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Abstract: The rare-earth elements (REEs) are strategic metals which are indispensable to the devel-
opment of modern defence systems, electronic applications, and green technologies. The growing
economic and strategic importance of these sectors, coupled with uncertainty in the global supply, has
led to the development of many new deposits around the world. Many of these deposits, such as the
Nechalacho deposit, are complex and contain multiple rare-earth element-bearing minerals (REMs)
for which there is limited processing knowledge. This study explores a physical-separations-based
flowsheet to beneficiate the Nechalacho deposit, which employs a spiral concentrator to precon-
centrate the ore at a relatively coarse particle size (dgy = 120 pum), before further size reduction
(d100 = 53 um) and separation using a Mozley laboratory shaking table and two stages (low- and
high-intensity) of magnetic separation. QEMSCAN was used to understand the effectiveness of each
stage of separation and provide recommendations to improve the process. Although optimisation
would be required, the results demonstrate that the physical-separations-based flowsheet could be an
effective method of beneficiation.

Keywords: rare-earth elements; gravity separation; magnetic separation; QEMSCAN

1. Introduction

The rare-earth elements (REEs) have become essential for the production of permanent
magnets, catalysts, and advanced materials required for technologies in the green energy,
aerospace, automotive, and defence sectors. However, for over three decades, China has
held a dominant share of the production and processing of rare-earth element-bearing
minerals (REMs) [1]. With the growing economic and strategic importance of these sectors,
several countries have identified REEs as a critical resource [2-5], which has accelerated
the identification and development of new REE projects around the world. These deposits
are generally complex and contain multiple REMs for which there is limited processing
knowledge [1,6]. Among the advanced projects, the Nechalacho deposit (co-owned by
Avalon Advanced Materials Inc. and Vital Metals Ltd.), located in the Northwest Territories
of Canada, is one of the largest. It has an inferred resource of 183.4 million tonnes at a
grade of 1.27% total rare earth oxide (REO) and 0.17% heavy rare earth oxide (HREO) [7].
The REEs are hosted in zircon, bastnisite, synchysite, allanite, monazite, fergusonite, and
columbite (Fe), and the major gangue minerals in the deposit are feldspars, quartz, and
iron oxides.
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This work investigates a physical-separations-based flowsheet for the beneficiation
of the Nechalacho deposit, building upon the findings of Jordens et al. [8-10] and Marion
etal. [11]. Jordens et al. [8] first indicated the applicability of physical separations to the
Nechalacho deposit examining the use of centrifugal separators and a wet high-intensity
magnetic separator (WHIMS) to concentrate REMs. This preliminary study led to a more
extensive investigation following the flowsheet depicted in Figure 1 [9,10]. The ore was
ground to a dgg of 40 um and processed first by a Knelson concentrator. The Knelson tailings
were then further processed by a Falcon ultra-fine bowl concentrator. The concentrates
from each technique were subjected to a series of low-, medium-, and high-intensity
magnetic separation steps, to remove iron oxide gangue and separate paramagnetic REMs
from diamagnetic gangue minerals. A thorough mineralogical analysis of the products
suggested that the Knelson concentrator exhibited greater selectivity for particle size and
specific gravity (SG) compared to the Falcon concentrator. The Knelson concentrator
upgraded zircon (one of the most important minerals in the deposit [7,12]) 3.3 times, REMs
1.8 times, and iron oxides 3.4 times. However, recoveries remained low (zircon = 22%,
REMSs = 12.5%) and were attributed to a lack of recirculation in the tested flowsheet [10].
Along with recirculation of the feed, optimisation of Knelson’s operating parameters may
have also offered significant benefits.
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Figure 1. Flowsheet detailing gravity and magnetic separation experiments carried out by [9]. Figure
reproduced with permission from [9].

Low- and medium-intensity magnetic separations were able to selectively remove
strongly ferromagnetic iron-bearing gangue. However, iron oxides at grades as high as
the initial feed grade remained in the non-magnetic fraction. The products of WHIMS
tests, following the wet drum magnetic separation steps, were only analysed with semi-
quantitative XRD. However, the mineral assemblage indicated that WHIMS after wet drum
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magnetic separation of the centrifugal gravity concentrates may be able to reject additional
iron oxide gangue and concentrate strongly paramagnetic REMs while rejecting silicate
gangue into the non-magnetic tailings.

In addition to these findings, it was indicated that following grinding, coarse particle
sizes (>20 um) were enriched in zircon. These coarse zircon particles had generally high
SG, even at sizes > 300 um, where liberation was limited. While the mass in this size range
was limited, the Knelson concentrator was capable of upgrading zircon 1.75 times. Jordens
et al. [10] proposed a flowsheet which involved a much coarser grind (~300 pm) followed
by a centrifugal gravity concentration step, further grinding of the gravity concentrate, and
separation. It was mentioned that this flowsheet would not be suitable for processing the
entire deposit but might provide significant savings in grinding costs while producing an
initial high-grade concentrate.

