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Abstract: The mineralogy and liberation characteristics of the comminuted Penouta leucogranite host
of the Sn-Ta ore were determined. Grinding developed by a combination of high-pressure grinding
rolls (HPGR) followed by a ball mill (BM) was compared with a single ball mill process. The mineral
characteristics of the grinding products were analyzed using a Tescan Integrated Mineralogical
Analyzer (TIMA-X) and X-ray powder diffraction (XRD). The ore contains 103 ppm of Ta and is
mainly composed of quartz, albite, microcline, muscovite, and kaolinite. Nb, Ta-rich minerals are
columbite-(Mn) and tantalite-(Mn), as well as minor microlite and wodginite. The liberation in the
product is high in the size fraction of less than 250 µm (51–52 wt % for columbite-group minerals
(CGM) and 74–80 wt % for cassiterite) and reduced in larger particles (8.8–17 wt % for CGM and
28–37 wt % for cassiterite). The recovery in the −250 µm fraction was high, while in the larger
fraction it is limited, remaining up to 80 ppm in some tailings. The combined use of HPGR and a
BM reduces the particle size distribution of the product and, thus, increases the liberation of the ores.
Smaller fractions can be treated directly using gravity methods; however, particles of a size greater
than +250 µm should be ground more.

Keywords: tantalum; liberation; process mineralogy; grinding; high-pressure grinding rolls; ball mill

1. Introduction

Tantalum has a great relevance nowadays for its use in modern technologies, is difficult to
substitute using other metals [1], and is considered a critical metal [2–5]. Europe needs to have
greater self-sufficiency in the exploitation of strategic metals; for this reason, the exploitation of
low-grade deposits should be considered. This is the case with the tantalum ore deposits in Europe.
Tantalum deposits are mainly pegmatites and rare metal granites [6]. In general, low-grade tantalum
ore deposits in rare metal granites are relatively abundant in the western part of Europe. However,
in order to make the exploitation of these deposits economically viable, their processing needs to be
optimized. To this end, it is crucial to know the mineralogical and textural characteristics of the ores in
order to be able to carry out their liberation in the most efficient way.
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The selection of the comminution mechanisms is very important in the ore processing and, thus,
this process consumes between 65% and 68.5% of all the energy used for processing [7]. The use of
high-pressure grinding rolls (HPGR) followed by a ball mill (BM) can represent a significant increase
in circuit capacity and energy savings [8–10].

The mineral chemistry of Ta-bearing minerals is important to establish ore processing. Tantalum
occurs in a variety of oxide minerals, usually as a solid solution with niobium. In addition, some
radioactive elements, such as thorium and uranium, can be present [11] in substitution of Nb and
Ta, or as mineral impurities. Texture is a fundamental characteristic of ore that will determine the
mineral separation [12,13]. The particle shapes have a direct influence on the interactions of the mineral
with the media during processing [14], and the mineral liberation size is a determining parameter to
determine the comminution process during mineral processing. In addition, knowing what minerals
accompany the ore represents valuable information for applying separation techniques. The first
study for predicting the natural liberation spectrum was conducted by Gaudin [15]. Since then, many
liberation models have been established based on the analysis of the mineral texture and mineralogy
that accompany the ore of interest [16–18]. In these models, the texture of an ore is simplified and
characterized in such a way that the liberation distribution of the particles can be predicted as a
function of the size [19].

