variations in lithology. This means that different parts of the ore body may behave very differently during comminution, and variations in texture and mineralogy will have a large effect on liberation in coarse to medium comminution. In the typical mineral processing operation with fine grinding, variation in liberation characteristic of the material can be accommodated with minor adjustments in the milling stage. However, when designing an operation that relies on the liberation of valuable minerals or ore-bearing particles at more coarse grain-sizes, it is critical to understand the variation in lithology and comminution characteristics of all rock types in the deposit. Otherwise, there is a risk that the processing plant is designed in a way that is not functional. Here, an optimized grade-by-size approach can be helpful for studying many samples from drill-cores and outcrops. To test if a proposed design of processing plant is suitable for an entire deposit, a focused grade-by-size study would provide a time and cost-effective way of testing rock characteristics on a deposit scale. Testing would include a suitable compression test that could simulate comminution in the proposed processing plant (e.g., piston press or laboratory comminution equipment), and bulk-chemical analysis of a limited number of fractions (two to three fractions). A well-designed test-work covering samples from all ore-types in a deposit should provide information on the comminution and liberation characteristics of the deposit as a whole. This information should provide actionable information that can improve the plant design and provide basis for investment decisions.




7. Conclusions


The early rejection of waste material could result in many benefits for a mining operation, but is rarely implemented in the industry. Most ores are not suitable since they display weak fractionation of valuable minerals during comminutionm, or the liberation of ore bearing particles occurs at very fine grain sizes. However, it is easy to overlook the potential for early rejection if test-work is only focused on grinding to complete liberation. In this case study of the Penuota Sn-Ta deposit, we show that grade-by-size distribution detected a strong fractionation of metal bearing particles into the size range of 0.125 to 1 mm. We, therefore, recommend that suitable compression tests combined with a tailored grade-by-size analysis should be considered for coarse-grained ores (e.g., porphyry deposits) or ores with heterogeneous textures (e.g., vein mineralization). This information could be used in order to identify potentially useful liberation characteristics during coarse and medium comminution. If a processing plant is designed for early rejection, we think that the presented method could be used to survey the variation in comminution and liberation behavior of different parts of the ore body (drill cores and outcrops), at a comparatively low cost. More specialized methods (e.g., SEM-EDS and XRD) are needed to target specific questions relating to mineralogy and micro-textures that cannot be resolved by grade-by size analysis.








Supplementary Materials


The following are available online at https://www.mdpi.com/2075-163X/10/2/164/s1, Table S1: Distribution of particles analyzed in SEM. Summary of the representative mineral distribution of the ore after compression breakage at a compression ratio of 30%, 20% and 10% for samples 1 and 2.





Author Contributions


L.G.L. designing and performing the experiments, analyzing the data, and writing the manuscript; K.J.H. designing the experiments, analyzing the data, supervision and reviewing the manuscript; M.B. designing the experiments, analyzing the data, supervision and project administration. All authors contributed to data interpretation and discussion. All authors have read and agreed to the published version of the manuscript.




Funding


This work is based on research supported by the OPTIMORE, project number 642201, funded by the European Union for the H2020 project.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hesse, M.; Popov, O.; Lieberwirth, H. Increasing efficiency by selective comminution. Miner. Eng. 2017, 103–104, 112–126. [Google Scholar] [CrossRef]

	



Bru, K.; Parvaz, D. Improvement of the selective comminution of a low-grade schist ore containing cassiterite using a high voltage pulse technology. In Proceedings of the 29th International Mineral Processing Congress (IMPC 2018), Moscow, Russian, 17–21 September 2018; pp. 500–507. [Google Scholar]

	



Bamber, A.S.; Klein, B.; Pakalnis, R.; Scoble, M. Integrated mining, processing and waste disposal system for reduced energy and operating costs at Xstrata Nickel’s Sudbury operations. Min. Tech. 2008, 117, 142–153. [Google Scholar] [CrossRef]

	



Bamber, A.S.; Klein, B.; Stephenson, M. A methodology for mineralogical evaluation of underground pre-concentration systems and a discussion of potential process concepts. In Proceedings of the XXXIII International Mineral Processing Congress, Istanbul, Turkey, 3–8 September 2006; pp. 253–258. [Google Scholar]