Building upon this work, Marion et al. [11] compared the results from a Knelson
concentrator and a spiral to preconcentrate the Nechalacho ore at particle sizes well above
the liberation size of most REMs in the deposit (dgy = 97 um, dsp = 72 um, dp = 38 um).
Both concentrators were capable of upgrading zircon and REMs, while rejecting predomi-
nately feldspar gangue. Concentration by the Knelson resulted in zircon, light rare-earth
mineral (LREM), and heavy rare-earth mineral (HREM) upgrade ratios of 2.3, 2.1, and 1.8,
respectively. The spiral upgrade ratios were 2.0, 1.6, and 1.4, respectively. Similar to the
work of Jordens et al. [9], recoveries were low (<30% using the Knelson and <50% using
the spiral). However, the mineralogical analysis via QEMSCAN (quantitative evaluation
of minerals by scanning electron microscopy) indicated similar mineral liberation and
association characteristics in the spiral concentrate and tailings, suggesting that these low
recoveries were due to a lack of recirculation, rather than insufficient liberation. It was
suggested that proper optimisation with both concentrators could be used as a gangue
rejection step early in the beneficiation process to preconcentrate the ore, even at coarser
particle sizes.

These studies have all indicated that a combination of gravity and magnetic separation
may be a suitable processing route to concentrate or preconcentrate REMs in the Nechalacho
ore. However, they have not demonstrated that an adequate recovery could be obtained. As
such, this study was developed to assess a multi-stage process involving preconcentration
using a spiral at a relatively coarse particle size, regrinding followed by further processing
using a Mozley laboratory shaking table, and finally magnetic separation. Two stages
of magnetic separation were tested. First, low-intensity magnetic separation (LIMS) was
assessed to remove iron oxides from the heavy mineral gravity concentrate. The non-
magnetic fraction was then processed using a WHIMS to determine if the various REMs
could be effectively separated from zircon. The separation of REMs from zircon may be
beneficial to the downstream elemental extraction and separation processes.

To assess some of the observations from Marion et al. [11], a coarser primary feed was
examined and processed with multiple passes through the spiral to ensure an elevated
recovery of valuable material. Each stage of separation was analysed with QEMSCAN to
determine the impact of various mineralogical characteristics on separation. It is important
to note that this proposed process is not representative of the currently selected process
design for the Nechalacho deposit. Any application of this process to this beneficiation of
the deposit would require optimisation to ensure appropriate grade and recovery targets
are met.

2. Materials and Methods
2.1. Materials

The ore used in this work originated from the Bazal Zone of the Nechalacho deposit
(Avalon Advanced Materials Inc., Toronto, ON, Canada) located in the Northwest Terri-
tories, Canada. The REEs are hosted in zircon, bastnasite, synchysite, allanite, monazite,
fergusonite, and columbite (Fe), and the major gangue minerals in the deposit are feldspars,
quartz, and iron oxides.
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2.2. Ore Preparation

A feed sample weighing 15 kg was riffled to produce 1 kg representative charges.
Samples were then wet stage ground at 50%;y /+, solids using a laboratory rod mill for 5 min
intervals, to avoid over production of fines, removing all the —150 pm material through
sieving between each interval and refilling the mill to ensure a 1 kg charge. Following
this initial grinding stage, which produced a product with a dgy and dsg size distribution
of 120 pm and 66 pm, respectively, the material was sieved at 53 um to split it into a fine
(d100 = 53 um) and coarse particle stream (djgo = 150 pum, dsg = 106 pm, dg = 53 pm). The
coarse particle stream was processed using a spiral concentrator. The spiral concentrate
was then reground following a similar stage grinding procedure as the initial feed but to
—53 um. The ground concentrate was then combined with the initial fine particle stream
and processed using a shaking table followed by magnetic separation. The simplified
flowsheet detailing the operations carried out is provided in Figure 2.
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. 0
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Figure 2. Flowsheet detailing gravity and magnetic separation experiments carried out. Mineral
grades were determined by QEMSCAN analysis.

2.3. Spiral Concentrator

The spiral separator used in this work was a Walkabout assembly from Mineral
Technologies (Carrara, Australia). The unit is composed of a four turn Wallaby trough, with
a 208 mm pitch and trough diameter of 360 mm. The sample was fed as a slurry (20%.y /v,
solids) to the top of a spiral, which was fitted with a funnel (for pulse damping), using a
diaphragm pump. The coarse particle stream was processed with three stages of spiral
concentration. The three spiral concentrates were combined and reground to be processed
using a Mozley laboratory shaking table. A flowsheet detailing this process is provided



Minerals 2023, 13, 1521

50f26

in Figure 3. The spiral concentrates were sampled and analysed using X-ray fluorescence
(XRF) and QEMSCAN.

Feed - Coarse Particle

Stream

o
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Tails Combined

Spiral Conc

» To Re-grind

Figure 3. Flowsheet detailing the three stages of spiral concentration to process the coarse parti-
cle stream.