The use of automated techniques to determine the process mineralogy provides an important
tool to determine the liberation degree of ore [20–24]. The main advantage is the determination
of a large number of particles that are important for statistical results and reduction of human
error [25]. However, the correct interpretation of automated mineralogy data requires a mineralogical
understanding of the material [26], and must usually be used in conjunction with other mineralogical
techniques, e.g., this technique does not distinguish between polymorph minerals. Another problem
is the difficulty in obtaining a representative sample to analyze [27]. A previous mineral knowledge
of the sample is necessary to obtain good results. This is especially important for minerals that form
solid solutions, such as Nb-Ta oxides, or those with lithium or hydroxyl groups. The use of scanning
electron microscopy (SEM) and an electron microprobe analyzer (EMPA) can be decisive in predicting
the minerals present in the sample. Additional problems can be derived from sample preparation;
this needs to prevent the agglomeration of particles so that automated mineralogy techniques do not
consider it as a single particle [28]. Moreover, some stereological errors are made with the use of
mineralogical techniques based on the analysis of polished sections [29,30]; however, several methods
were proposed to introduce a correction or provide suggestions for making the estimation [31].

The aim of this work was to characterize the ground products for low-grade tantalum ore and
to compare the liberation degrees of two different milling procedures to determine the best option to
optimize mineral processing operations. The grinding procedures include HPGR and BM devices.

2. Study Area

The Penouta ore deposit is located in Penouta village, in the municipality of Viana do Bolo,
Ourense, Galicia, northeast of Spain. It is a Sn-Ta greisen-type ore deposit, where mineralization occurs
in quartz veins related to the greisen and in the surrounding leucogranites. The Penouta leucogranite
is hosted in metamorphic rocks, mainly constituted by gneisses and mica-schists corresponding to
the Viana do Bolo series. This deposit has been mined for Sn, and occasionally for tantalum, since
Roman times. In 1983, the exploitation of the ore deposit ended due the low price of metal and the
poor recovering degree of Sn, approximately 30% of the total tin content [32]. As a result, several
tailings remain close to the mine [33].

The mining interest in the area is the ancient Sn-Ta ore open pit and the ancient tailings, which
still contain significant amounts of Sn and Ta. The mineralogy of the open pit was recently reported in
ore deposit studies [33–35]. The process mineralogy study of the largest tailing is presented in this
volume [36].
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3. Materials and Methods

3.1. Sample Preparation

A representative sample of the ancient open pit of the Penouta mine was used. An initial sample
of 1 ton of leucogranite was sorted, and 15 kg were used in the experiments. The sample, after the
primary crushing by jaw crusher, was split and prepared into two parts for further crushing by either
HPGR or BM, and only BM at the mines laboratory at the Polytechnic University of Catalonia. Ball mill
tests were carried out in a mill with an internal diameter of 305 mm and a length of 305 mm, with
conditions shown in Reference [37]. A HPGR test was conducted using a unit of 25 cm diameter rolls
and a width of 15 cm that was fully equipped to control and record the hydraulic pressures, which
runs at 40 bar. These experiments were conducted effectively, with representative samples of the same
feed being milled in each device to two target product size distributions (+600 and −600 µm). The top
feed size for the units was 5–20 mm and the products from the HPGR and BM were then screened into
two fractions (+600 and −600 µm). The sample top size (+600 µm) from HPGR was fed to the BM and
comminuted for 10 min. in the same way as the first ball milling. In this study, subsamples from two
size fractions in the products were subjected to a shaking table to study the effect of milling on the
liberation process.

Due to the low Ta content in the Penouta deposit, it had to be concentrated in order to obtain a
high number of ore particles to be studied. After the sample was ground, it was sieved and fed into a
laboratory scale Holman-Wilfley shaking table separation. The screened samples under 600 µm were
physically separated into two fractions (−250 µm and −600 + 250 µm) in order to obtain concentrate
samples. In the schematic diagram of sample preparation, (Figure 1) C1, C3, and C5 are −250 µm and
C2, C4, and C6 are −600 + 250 µm.

Figure 1. Schematic diagram of the Penouta open pit sample preparation. C, concentrate sample,
T, tailing.