	



Bamber, A.S.; Klein, B.; Scoble, M.J. Integrated mining and processing of massive sulphide ores. In Proceedings of the 39th Annual General Meeting of the Canadian Mineral Processors, Ottawa, ON, Canada, 23–25 January 2007; pp. 181–198. [Google Scholar]

	



Burns, R.; Grimes, A. The application of pre-concentration by screening at B.C.L. In Proceedings of the Mineral Development Symposium (AUSIMM 86), Madang, Papua New Guinea, June 1986; pp. 95–103. [Google Scholar]

	



Bowman, D.J.; Bearman, R.A. Coarse waste rejection through size based separation. Miner. Eng. 2014, 62, 102–110. [Google Scholar] [CrossRef]

	



Carrasco, C.; Keeney, L.; Walters, S.G. Development of a novel methodology to characterise preferential grade by size deportment and its operational significance. Miner. Eng. 2016, 91, 100–107. [Google Scholar] [CrossRef]

	



Carrasco, C.; Keeney, L.; Napier-Munn, T.J. Methodology to develop a coarse liberation model based on preferential grade by size responses. Miner. Eng. 2016, 86, 149–155. [Google Scholar] [CrossRef]

	



Bazin, C.; Grant, R.; Cooper, M.; Tessier, R. A method to predict metallurgical performances as a function of fineness of grind. Miner. Eng. 1994, 7, 1243–1251. [Google Scholar] [CrossRef]

	



Gaudin, A.M. Principles of Mineral Dressing. Phys. Chem. 1939, 44, 532–533. [Google Scholar]

	



Stamboliadis, E. The evolution of a mineral liberation model by the repetition of a simple random breakage pattern. Miner. Eng. 2008, 21, 213–223. [Google Scholar] [CrossRef]

	



Fandrich, R.G.; Bearman, R.A.; Boland, J.; Lim, W. Mineral Liberation by Particle Bed Breakage. Miner. Eng. 1996, 10, 175–187. [Google Scholar] [CrossRef]

	



Mariano, R.A.; Evans, C.L.; Manlapig, E. Definition of random and non-random breakage in mineral liberation-A review. Miner. Eng. 2016, 94, 51–60. [Google Scholar] [CrossRef]

	



Sutherland, D.N.; Fandrich, R.G. Selective fracture and liberation of minerals. Proc. Chemeca. Syd. 1996, 3, 83–88. [Google Scholar]

	



Ozcan, Ö.; Benzer, H. Comparison of different breakage mechanisms in terms of product particle size distribution and mineral liberation. Miner. Eng. 2013, 49, 103–108. [Google Scholar] [CrossRef]

	



Wang, E.; Shi, F.; Manlapig, E. Mineral liberation by high voltage pulses and conventional comminution with same specific energy levels. Miner. Eng. 2012, 27, 28–36. [Google Scholar] [CrossRef]

	



Dhawan, N.; Safarzadeh, M.S.; Miller, J.D.; Moats, M.S.; Rajamani, R.K.; Lin, C. Recent advances in the application of X-ray computed tomography in the analysis of heap leaching systems. Miner. Eng. 2012, 35, 75–86. [Google Scholar] [CrossRef]

	



Kodali, P.; Dhawan, N.; Depci, T.; Lin, C.L.; Miller, J. Particle damage and exposure analysis in HPGR crushing of selected copper ores for column leaching. Miner. Eng. 2011, 24, 1478–1487. [Google Scholar] [CrossRef]

	



Vizcarra, T.G.; Wightman, E.M.; Johnson, N.W.; Manlapig, E.V. The effect of breakage mechanism on the mineral liberation properties of sulphide ores. Miner. Eng. 2010, 23, 374–382. [Google Scholar] [CrossRef]

	



Evertsson, C.M. Cone Crusher Performance; Chalmers Univ. of Technology: Göteborg, Sweden, 2000; p. 1551. [Google Scholar]

	



Lee, E. Optimization of Compressive Crushing; Chalmers Univ. of Technology: Göteborg, Sweden, 2012; p. 3395. [Google Scholar]

	