2.4. Mozley Laboratory Shaking Table

Following regrinding of the spiral concentrate, the regrind product was recombined
with the fine particle stream and processed using a Mozley laboratory shaking table
equipped with a flat deck for fine particle separation (see flowsheet provided in Figure 2).
The deck slope was set at 1.5° and it was operated with a stroke length of 5.08 cm and
stroke rate of 90 rpm. The material was fed to the table as 100 g representative samples,
processing each 100 g sample individually. The products obtained from each sample were
combined to form a concentrate blend and a tailings blend, which were analysed using
XRF and QEMSCAN.

2.5. Wet Magnetic Test Chute

A Wet Magnetic Test Chute with a ferrite magnet (0.04 T) (Bunting Redditch, Redditch,
UK) was employed in this work as a low-intensity magnetic separator. The gravity concen-
trate produced following separation using the shaking table was processed. Material was
poured wet manually into the magnetic chute with non-magnetic material washed down
the inclined surface using water. The products were analysed using XRF and QEMSCAN.
The non-magnetic fraction was further processed using a WHIMS.

2.6. Wet High Intensity Magnetic Separator

A jaw-type WHIMS concentrator equipped with a coarse expanded metal matrix
(Master Magnets, Redditch, UK) was used to process the non-magnetic fraction of the Wet
Magnetic Test Chute. The WHIMS was operated at 1.4 T and material was passed through
the magnetic matrix as a slurry. The magnetic material trapped in the matrix was recovered
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as magnetic concentrate. Magnetic and non-magnetic fractions were analysed using XRF
and QEMSCAN.

2.7. X-ray Fluorescence

XRF was used in this work to determine ZrO,, Fe,O3, and Ce,;O3 content of the feed,
as well as the various separation products. Prior to analysis, mineral samples were pul-
verised and a homogenous glass disk was prepared by fusing the sample with a lithium
tetraborate/lithium metaborate fusion flux. The prepared disks were analysed by wave-
length dispersion XRF (WD-XRF). The loss on ignition (LOI) was determined separately
and gravimetrically at 1000 °C and included in the matrix corrections, which are performed
by the XRF software. All XRF analyses were conducted by SGS Canada (Lakefield, ON,
Canada). Assays are primarily used as validation of QEMSCAN.

2.8. Quantitative Evaluation of Minerals by Scanning Electron Microscopy

The feed and separation products in this study were analysed using QEMSCAN to
determine mineralogical information related to each sample. Prior to analysis, samples were
sieved into different size classes and representative samples were micro-riffled to prepare
graphite-impregnated polished sections with a 30 mm diameter. They were analysed using
QEMSCAN at the Advanced Mineralogy Facility at SGS Canada (Lakefield, ON, Canada).
QEMSCAN is an EVO 430 automated scanning electron microscope equipped with four
light-element energy-dispersive X-ray spectrometer (EDS) detectors, and iDiscover software
was used to process the data and images. QEMSCAN operates with a 25 kV accelerating
voltage and a 5 nA beam current. The QEMSCAN measures, and the iDiscover software
processes, data from every pixel across a sample with a pixel size defined based on the
scope of the analysis. The software assigns each pixel a mineral name based on 1000 counts
of energy dispersive X-ray spectral data and backscatter electron intensities.

If the minerals or constituent phases comprising the sample are chemically distinct,
QEMSCAN is capable of reliably discriminating and quantifying minerals. Magnetite and
hematite are grouped and referred to as Fe-oxides. The mineral definitions were validated
and refined to fit the particular samples. A reference mineral list was developed using XRD
(primarily to define the major minerals), a scanning electron microscope (SEM) equipped
with an energy dispersive spectrometer, and electron probe micro-analysis (EPMA). REMs
were identified based on their major REE composition.

The samples were analysed using the Particle Mineral Analysis (PMA) method. PMA
is a two-dimensional mapping analysis aimed at resolving liberation and locking character-
istics of a set of particles. A pre-defined number of particles were mapped at a pixel size of
3.4-7 pm.

3. Results and Discussion
3.1. Feed Characteristics

The mineralogy and elemental content of the feed, sorted by size following the ini-
tial grind (Figure 2), are given in Table 1 and Table 2 respectively. REMs are grouped
into LREMs, comprised of predominantly LREE-bearing minerals (bastnésite, synchysite,
allanite, and monazite), and HREMs, comprised of HREE-bearing minerals (fergusonite
and columbite (Fe)). The size-by-size mineralogical analysis of the feed sample indicates
that zircon is significantly enriched in >20 pum size fractions, which is consistent with the
findings of Jordens et al. [9] and Marion et al. [11]. This reiterates the conclusion from those
studies that optimising the grinding and classification circuit may provide an opportunity
to preconcentrate zircon in the ore through selective comminution.
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Table 1. Mineralogy (in wt%) of the feed (determined via QEMSCAN).
Wt%
Class Mineral :
Combined —150 + 106 pm —106 + 53 um —53 + 20 um —20 um