3.2. Analytical Methods

The whole rock sample and the Sn, Ta, Nb, U, and Th of all the grinding products were analyzed
at ALS laboratories by X-ray fluorescence (XRF) using glass beads, followed by acid digestion and
Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
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Mineralogy was determined by optical microscopy, X-ray powder diffraction (XRD), scanning
electron microscopy with energy-dispersive spectral analysis (SEM–EDS) in the back-scattered electron
mode (BSE), and EMPA. Electron microprobe analyses were obtained in a JEOL JXA-8230 electron
microprobe. X-ray diffraction data were collected with a PANanalytical X’Pert PRO MPD X-ray
diffractometer at the Centres Cientifics i Tecnològics de la Universitat de Barcelona. Identification
and Rietveld semiquantitative evaluation of phases were made on PANanalytical X’Pert HighScore
software. Scanning electron microscopy with SEM–EDS was used in the BSE mode.

A JEOL JXA-8230 EMPA located at the Centres Cientifics i Tecnològics de la Universitat de
Barcelona was used to obtain the chemistry of minerals. More than 500 analyses on Nb-Ta-rich
minerals were conducted at an accelerating voltage of 20 kV, an electron beam current of 20 nA, and a
beam diameter of 2 µm. Each element was counted for 5 s, except Ti, Sc, and Pb, which were counted
for 10 s and F for 15 s. Standards used were: Nb (NbLα), Ta (TaLα), Fe2O3 (FeKα), rhodonite (MnKα),
rutile (TiKα), ThO2 (ThMα), UO2 (UMβ), Sn (SnLα), W (WLα), Sc (ScKα), albite (NaKα), apatite (FKα),
and wollastonite (CaKα). The detection limits are 0.17 wt % U; 0.1% wt. Th and W; 0.06 wt % Ta, Sn
and Nb; and <0.03 wt % for other elements. The formulas for columbite-group minerals (CGM) were
calculated on the basis of 24 atoms of oxygen and 12 cations. The excess of cations was compensated
by recasting FeO to Fe2O3 [35].

Automated mineral liberation analysis was used to quantify the mineralogical characteristics of
particles and grains. Samples from all the concentrates obtained from HPGR and BM were analyzed
using a new generation of the Tescan Integrated Mineralogical Analyzer (TIMA-X). All samples were
micro-riffled to produce a representative subsample to be mounted and polished for TIMA-X analysis.
Samples were prepared with an addition of graphite flakes. Perpendicular cross-sections through the
mounts were created once the epoxy was cured. The cross-sections were remounted in order to avoid
the effect of heavy particle settling. It was carried out at the Tescan facilities in Brno, Czech Republic.
Measurements were performed using an acceleration voltage of 25 kV and a current of 7.47 nA. Dot
mapping analytical mode was used for the analysis. The image was segmented in two stages using
this approach. The BSE imaging based segmentation with a resolution of 2 µm and preceded the actual
collection of EDS spectra. The EDS analytical points (3000 counts) were placed in the middle of each
segment smaller than the predefined distance of 10 µm. Segments larger than this value were covered
with a regular mesh of analytical points 10 µm apart. Segment boundaries were adjusted based on the
chemical information obtained by EDS in the next stage of segmentation.

4. Results and Discussion

4.1. Chemical and Mineralogical Characterization of the Bulk Sample

The Penouta leucogranite from the open pit area shows a range from 81 to 140 ppm Ta and 50 to
64 ppm of Nb [35]. The sample used in this study has between 103 ppm of Ta, 81 ppm of Nb, 383 ppm
of Sn, and 35 ppm of W. Radioactive elements are present in small amounts, 2.40 ppm of Th and
2.48 ppm of U.

Textural characteristics of tantalum ore from granitic rocks are usually important for process
planning. The texture of the rocks and the characteristic texture of the CGM (columbite-tantalite) will
define the behavior of this material during comminution.

The inequigranular texture of the Penouta granitic rock is due to the presence of relatively large
grains of quartz, 1–2 mm in size, included in a matrix of other grains lower than 0.5 mm. These are
constituted by albite, quartz, K-feldspar (microcline), albite, and muscovite, with minor amounts of
kaolinite, garnet (spessartine), tourmaline of schorl type, biotite, zircon, monazite, beryl, cassiterite,
and Nb-Ta oxide minerals.