Bengtsson, M. Quality-Driven Production of Aggregates in Crushing Plants; Chalmers Univ. of Technology: Göteborg, Sweden, 2009; p. 2934. [Google Scholar]

	



Barrios, G.K.P.; Tavares, L.M. A preliminary model of high pressure roll grinding using the discrete element method and multi-body dynamics coupling. Int. J. Miner Process. 2016, 156, 32–42. [Google Scholar] [CrossRef]

	



Anticoi, H.; Guasch, E.; Hamid, S.A.; Oliva, J.; Alfonso, P.; Garcia-Valles, M.; Bascompta, M.; Sanmiquel, L.; Escobet, T.; Argelaguet, R.; et al. Breakage Function for HPGR: Mineral and Mechanical Characterization of Tantalum and Tungsten Ores. Minerals 2018, 8, 170. [Google Scholar] [CrossRef]

	



Llorens, G.T.; García, P.F.; López, M.F.J.; Fernández, F.A.; Sanz, C.J.L.; Moro, B.; Candelas, M. Tin-tantalum-niobium mineralization in the Penouta deposit (NW Spain). Textural features and mineral chemistry to unravel the genesis and evolution of cassiterite and columbite group minerals in a peraluminous system. Ore Geol. Rev. 2017, 81, 79–95. [Google Scholar] [CrossRef]

	



López, F.; García-Díaz, I.; Rodríguez, L.; Polonio, O.; Llorens, T. Recovery and Purification of Tin from Tailings from the Penouta Sn–Ta–Nb Deposit. Minerals 2018, 8, 20. [Google Scholar] [CrossRef]

	



Alfonso, P.; Hamid, S.A.; Garcia-Valles, M.; Llorens, T.; Lopez, M.F.J.; Tomasa, O.; Calvo, D.; Guasch, E.; Anticoi, H.; Parcerisa, D.; et al. Textural and mineral-chemistry constraints on columbite group minerals in the Penouta deposit: Evidence from magmatic and fluid-related processes. Miner. Mag. 2018, 82, S199–S222. [Google Scholar] [CrossRef]

	



Ghorbani, Y.; Fitzpatrick, R.; Kinchington, M.; Rollinson, G. A Process Mineralogy Approach to Gravity Concentration of Tantalum Bearing Minerals. Minerals 2017, 7, 194. [Google Scholar] [CrossRef]

	



Guasch, E.; Anticoi, H.; Hamid, S.; Oliva, J.; Alfonso, P. High pressure grinding rolls modelling with population balance models applied to tantalum ore. In Proceedings of the International Mineral Processing Congress (IMPC 2016), Québec, QC, Canada, 11–15 September 2016. [Google Scholar]

	



Hamid, S.A.; Alfonso, P.; Anticoi, H.; Guasch, E.; Oliva, J.; Dosbaba, M.; Garcia-Valles, M.; Chugunova, M. Quantitative Mineralogical Comparison between HPGR and Ball Mill Products of a Sn-Ta Ore. Minerals 2018, 8, 151. [Google Scholar] [CrossRef]

	



Anticoi, H.; Guasch, E.; Hamid, S.A.; Oliva, J.; Alfonso, P.; Bascompta, M. An improved high pressure roll crusher model for tungsten and tantalum ores. Minerals 2018, 8, 483. [Google Scholar] [CrossRef]

	



Gy, P. The sampling of particulate materials-A general theory. Miner. Process. 1976, 3, 289–312. [Google Scholar] [CrossRef]

	



Leon, L.G.; Bengtsson, M.; Evertsson, M. Analysis of the concentration in rare metal ores during compression crushing. Miner. Eng. 2018, 120, 7–18. [Google Scholar] [CrossRef]








[image: Minerals 10 00164 g001 550] 