Bastnaésite 1.2 1.1 14 14 1.0

Synchysite 0.6 04 0.6 0.7 0.5

LREM Allanite 12 0.9 0.9 1.0 2.7
Monazite 0.2 0.2 0.2 0.3 0.3

Fergusonite 0.1 0.1 0.1 0.1 0.1

HREM Columbite (Fe) 0.6 0.4 0.6 0.7 0.8
Zircon 7.1 5.1 9.3 9.6 34

Quartz 15.4 17.0 15.8 14.6 13.0

Silicate Ganeue K-Feldspar 22.1 27.2 22.0 18.8 18.9
& Plagioclase 25.0 29.7 254 234 19.0

Biotite 9.2 6.4 6.9 8.1 19.2

Fe-Oxides 10.6 6.3 10.6 14.7 11.5

Other Gangue Other 6.6 5.1 62 65 9.7
Total 100 28.9 28.1 255 17.5

Table 2. Concentration (in wt%) of ZrO, and Ce,Oj3 in the feed (determined via XRF).
Wt%
Equivalent Metal Oxide
Combined —150 + 106 pm —106 + 53 um —53 +20 um —20 um

71O, 3.0 22 3.9 3.9 1.7

Ce, O3 0.6 0.4 0.7 0.7 0.7
Total 100 28.9 28.1 25.5 17.5

The liberation and association behaviour of valuable minerals (zircon, HREMs, and
LREMs) in the ore following the initial grinding stage are shown in Figure 4. The QEM-
SCAN definition of “Free” refers to particles with the mineral of interest having greater than
95% of the particle surface area, and “Liberated” refers to particles with less than 95% and
greater than 80% of the surface area. The results indicate that liberation (“Free + Liberated”)
of zircon, HREMs, and LREMs in the feed are 55%, 22%, and 37%, respectively. The poor
liberation of REMs is expected, as they are fine grained (average grain size of REMs is
20 um). However, it is noted that even in the finest (—20 um) size class, HREM (30%) and
LREM (41%) liberation remains poor. This suggests that liberating these minerals to a
high degree is likely to be challenging. Jordens et al. [10] achieved a much greater REM
liberation (>70% LREM; >50% HREM) when grinding the ore using a ball mill to a dgy of
40 pm compared to the rod mill used in this present study. This suggests that the grinding
method has a large impact on liberating REMs. It is likely that the ball mill produces more
ultra-fine (<10 um) particles, improving liberation, or improved liberation may be a result
of different breakage mechanisms in the ball mill. More work is required for a fundamental
understanding of the mechanisms involved.

Although the liberation of value minerals (particularly REMs) is poor at a dgg of
120 um, QEMSCAN data suggest that they are present in relatively high-SG particles.
Particle SG distributions are determined by estimating the volumetric composition of a par-
ticle from the two-dimensional phase map and stereological corrections in the QEMSCAN
software [13]. Each mineral is assigned a SG value, and the SG of each particle is calculated
based upon its constituents. With the SG distribution of particles containing a specific
mineral and the SG distribution of all particles in the sample, theoretical grade and recovery
values can be determined by artificially splitting the sample at a given SG. The accurate
prediction of such an analysis has been demonstrated by Marion et al. [11], comparing
the QEMSCAN estimated results to those obtained from heavy liquid separation. The
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theoretical upgrading and recovery of zircon, HREMs, and LREMs of the feed at an SG of
3.5 and 4.0 is given in Figure 5.

At an SG of 3.5, the predicted recovery of zircon, LREMs, and HREMs is 85%, 71%,
and 69%, respectively. The corresponding upgrade ratios are 4.5 (zircon), 3.7 (LREMs), and
3.6 (HREMs). At an SG of 4.0, the predicted recoveries are 74% (zircon), 44% (LREMs), and
54% (HREMs), and upgrade ratios are 5.4 (zircon), 3.2 (LREMs), and 4.0 (HREMs). This
demonstrates that the valuable minerals are concentrated in particles of high SG, but if
particles have SG 3.5 to 4.0 then they are not effectively recovered, and REM losses may
be significant.

Examination of the mineralogical results by size fraction provides some interesting
observations. The highest grade of valuable material following the theoretical split is the
+106 pm fraction, and recoveries remain relatively high (>60% at SG 3.5). As liberation
is poor at this size, it is suggested that mineral association behaviour and/or grain size
distributions could present opportunities to concentrate the ore at a particle size coarser
than that which is studied here. Although this could have a negative impact on the
overall recovery of a gravity preconcentration stage, it could further reduce the energy
requirements of grinding and have an overall benefit on the economics. Much like when
examining the combined feed, Figure 5b does indicate that REM recoveries could be low if
material of SG between 3.5 and 4.0 is not effectively recovered.