A detailed characterization of Nb-Ta oxide minerals from Penouta is presented in [33–35]. Nb and
Ta occur mainly in minerals of CGM. This group is constituted by a solid solution of columbite
and tantalite, with a general formula of (Fe,Mn)(Nb,Ta)2O6 and four end members: columbite-(Fe),
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FeNb2O6; columbite-(Mn), MnNb2O6; tantalite-(Fe), FeTa2O6; and tantalite-(Mn), MnTa2O6. The EMPA
data of the ore used in the experiments indicates that these minerals are predominantly columbite-(Mn)
and tantalite-(Mn), (Figure 2 and Table 1).

Figure 2. Chemical composition of columbite-group minerals (CGM) from the Penouta open pit in the
columbite quadrilateral [35] and two illustrative scanning electron microscopy (SEM) images. Clm,
columbite-(Mn); tnm, tantalite-(Mn).

CGM usually occur as grains of less than 250 µm with variable composition, consisting of tantalite
and columbite distributed in the same grain following different patterns. The most common textural
pattern is presented as grains with a Nb-rich core and a Ta-rich rim (Figures 2 and 3).

Figure 3. CGM from the Penouta open pit leucogranite showing different textures: (a–d), concentric
zoning; (e,f), patchy zoning. Dark grey, columbite-(Mn); bright grey, tantalite-(Mn).
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Microlite-group minerals, (Ca,Na,REE,U,Y,)2(Ta,Nb)2O6(O,OH), are generally present in Penouta
as crystals a few microns in size and are associated with columbite-tantalite (Figure 4a). The chemical
composition is highly variable. Although Ca (being classified as oxymicrolite) is the most abundant
cation in Penouta, in some cases, U and Pb contents are also abundant, and kenoplumbomicrolite
occasionally occurs as rims around microlite. Wodginite, (Ta,Nb,Sn,Mn,Fe)4O8, is present in minor
amounts. Under the SEM, it has a grey color that can only be determined with the EDS due to its high
content in both Ta and Sn (Figure 4b).

Figure 4. Microlite (a) and wodginite (b) from the Penouta open pit leucogranite. Mcr, microlite;
Wdg, wodginite. clm, columbite-(Mn); tnm, tantalite-(Mn).

Cassiterite is the most abundant ore mineral in Penouta, and it occurs as homogeneous subhedral
to anhedral grains. The chemical composition shows a high Ta content, up to 9 wt % of Ta2O5.

Table 1. Representative chemical composition of CGM from the Penouta open pit.

Oxides, wt % P1 P2 P3 P94 P5 P6 P7 P8

clm clm clf clm tnm tnm tnm tnm

WO3 0.23 0.11 0.52 0.33 0.19 0.16 0.33 0.43
Ta2O5 19.13 20.47 30.22 47.29 55.80 57.69 63.55 69.87
Nb2O5 61.06 60.17 50.46 33.87 27.33 24.21 19.52 13.57
TiO2 0.04 0.02 0.06 0.10 0.00 0.09 0.12 0.00
UO2 0.00 0.02 0.00 0.31 0.04 0.24 0.00 0.11
ThO2 0.00 0.00 0.00 0.22 0.00 0.00 0.08 0.00
Sc2O3 0.14 0.16 0.07 0.01 0.08 0.37 0.30 0.01
SnO2 0.06 0.08 0.10 0.11 0.18 0.22 0.22 0.24
Fe2O3 0.52 0.34 0.14 1.12 0.29 1.28 0.71 0.34
FeO 2.86 3.07 9.80 7.74 1.63 2.14 7.55 3.38
MnO 16.35 16.16 8.68 8.53 14.48 12.98 7.65 11.36
Total 100.41 100.60 100.05 99.65 100.02 99.38 100.03 99.31