Figure 1. Method for analyzing the mineral and element composition in compression breakage. 
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Figure 2. Illustration of interparticle breakage, before and after the compression. 
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Figure 3. General test procedure for interparticle Breakage (IPB). 
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Figure 4. Product particle size cumulative distributions for Penouta ore sample 1 and sample 2 for (a) IPB s/b 10% test series (n = 1 to n = 5), (b) IPB s/b 20% test series (n = 1 to n = 4), and (c) IPB s/b 30% test series (n = 1 to n = 3). Where s/b is the compression ratio and n is the number of cycles. 
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Figure 5. Representative composition of the Penouta ore after compression breakage for: (a) silica oxide; (b) aluminum oxide; (c) potassium oxide and (d) sodium oxide, for sample 1 and sample 2. 
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Figure 6. Representative trace elements content of the Penouta ore after compression breakage for (a) tantalum, (b) niobium, and (c) tin potassium oxide for sample 1 and sample 2. 
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Figure 7. Mineral abundance expressed in wt.% in different size fractions for 30% of compression ratio for quartz, albite, microcline, and muscovite, for sample 1. 
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Figure 8. Chemical composition for (a) sodium oxide, (b) aluminum oxide, (c) potassium oxide and (d) silica oxide, recalculated from mineral modal abundance determined by XRD (K2O Calc%) compared to chemical analysis of sample 1, show that XRD and bulk chemical analysis produce reasonably consistent results. 
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Figure 9. Backscattered electron image of two composite particles after IPB considering 20% compression ratio. The two composite particles (a) and (b) display unfractured quartz (Qtz) megacrysts, enclosed by a severely fractured matrix (albite (Ab), muscovite (Ms), and K-felspar (Kfs)), where larger fractures mainly develop in fine-grained albite. 
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Figure 10. Backscattered electron image of composite particles after IPB considering 10% compression ratio. A composite particle of a tantalite (Ta) grain embedded in (a) albite (Ab) and (b) muscovite (Ms), albite (Ab), quartz (Qtz) and K-felspar (Kfs). 
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Figure 11. Liberated tantalum-rich particles observed in back-scatter electron images of the particle size fraction < 0.063 mm after a compression ratio of (a) 10%, (b) 20%, and (c) 30% respectively. 
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Figure 12. The fractionation of quartz (megacrysts) into course size fractions and albite and K-feldspar (matrix) into fine grain-sizes can be explained by frequent microfracture in matrix minerals. 
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Table 1. Class size fractions for the geochemical and mineralogical characterization.
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	Particle Size Fraction (mm)





	4.0–5.6



	2.0–4.0



	1.0–2.0



	0.5–1.0



	0.25–0.5



	0.125–0.25



	0.063–0.125



	<0.063
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Table 2. Summary of the representative composition of the ore after compression breakage at a compression ratio of 30% for samples 1 and 2. Data for a selected number of elements.
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Sample No.

	
Size Fraction

	
Critical Metals

	
Major Elements




	
Element

	

	
Ta

	
Nb

	
Sn

	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
Na2O

	
K2O




	
SD

	

	
±0.1

	
±0.1

	
±5

	
±0.01

	
±0.01

	
±0.01

	
±0.01

	
±0.01

	
±0.01

	
±0.01




	
Unit

	
mm

	
ppm

	
ppm

	
ppm

	
%

	
%

	
%

	
%

	
%

	
%

	
%






	
Whole rock 1

	

	
115.9

	
74.9

	
272

	
66.3

	
21.6

	
1.1

	
0.1

	
0.01

	
4.1

	
4.2




	
Sample 1

	
5.6

	
125

	
72

	
704

	
67.0

	
20.9

	
1.23

	
0.04

	
0.11

	
3.99

	
4.11




	
4

	
82

	
70

	
356

	
75.9

	
15.6

	
0.60

	
0.07

	
0.02

	
4.10

	
3.16




	
2

	
89

	
83

	
470

	
72.1

	
16.8

	
1.18

	
0.04

	
0.04

	
3.09

	
4.04




	
1

	
132

	
83

	
702

	
65.5

	
21.8

	
0.91

	
0.05

	
0.06

	
2.83

	
6.15




	
0.5

	
167

	
102

	
878

	
59.4

	
24.7

	
1.33

	
0.03

	
0.12

	
2.66

	
6.96




	
0.25

	
142

	
77

	
499

	
64.0

	
23.6

	
0.72

	
0.10

	
0.08

	
5.85

	
3.47




	
0.125

	
94

	
56

	
240

	
62.4

	
23.6

	
0.72

	
0.10

	
0.05

	
7.19

	
2.54




	
0.063

	
71

	
38

	
170

	
58.4

	
27.4

	
0.50

	
0.13

	
0.06

	
5.29

	
2.10




	
Calculate head grade sample 1

	