A second observation is the relatively poor upgrading and low recoveries predicted
for the material <20 um. This finding is consistent with the liberation and association data
presented in Figure 4. REMs are poorly liberated and associated with low SG gangue and
therefore present in low SG particles. High losses of REMs in this size class are expected;
however, as previously discussed, optimising the comminution circuit could alter the
liberation profile to allow for improved separation.
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Zircon:Quartz/Feldspar ~654 HREM:Quartz/Feldspar:
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HREM:LREM
Liberated i

Free

0
-106 +53 = -53 +20 20 +106 106 +53 = -53 +20 20
Particle Size (um) Particle Size (um)
(c)
Complex
704 LREM:Other
S LREM:Iron Oxides
= 601 LREM:Quartz/Feldspar,
5 551 LREM:HREM
5 501 LREM:Zircon
2 454 Liberated
® 40 Free
0O 354
S 30+
S 254
§ 20
2 154
<< 104
54
04

+106 -106 +53 -53 +20 -20
Particle Size (um)

Figure 4. QEMSCAN estimated (a) zircon, (b) HREM, and (c) LREM associations by particle size.
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Figure 5. QEMSCAN predicted upgrade ratio and recovery of zircon, HREMs, and LREMs splitting
the feed at a SG of (a) 3.5 and (b) 4.0. The dashed line represents the feed grade.

3.2. Spiral Concentrator

The cumulative upgrade ratio and recovery plots of the major mineral classes (deter-
mined from QEMSCAN) and equivalent metal oxides (ZrO, and Ce;O3) (determined from
XRF) following each pass of the spiral are shown in Figure 6 and Figure 7, respectively.
After a single pass, the concentrate recovered 57% of the iron oxides, 56% of the zircon,
50% of the LREMs, and 47% of the HREMs, upgrading the feed by 2.3, 2.3, 2.0, and 1.9,
respectively. These results are improved over those observed in [11]. This is unexpected if
one were to compare only the liberation characteristics of the feed for this work to that of
the preliminary study (which was of finer size with a greater degree of liberation). However,
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these improvements are likely realised due to the coarser feed being better suited for sepa-
ration in the spiral, coupled with the fact that valuable mineral-bearing particles remain of
sufficiently high SG (Figure 5). Similar to the initial study, the spiral is significantly better
at rejecting feldspar than quartz.

3.0 -

2.8 -
0 2.6+
T 2.4 -
e 24
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Iron Oxides
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Figure 6. Cumulative upgrade ratio and recovery of the major mineral classes in the spiral concentrates.
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Figure 7. Cumulative upgrade ratio and recovery of ZrO, and Ce;O3 in the spiral concentrates.
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After reprocessing the tails, zircon, HREM, and LREM recoveries respectively in-
creased to 81%, 73%, and 74% after a second pass, and 91%, 86%, and 86% after a third pass.
However, upgrading was impacted after each subsequent pass and the grade of valuable
material in the third concentrate was lower than that of the initial feed. The cumulative
mass percentage of the spiral feed reporting to the tailings after each concentrate was
17%, 31%, and 33%, which correspond to 10%, 19%, and 20% of the initial feed. Further
optimisation of this process is required; however, these findings suggest that it is possible to
recover a high percentage of value minerals while effectively rejecting gangue (particularly
feldspar) using a spiral concentrator.

To better investigate the effectiveness of each stage of separation, upgrade ratio vs.
recovery plots relative to the feed for each separation step (i.e., tails of pass 1 are the feed
for pass 2, and tails of pass 2 are the feed for pass 3) are illustrated (Figure 8). These
results indicate that although the process becomes less selective with each subsequent pass,
enrichment is still occurring. Future work should investigate spiral circuits which include
rougher, cleaner, and scavenger stages with recycling to improve the performance of this
preconcentration step and ideally produce a high-grade preconcentrate with minimal losses
of valuable material.
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&U 2.0 -
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Figure 8. Upgrade ratio and recovery of the major mineral classes in the spiral concentrates produced
from the coarse particle fraction relative to the feed of each pass.

Figure 9 shows the recovery by liberation of the major mineral classes. After the first
pass of the spiral, the recovery of liberated valuable minerals exceeded 62%, and, with a
second pass, 82%. The recovery of value minerals which are associated in binary particles
with other high-SG minerals (other valuable minerals and/or iron oxides) exceeded 66%
after one pass and 85% after the second. This process is effective at recovering zircon,
LREMSs, and HREMs present in complex particles, with recoveries >43% after the first stage
and >72% after the second. This finding reaffirms that unliberated valuable minerals are
present in high-SG particles due to grain size differences and mineral associations, and are
therefore recoverable. Figure 9e indicates that most of the quartz and feldspar recovered
is liberated, which suggests that with optimisation of the process parameters and circuit
design, further improvements in grade could be realised.
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Figure 9. Mineral associations of the spiral products from the coarse particle fraction for (a) zircon,
(b) HREM, (c) LREMs, (d) Fe oxides, (e) quartz/feldspars.