Atomic Contents

W6+ 0.015 0.007 0.034 0.024 0.015 0.012 0.025 0.035
Ta5+ 1.259 1.352 2.099 3.580 4.374 4.603 5.195 5.972
Nb5+ 6.673 6.599 5.827 4.263 3.560 3.211 2.653 1.928
Ti2+ 0.007 0.003 0.011 0.022 0.000 0.021 0.028 0.000
U4+ 0.000 0.001 0.000 0.019 0.003 0.016 0.000 0.008
Th4+ 0.000 0.000 0.000 0.014 0.000 0.000 0.006 0.000
Sc3+ 0.012 0.016 0.022 0.028 0.046 0.055 0.058 0.065
Sn4+ 0.015 0.017 0.008 0.001 0.011 0.048 0.040 0.000
Fe3+ 0.095 0.062 0.027 0.235 0.063 0.285 0.149 0.080
Fe2+ 0.577 0.622 2.094 1.803 0.393 0.523 1.898 0.888
Mn2+ 3.347 3.321 1.878 2.011 3.535 3.226 1.948 3.024

CATSUM 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000
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4.2. Characterization of the Comminuted Products

4.2.1. Particle Size Distribution (PSD)

The particle size distributions obtained after grinding using HPGR and a BM, or only a BM, are
similar (Figure 5). After the HPGR grinding 40 wt % of the material is smaller than 600 µm. From this,
31.8 wt % is lower than 250 µm, and 8.8 wt % is in the range 250–600 µm. Finally, only 11 wt % of
the material is coarser than 600 µm. In the BM product, 22.8 wt % of processed material is higher
than 600 µm, and about 61 wt % is lower than 250 µm. According to Reference [38], when the HPGR
unit was in an open circuit together with a BM, it had no significant effect on the fineness of the final
comminuted product. However, in the present investigation, the BM combined with a previous step of
HPGR produces a finer end product than with the BM alone.

Figure 5. Particle size distribution curves for the feed and ground products.

4.2.2. Modal Mineralogy

The modal mineralogy of concentrates from the open pit of Penouta was determined by TIMA-X
(Figure 6), and the composition of the resulting tailings was obtained by XRD. The combination of
both techniques is useful to obtain a complete mineralogical characterization. X-ray powder diffusion
ensures representativeness in coarse-grained samples, because it measures millions of particles as a
result of grinding the sample to less than 60 µm. However, this technique can only detect minerals in
concentrations over 1 wt % [39]. Thus, these techniques are complementary, and often the combination
of both is necessary to obtain satisfactory results.

Figure 6. Modal mineralogy of the grinding products. C1 to C6 are the concentrates analyzed by
a Tescan Integrated Mineralogical Analyzer (TIMA-X) and in tailings (T1–T6) determined by X-ray
powder diffraction (XRD).
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Albite is the most abundant mineral in all fractions of −250 µm, whereas quartz is dominant in
concentrates from the coarser fractions of the final processes (C4 and C6) and the equivalent ratios in
tailings (T4 and T6). K-feldspar is microcline, as indicated by the XRD data and by the presence of the
grid twining. This mineral occurs in variable amounts, being more abundant in concentrate products
of coarser size, with 7–10 wt % in products of a size less than 250 µm, and 15–50 wt % in products
between 250 and 600 µm.

Optical and XRD allowed determining that K-feldspar is microcline. This is homogeneously
distributed, except in the fraction of −250 µm obtained from HPGR processing, which has a
lower content.

Muscovite content is considerably different in concentrates and tailings. The most significant
difference between the mineralogical data obtained from TIMA-X and XRD is the amount of muscovite.
The sheet structure of this mineral makes quantification difficult in the analysis of sections and also
in XRD estimations. Muscovite is usually overestimated in XRD analyses due to the preferential
orientation of crystals [40]. Other studies also found discrepancies in the content of micas between the
results provided by both techniques [41].