	
110.85

	
74.41

	
326.17

	
67.21

	
20.92

	
1.01

	
0.09

	
0.02

	
4.15

	
4.07




	
Whole rock 2

	

	
97.5

	
71.7

	
276

	
74.7

	
16.35

	
0.56

	
0.1

	
0.02

	
5.6

	
3.44




	
Sample 2

	
5.6

	
83

	
66

	
278

	
75.2

	
15.1

	
0.56

	
0.07

	
0.01

	
5.01

	
3.39




	
4

	
72

	
66

	
217

	
79.7

	
13.2

	
0.52

	
0.08

	
0.02

	
4.3

	
2.8




	
2

	
77

	
74

	
224

	
75.5

	
13.55

	
0.81

	
0.07

	
0.02

	
3.81

	
3.38




	
1

	
136

	
114

	
403

	
69.1

	
18.15

	
0.53

	
0.07

	
0.02

	
3.95

	
6.04




	
0.5

	
179

	
129

	
626

	
68.7

	
19.3

	
0.51

	
0.1

	
0.02

	
4.72

	
5.85




	
0.25

	
132

	
93

	
218

	
68.2

	
19.3

	
0.26

	
0.13

	
0.02

	
7.63

	
3.02




	
0.125

	
81

	
48

	
74

	
66.8

	
19.7

	
0.23

	
0.13

	
0.02

	
8.19

	
2.54




	
0.063

	
80

	
46

	
82

	
67.2

	
20.3

	
0.32

	
0.13

	
0.04

	
7.7

	
2.87




	
Calculate head grade sample 2

	

	
96.57

	
73.14

	
265.27

	
74.55

	
16.30

	
0.55

	
0.10

	
0.02

	
5.48

	
3.47











[image: Table] 





Table 3. Niobium (Nb), tin (Sn) and tantalum (Ta) content in different size fractions of the Penouta ore after compression breakage at compression ratios of 30%, 20% and 10% for samples 1 and 2.
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Metals (ppm)

	
Sample No.

	
Compression Ratio (%)

	
Size Particle (mm)




	
5.6

	
4

	
2

	
1

	
0.5

	
0.25

	
0.125

	
0.063






	
Nb

±0.1

	
1

	
30

	
72

	
70

	
83

	
83

	
102

	
77

	
56

	
38




	
20

	
80

	
64

	
61

	
100

	
110

	
73

	
27

	
27




	
10

	
63

	
75

	
77

	
113

	
104

	
109

	
32

	
48




	
2

	
30

	
66

	
65

	
74

	
114

	
129

	
93

	
48

	
46




	
20

	
66

	
72

	
78

	
82

	
118

	
104

	
47

	
49




	
10

	
84

	
71

	
80

	
95

	
136

	
108

	
41

	
52




	
Sn

±5

	
1

	
30

	
704

	
356

	
470

	
702

	
878

	
499

	
240

	
170




	
20

	
966

	
613

	
998

	
1350

	
885

	
741

	
257

	
219




	
10

	
623

	
496

	
620

	
1050

	
1020

	
554

	
274

	
223




	
2

	
30

	
278

	
217

	
224

	
403

	
626

	
218

	
74

	
82




	
20

	
311

	
363

	
486

	
384

	
763

	
266

	
120

	
125




	
10

	
334

	
245

	
288

	
485

	
602

	
337

	
95

	
118




	
Ta

±0.1

	
1

	
30

	
125

	
82

	
89

	
132

	
167

	
142

	
94

	
71




	
20

	
146

	
109

	
103

	
163

	
206

	
135

	
58

	
52




	
10

	
103

	
97

	
98

	
176

	
208

	
194

	
52

	
83




	
2

	
30

	
83

	
72

	
77

	
136

	
179

	
132

	
81

	
80




	
20

	
89

	
91

	
102

	
122

	
197

	
182

	
91

	
97




	
10

	
111

	
99

	
112

	
133

	
201

	
164

	
84

	
89
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