Figure 10 shows the recovery of mineral particles by SG class. Figure 10a shows the
recovery of all particles in the feed. After one pass, the recovery of particles with an SG > 4.0,
from 3.5 to 4.0, from 3.0 to 3.5, and <3.5 was 65%, 49%, 30%, and 15% respectively. After a
second pass, the respective cumulative recoveries were 86%, 77%, 59%, and 35%. Similar
trends were observed for particles bearing zircon (Figure 10b), LREMs (Figure 10c), and
HREMs (Figure 10d). The spiral’s effectiveness at recovering and concentrating particles
with SG > 4.0 is particularly useful for the preconcentration of zircon, of which 69% is
present in particles with an SG > 4.0. Although the liberation of zircon is greater than that
of HREMs and LREMs, both mineral classes are primarily found in high-SG particles. The
recovery of HREMs of particles that are greater than SG 4.0 accounts for 51% of HREMs,
and, of those greater than SG 3.5, accounts for 66%. Recovery of LREMs which are recovered
and of particle SG > 4.0 is lower, at 40%, and of SG > 3.5 is similar, at 69%. This may suggest
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that HREMs are more preferentially associated with other high-SG minerals than LREMs,
given the average grain sizes are similar (approximately 20 pm). It may also be the result
of a significant quantity (32%) of the LREM content being allanite, which has a low SG
(3.54.2) relative to the other major REMs in the deposit (SG > ~5.0). It is noted that the
recovery of allanite in this stage does not differ significantly from that of other REMs.
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Figure 10. SG distribution of (a) all particles, (b) zircon, (¢) LREMs, and (d) HREMs in the spiral

products produced from the coarse particle fraction shown cumulatively such that the total of all bars
equates to 100%.

A comparison of the SG distributions of zircon obtained here (Figure 10b) to those
observed by Marion et al. [11] (Figure 11) indicates distributions for zircon are more
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advantageous for gravity separation (more material in SG > 4.0 particles) even at a coarser
particle size. This feed was prepared through stage grinding with a rod mill, whereas
the feed used in Marion et al. [11] was ground with one stage using a ball mill. This
demonstrates that the comminution process plays a critical role in the effectiveness of this
preconcentration step, which should be optimised to ensure the properties of feed are ideal
for separation using a spiral at coarse particle sizes. One area of focus for future work is to
examine the SG distributions of valuable minerals at coarser sizes than those investigated
here, using various methods of comminution (rod mill, ball mill, high pressure grinding
rolls, etc.). If valuable minerals remain in high-SG particles, the spiral may be effective
at preconcentrating a coarser feed, which could have significant benefits, particularly in
energy savings in comminution.

I Concentrate
[ | Tails

1 >4.0 J3.5-4.0[.0-35] <30
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Figure 11. SG distribution of zircon in the spiral concentrate and tails from the preliminary test work

detailed in Marion et al. [11], shown cumulatively as such that the total of all bars equates to 100%.

3.3. Mozley Laboratory Shaking Table

Following the initial preconcentration stage using the spiral, the concentrate was
reground, combined with the fine particle stream, and processed with a Mozley laboratory
shaking table (Figure 2). The upgrade ratio and recovery of the major mineral classes
relative to the shaking table (after spiral concentration) feed and to the initial feed (before
spiral concentration) are shown in Figure 12. The corresponding ZrO, and Ce;O3 upgrade
ratio and recovery are shown in Figure 13. The recovery by size and SG class are shown
in Figure 14. The table is highly effective at recovering and concentrating zircon. This
is a result of the fact that the majority of zircon is present in particles >20 pm with a
SG > 4.0. Figure 14 illustrates that the minor zircon losses are from fine <20 um particles.
Most of these particles are of elevated SG but are likely too fine to be recovered by the

shaking table [14].

Although the recovery and upgrading of LREMs and HREMs are lower than those of
zircon, they follow a similar trend. REM-bearing particles > 20 um are primarily present
as particles of SG > 4.0 (particularly HREMs) and well recovered, and the primary losses
occur at particle sizes < 20 um. Similar to zircon, part of these losses might be attributed
to being too fine. However, even if effective recovery of fine-grained high-SG particles
were achieved, significant REM losses would occur from the large proportion present
in SG < 3.0 particles (Figure 14). Optimisation of the comminution circuit may provide
improvements in the SG distribution of REMs, which would provide opportunities to better

recover these minerals.

Although these results show promise, particularly for particles in the size range of
20 pm to 53 pm, it should be noted that the Mozley laboratory shaking table is a laboratory
device, and does not directly represent an industrial shaking table. However, it does offer
some understanding of the potential of using a gravity separator to further upgrade the
preconcentrate produced by the spiral. One potentially promising technique that deserves
further attention is a Multi-Gravity Separator (MGS). An MGS has been shown to offer
better results than a Mozley laboratory shaking table, especially for particles less than
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20 pm [14]. Promising results using an MGS have also been demonstrated on a Turkish
bastndsite ore [15,16]. However, it is noted that, industrially, shaking tables are much
more commonly employed and have been used in various flowsheets developed for three
of the largest REE mines in China: the Bayan Obo, the Maoniuping, and the Weishan

deposits [

3.2 -
3.0 1
2.8 -

17-22].
B Zircon Relative to Initial Feed
: HREM
LREM
@ Iron Oxides
Quartz
W Feldspar
Relative to Table Feed

Figure 12.

0O 10 20 30 40 50 60 70 80 90 100

Recovery (%)

Upgrade ratio and recovery of the major mineral classes in the table concentrate relative to

the table feed and the initial feed.

3.2 1
3.0 1

Upgrade Ratio
= A A aN

Relative to Initial Feed

B zZro,
% Ce,0,

Relative to Table Feed

Figure 13.