Minor minerals have been included in Figure 6 as are other minerals. These are mainly beryl,
phosphates, such as apatite, xenotime, and monazite, and scheelite, pyrite, hematite, and ilmenite.

The composition of minerals in tailings after the gravity concentration of Nb-Ta minerals is
presented in Table 2. Albite is the most abundant mineral in the tailing products finer than 250 µm,
whereas quartz is predominant in products of +600 µm (T7 and T8) and in the size fraction of
250–600 µm that was not grinded with HPGR. Although the obtained quartz contents were higher in
the tailings, they vary proportionally with those from the respective concentrates.

Table 2. Semi-quantitative mineral composition of the product tailings determined by XRD. Particle
size of T1, T3, and T5 is −250 µm; T2, T4 and T6 is 250–600 µm; and T7 and T8 is + 600 µm.

Mineral (wt %) T1 T2 T3 T4 T5 T6 T7 T8

Quartz 7 14 10 48 10 43 62 37
Albite 60 41 51 15 51 11 15 30

Microcline 7 21 23 12 11 20 13 14
Muscovite 20 20 14 22 23 21 7 16
Kaolinite 4 4 2 4 5 3 1 1

Beryl 2 - - - - - 2

4.2.3. Morphology and Texture of Particles

The mineral composition maps of the Nb-Ta rich minerals (Figure 7) show their morphology and
mineral association. Although columbite and tantalite are usually present in the same particle, tantalite
occurs in particles smaller than those of columbite. This is also partly evident in the images due to a
possible stereological error.

An essential parameter for mineral processing is the shape of ground particles and this can
be influenced by the methods used for comminution [42]. HPGR produce a higher surface area in
minerals than other comminution devices, such as jaw crushers [43]. In Penouta ore ground using
HPGR, particles exhibit higher angularity than those obtained from a BM, as well as a larger specific
surface area (Figure 8).
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Figure 7. TIMA false color images of columbite-tantalite from concentrates of less than 250 µm obtained
from ground material using a ball mill (BM).

Figure 8. TIMA false color images for shape comparison of cassiterite-rich particles in the 250–600 size
fraction obtained (a) with high-pressure grinding rolls (HPGR), and (b) BM. Color legend as in Figure 7.

4.2.4. Mineral Associations

CGM grains are mainly associated with albite, quartz, muscovite, and cassiterite (Figure 9).
The locking properties of ore from the Penouta open pit are highly dependent on the relationship
between the mineral and particle size. The free surface indicates those minerals that are not surrounded
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by others. Free surface is highest in cassiterite compared to other ore minerals (Table 3) due to the
higher grain size of this mineral. In CGM, as they often constitute crystals with a columbite core
and a tantalite rim, tantalite presents more free surface than columbite. In the case of microlite and
wodginite, these minerals are a few microns in size and usually genetically associated with columbite
and tantalite [35], and thus, in most cases they are locked in these minerals and also in albite and
cassiterite. CGM and cassiterite association occurs mainly in coarse particles, where usually tantalite is
in contact with or included in cassiterite.

Figure 9. Mineral locking of CGM from the Penouta open pit.

Table 3. Free surface of ore minerals from the Penouta open pit.

Mineral (wt %) C1 C2 C3 C4 C5 C6

Cassiterite 84.06 48.55 87.97 71.05 82.38 67.66
Columbite 45.62 11.13 50.39 30.13 52.40 13.44
Tantalite 50.45 18.66 53.59 23.65 48.19 26.17
Microlite 8.38 1.96 26.29 0.39 26.59 0.00

Wodginite 5.72 1.07 11.66 0.18 14.20 0.43

4.2.5. Metal Distribution

The chemical composition of concentrates and tailings obtained in this study are shown in Table 4.
Nb and Ta occur in significant amounts in all particle size fractions obtained in the experiments. After
grinding by HPGR, Ta content is similar in both fraction sizes (less and more than 250 µm), whereas
with a BM, the smaller fraction is always Ta-richer; Ta-rich minerals move to the concentrate, remaining
in the tailing a minor amount. Similar behavior exists for Nb and Sn. However, in the size fraction of
+250 µm higher, contents of Nb-Ta-rich minerals are in the tailings, especially in the case of products
obtained from grinding by HPGR, where 80 ppm remain in the tailings. Tailings of product with a size
of +600 µm are poor in Nb and Ta, but still have high Sn contents, 336–528 ppm.
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Table 4. Chemical composition and mineralogy of the grinding products of the Penouta ore. tn, tantalite; cl, columbite, and Cst, cassiterite.

Grinding
Chemical Composition (ppm) Mineralogy (wt %)

(Normative) (TIMA-X)

Method Size (µm) Sample Type Sn Nb Ta Cst tn cl tn/cl Cst tn cl tn/cl

HPGR –250 PN-1 C1 3010 1080 1980 0.38 0.28 0.23 1.22 0.39 0.72 0.24 3.07
HPGR +250 PN-3 C2 - 1030 1990 - 0.28 0.22 1.29 1.81 0.58 0.19 3.02

HPGR + BM –250 PN-5 C3 - 1435 2720 - 0.39 0.30 1.26 1.30 0.63 0.28 2.26
HPGR + BM +250 PN-7 C4 - 635 1355 - 0.19 0.13 1.42 3.76 0.06 0.04 1.43

BM –250 PN-9 C5 - 2550 5000 - 0.71 0.54 1.31 1.99 1.13 0.58 1.96
BM +250 PN-11 C6 - 905 1895 - 0.27 0.19 1.40 3.23 0.11 0.07 1.68

HPGR –250 PN-2 T1 67 14 30 0.01 0.00 0.00 1.43
HPGR +250 PN-4 T2 224 58 80 0.03 0.01 0.01 0.92

HPGR + BM –250 PN-6 T3 88 17 30 0.01 0.00 0.00 1.18
HPGR + BM +250 PN-8 T4 131 45 40 0.02 0.01 0.01 0.59

BM –250 PN-10 T5 118 23 40 0.01 0.01 0.00 1.16
BM +250 PN-12 T6 132 49 50 0.02 0.01 0.01 0.68

HPGR + BM +600 PN-19 T7 528 42 30 0.07 0.00 0.01 0.48
BM +600 PN-20 T8 336 46 60 0.04 0.01 0.01 0.87
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The mineral content of the ore was determined by TIMA, and a theoretical composition was also
calculated from the chemical composition data of the different fractions (Table 4). As columbite and
tantalite are the main Ta-Nb bearing phases, all Ta was assigned to tantalite and all Nb is in columbite.
The TIMA results show that the most abundant ore mineral in the concentrates is cassiterite, followed
by tantalite and columbite, determined by the chemical composition calculated, assuming that all Ta is
in tantalite and all Nb is in columbite. The contents of microlite and wodginite have not been taken
into account due to the low significance of their content.

The tantalite/columbite ratio in the calculated minerals ranges between 1.2 and 1.4 in the
concentrates and significantly lower in the tailings, especially in tailings of +600 µm, where it is from
0.5 to 0.9. This could be attributed to the fact that in the gravity concentration, tantalite moves more
easily to the heavy fraction (density of tantalite-(Mn) is 8.1) than columbite (density of columbite-(Mn)
is 5.28).

The tantalite contents determined by TIMA are higher, whereas the Nb contents are similar in both
determinations (Figure 10). The tantalite/columbite ratio is double in the cases of the lower particle
size. This could be due to the stereological error produced during the analysis of image sections [29,44].

Figure 10. Comparison of the columbite content of the grinding products determined by TIMA and
from the chemical composition.