0O 10 20 30 40 50 60 70 80 90 100

Recovery (%)

Upgrade ratio and recovery of ZrO, and Ce;Oj3 in the table concentrate relative to the

table feed and the initial feed.
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Figure 14. SG distribution of (a) all particles, (b) zircon, (¢) HREMs, and (d) LREMs in the table
products produced shown cumulatively such that the total of all bars equates to 100%.

3.4. Wet Magnetic Test Chute

After tabling, the heavy mineral concentrate was processed using a Laboratory Wet
Magnetic Test Chute as a LIMS step to assess the removal of iron oxides. The upgrade
ratio and recovery of the major mineral classes in the magnetic and non-magnetic classes
are shown in Figure 15. Elemental (ZrO,, Ce;Os3, and Fe;O3) upgrade ratio and recovery
values determined via XRF are shown in Figure 16. The results are presented relative to the
feed to the magnetic separation step (the table concentrate) and to the initial feed sample.
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Figure 15. Upgrade ratio and recovery of the major mineral classes in the Wet Magnetic Test Chute’s
(a) magnetic and (b) non-magnetic fractions. Results are presented relative to the table concentrate

and the initial feed.
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Figure 16. Upgrade ratio and recovery of ZrO,, Ce;O3, and Fe, O3 in the Wet Magnetic Test Chute’s
(a) magnetic and (b) non-magnetic fractions. Results are presented relative to the table concentrate

and the initial feed.

The results demonstrate that iron oxides can be removed (80% recovery (relative
to the table concentrate)); however, losses of zircon and REMs to the magnetic fraction
are significant (~20% (relative to the table concentrate)). These minerals are reported
as paramagnetic or diamagnetic [8,23-27], and therefore they would not be expected to
report to the magnetic fraction following separation with the Wet Magnetic Test Chute.
Thus, they are recovered as a result of being entrapped by magnetic material (iron oxides),
being associated in particles with highly magnetic material, or they possess some highly
paramagnetic or ferromagnetic properties. The liberation and association distribution of
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minerals in the magnetic and non-magnetic fractions are given in Figure 17. The results
indicate that most of the valuable mineral-bearing particles (particularly zircon) in the
magnetic fraction are free. The QEMSCAN definition of a free particle used here is that >95%
of the particle surface area is a single mineral. A <5% association with a highly magnetic
species, such as magnetite, may cause these particles to report to the magnetic fraction.
However, zircon particle maps (Figure 18) do not show any evidence of this occurring.
Therefore, one would suspect this material is recovered by entrapment or that some zircon
(altered) in the Nechalacho deposit may possess a high degree of para/ferromagnetism. If
it is the latter, an alternative beneficiation technique (such as flotation) may be preferred to
avoid these losses.
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Figure 17. Mineral associations of the Wet Magnetic Test Chute’s magnetic and non-magnetic fractions
for (a) zircon, (b) HREMs, (c) LREMs, and (d) Fe oxides.

As an alternative to the upgrade ratio and recovery plots given in Figure 15, the
grade and recovery (relative to the initial feed) of the non-magnetic fractions are given in
Figure 19. Mineral grades in this fraction were 18% zircon, 1.5% HREMs, 5.8% LREMs, 6%
iron oxides, 16% quartz, and 37% feldspars. The elevated quartz and feldspar grades and
relatively low valuable mineral recoveries are a result of the effectiveness of the preceding
gravity separation stage. The results from Sections 3.2 and 3.3 imply that, with optimisation,
improved silicate gangue rejection and heavy mineral recovery could be achieved. Given
that this low magnetic separation stage indicates effective removal of iron oxides, it is
suggested that a flowsheet employing gravity and magnetic separation could produce a
high-grade concentrate with adequate recoveries. Future work on the optimisation of each
stage is required to confirm this hypothesis.



Minerals 2023, 13, 1521 20 of 26

- s FarurTSap~pam gy
-...lb.“‘."**“ﬁ""“".'

".‘v.“.r“..'.".“.'l.“%z:;?wund
E:}Rl::"REE
W zircon
PAPUAGUYEAT VAN Y P T TR TAR P - B
-Mcas/Clays
-Omer Silicates
Dcarbon.ues

Dﬂuonu‘
A FENFFESSANENFEASEELEESFLLY AL LELR §- Wl

Il other

S I AT R AR EAR R AR S SRS ALY LR

".“*.ﬂl.’ft"‘.‘tt."’.0‘.‘.-‘.

Figure 18. Free zircon particles.

40 - B Zircon
v ¢ HREM
351 * LREM
30 - ® Iron Oxides
A Quartz
;\325 i v Feldspars
® 20 -
3 :
0 15-
10 4
5] *
0 . 4

0 10 20 30 40 50 60 70 80 90 100
Recovery (%)

Figure 19. Grade and recovery of the major mineral classes in the Wet Magnetic Test Chute’s non-
magnetic fraction, relative to the initial feed.

3.5. Wet High-Intensity Magnetic Separator

The preceding results suggest that, with optimisation, a high-grade bulk zircon/REM
concentrate could be produced employing a gravity separation step to remove silicate
gangue and a low-intensity magnetic separation stage to remove iron oxides. It may be
of interest to then separate REMs from zircon as their response in downstream elemental
extraction and separation processes is likely to differ (leaching and digestion of zircon is
more difficult than other REMs such as bastnésite). As most of the REMs in the deposit
(apart from synchysite) are paramagnetic and zircon is diamagnetic, a WHIMS was tested
with the goal of separating REMs from zircon.
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The upgrade ratio and recovery of the major mineral phases in the WHIMS (operated at
1.4 T) products are shown in Figure 20. The elemental (ZrO,, Ce;O3, and Fe,O3) upgrading
and recovery can be seen in Figure 21. The results indicate that the HREMs and LREMs
(along with the remaining iron oxides) are concentrated in the magnetic fraction, with the
majority of zircon reporting to the non-magnetic fraction. Although this demonstrates
REMSs can be concentrated, the recovery (relative to the WHIMS feed) of HREMs and LREMs
is only 51% and 38%, respectively. Apart from synchysite, which has been reported as a
diamagnetic mineral [23], all other REMs are paramagnetic. Therefore, those that report to the
non-magnetic fraction may be insufficiently liberated or too fine (relative to their magnetic
susceptibility) to be recovered with the employed WHIMS conditions (matrix type, field
strength, and/or field gradient). Increasing the magnetic field strength may be beneficial;
however, this can also result in a lower magnetic force acting on particles. Therefore, it may be
more effective to increase the magnetic field gradient by employing a different matrix design,
or using a different technique all together, such as an HGMS (i.e., SLon).
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Figure 20. Upgrade ratio and recovery of the major mineral classes in the (a) magnetic and (b) non-
magnetic fractions following WHIMS. Results are presented relative to the non-magnetic fraction of

the table concentrate and the initial feed.
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Figure 21. Upgrade ratio and recovery of ZrO,, Ce;O3, and Fe,Os3 in the (a) magnetic and (b) non-
magnetic fractions following WHIMS. Results are presented relative to the non-magnetic fraction of

the table concentrate and the initial feed.

Figure 22 assesses the magnetic response of the individual REMs. The results indi-
cate that the minerals with the greatest magnetic response were allanite, fergusonite, and
columbite (Fe). Bastnésite, synchysite, and monazite were selectively recovered, although
to a lesser extent than the other three REMs. The results correspond well to the magnetic
susceptibilities that have been previously reported [8,23,25]. The liberation and association
characteristics of zircon, HREMs, LREMs, and iron oxides in the WHIMS products are
illustrated in Figure 23. The recovery of liberated HREMs and LREMs to the magnetic frac-
tion was 64% and 41%, respectively. The relatively low recovery of liberated paramagnetic
material reiterates that a higher magnetic force is required to recover them at this particle
size, and methods with an increased magnetic field gradient should be investigated.
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Figure 23. Mineral associations of the WHIMS magnetic and non-magnetic fractions for (a) zircon,
(b) HREMs, (c¢) LREMSs, and (d) Fe oxides, relative to the WHIMS feed.
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The grade and recovery values (relative to the initial feed) of the WHIMS magnetic and
non-magnetic fractions are shown in Figure 24. The WHIMS magnetic product contained
REM grades of 15% and the non-magnetic fraction contained zircon grades of 18%. This
demonstrates significant REM upgrading (REM feed grade of 3.9), but improved recoveries
in the gravity separation stages and through the use of elevated magnetic field gradients
will be required.
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Figure 24. Grade and recovery of the major mineral classes in the WHIMS (a) magnetic and (b) non-
magnetic fractions, relative to the initial feed.
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4. Conclusions

This study investigated a physical-separations-based flowsheet for the Nechalacho
REE deposit, employing a spiral, a shaking table, and two stages of magnetic separation.
QEMSCAN was employed to understand the effectiveness of each separation stage and
provide recommendations to improve the process. The conclusions are as follows:

Although valuable minerals are not liberated at coarse particle sizes, their association
characteristics provide opportunities to recover them using a gravity preconcentration step.

The spiral concentrator effectively recovered valuable minerals in the deposit. The
QEMSCAN results suggest that, with proper optimisation of the flowsheet, which may
include scavenging and cleaning stages, this could be a highly effective process for early
gangue rejection.

Following the preconcentration stage and regrinding of the spiral concentrate, a
Mozley laboratory shaking table was able to further concentrate the ore, demonstrating a
gravity separation step could be used to produce a heavy mineral concentrate for magnetic
separation. However, any application of such a stage would likely require an improved
recovery of <20 um particles over that which was achieved here.

Low-intensity magnetic separation was demonstrated as an effective method of re-
moving iron oxides from a heavy mineral concentrate. However, further investigation is
necessary to determine if losses of valuable zircon and REMs can be mitigated.

WHIMS was capable of concentrating REMs, leaving most of the zircon in the non-
magnetic fraction. However, as REM recovery was low, it is recommended that elevated
field gradients would need to be employed if REM and zircon separation is desired.
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