4.3. Mineral Liberation

In the present study, the ore is considered as liberated when it represents >90 vol % of the
particle volume. The TIMA provided the liberation characteristics of ore from the different steps of the
treatment. The degree of columbite-tantalite liberation depends on the particle size (Figure 11).
The highest degrees of liberation are achieved in particles smaller than 250 µm that have been
comminuted with the combination of HPGR and a BM, especially in the case of cassiterite, where
84 wt % is liberated compared to 69.76 wt % when only a BM is used (Table 5).

In the fraction less than 250 µm, about 65 wt % of the columbite-tantalite minerals are liberated,
whereas only 25–30 wt % is liberated in particles larger than 250 µm. This is caused by the grain size of
CGM, which usually is lower than 200 µm.

However, in sizes between 250 and 600 µm, greater degrees of liberation occur in the products
obtained from BM grinding. As Figure 11 shows, this is due to the low liberation degree achieved with
HPGR. Therefore, all products larger than 250 m obtained from this milling should be treated with
a BM.
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Figure 11. Distribution of the Nb-Ta-rich minerals in the concentrate material from the Penouta open
pit according to particle size and grade classes.

Table 5. Liberation of cassiterite and CGM from the Penouta open pit leucogranite. Grade is reported
in volume % and minerals content in wt %.

Mineral Casssiterite Columbite-Group

HPGR + BM BM HPGR + BM BM

Grade −250 +250 −250 +250 −250 +250 −250 +250

<10 0.08 0.14 0.10 0.16 1.20 17.51 1.79 15.37
10–20 0.00 0.79 0.00 0.00 1.39 16.64 0.18 10.56
20–30 0.44 1.79 0.55 4.14 1.07 15.66 2.79 18.68
30–40 0.00 3.96 0.88 1.86 2.25 11.83 2.06 22.01
40–50 0.11 4.84 1.96 2.46 1.43 9.24 2.30 0.00
50–60 0.34 4.38 0.63 0.56 1.77 10.58 3.10 13.48
60–70 3.53 16.02 5.42 8.40 8.85 1.57 8.37 0.10
70–80 7.35 16.76 2.71 4.23 10.32 2.70 6.49 0.00
80–90 4.21 22.74 17.98 40.83 19.82 5.51 21.88 2.97
>90 83.95 28.59 69.76 37.36 51.90 8.76 51.04 16.83
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The gravity concentration was effective in the case of liberated and Nb-Ta-rich particles, which are
mainly in the fraction lower than 250 µm; however, particles rich in gangue minerals, which usually
have a density lower than 3, go to the tailings product. This is more significant in the case of HPGR
products of 250–600 µm, where 61 wt % of the CGM from this fraction are mixed particles between 30
and 60 vol % of Nb-Ta minerals (Figure 11), which prevents the concentration and causes enrichment
in the tailing.

5. Conclusions

The Sn-Ta ore from the leucogranite Penouta is mainly constituted in cassiterite and CGM, and
also occur as minor contents in microlite and wodginite. The mineral association of the ore minerals
depends on the particle size of the ground products. Albite is the most abundant mineral in products
of fine particle size, whereas quartz concentrates in the coarser sizes, being the most abundant mineral
in tailings of +600 µm.

The quantitative process mineralogy was essential to design the comminution method for a
tantalum-poor ore. The use of HPGR, followed by a BM, generated a higher proportion of fines, and
thus, a higher amount of liberated ore minerals. Grinding products obtained with both HPGR and a
BM produced a high liberation degree in cassiterite, tantalite, and columbite in the fraction of particles
of −250 µm, but low in the fraction of coarser particles. This is attributed to the small grain size of the
ore grains.

Product tailings of a −250 µm size have a low metal content, whereas those between 250 and
600 µm are still rich in metals because they are under the liberation size of Na-Ta-rich minerals.

The finest HPGR products can be directly used for gravity or other separation methods, whereas
the fraction higher than 250 µm should be ground more to liberate the Ta ore and obtain a good recovery.
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