
Citation: Pillay, K.; Mainza, A.N.;

Chetty, D.; Becker, M. Mineralogical

Factors Affecting the Dense Medium

Separation of Nickel Sulfide Ores.

Minerals 2022, 12, 1311. https://

doi.org/10.3390/min12101311

Academic Editor: Carlos

Hoffmann Sampaio

Received: 12 September 2022

Accepted: 14 October 2022

Published: 18 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Mineralogical Factors Affecting the Dense Medium Separation
of Nickel Sulfide Ores
Keshree Pillay 1, Aubrey Njema Mainza 1 , Deshenthree Chetty 2 and Megan Becker 1,*

1 Centre for Minerals Research, Department of Chemical Engineering, University of Cape Town, Rondebosch,
Cape Town 7700, South Africa

2 Mineralogy Division, Mintek, Private Bag X3015, Randburg 2125, South Africa
* Correspondence: megan.becker@uct.ac.za

Abstract: Dense medium separation (DMS) is often used to reject a large portion of gangue material
upfront to create cost and energy savings during processing. As lower-grade ores with complex
mineralogy are being increasingly exploited, the properties of the gangue minerals begin to play
a more important role in the upgrading of the ore. It is therefore important to understand these
mineralogical factors to be able to select suitable processing routes for specific ore types. Two nickel
sulfide deposits in southern Africa were chosen as case studies to understand differences in DMS
efficiency when applied to different ores: Ore A and Ore B. Both ores showed nickel upgrades
using DMS and the products were then characterized using QEMSCAN, with the aid of X-ray
diffraction and electron probe microanalysis. Overall, particle density remains the main control on
the separation, followed by sulfide texture, with massive and net-textured sulfides having larger
grain sizes and therefore better liberation than disseminated sulfides. In addition to the concentration
of sulfides, primary and secondary silicate minerals are separated by their density differences, which
can affect the recovery of finely disseminated sulfides associated with them. Particle size is also
important in DMS, with material near the cut-point density separating on size rather than density.
The understanding of the mineralogical properties affecting DMS can aid in the prediction of the
suitability of DMS for different ore types.

Keywords: sulfide ores; dense medium separation; ore mineralogy; nickel

1. Introduction

Dense medium separation (DMS) is widely used for the upgrading of coal, iron ore,
diamonds and industrial minerals. This technique has also been used in the base metals
industry for the preconcentration of ores before their main processing stage, e.g., the
Camrose DMS 2 Project and the Chemaf DMS plant at Etoile, for copper upgrading in the
Democratic Republic of Congo [1,2]. The aim is to discard a large proportion of unwanted
gangue upfront to reduce the time, costs and energy consumption of downstream processes
such as milling and flotation.

Preconcentration of ores using methods such as DMS is becoming important as mining
of lower-grade, disseminated ores increases, with previously uneconomic deposits able
to be considered for mining if the run-of-mine (ROM) feed grade can be upgraded to an
acceptable level for processing [3,4]. In addition to particle density and size, mineralogy is
known to affect the efficiency of DMS [5,6]. Low-grade ores commonly display complex
mineralogy in terms of mineral composition and texture, the understanding of which is
important when concentrating the valuable minerals. Of particular importance in pre-
concentration is the mineralogy of the gangue minerals, especially as physical separation
methods are usually conducted at coarse particle sizes, where gangue minerals such as
silicates and carbonates may dominate the majority of particles.

This work is focused on studying the influence of mineralogy on DMS performance
when separating nickel sulfide ores, with two southern African deposits selected as case
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studies. Previous test work for ore A did not support DMS as a viable upgrade option,
with nickel recoveries usually lower than desired. Ore B is also evaluated for comparative
purposes, as DMS is used successfully at the mine to upgrade the nickel before flotation [7].
Both ores are magmatic Ni-Cu-sulfide ores, with the primary ore minerals formed by
exsolution of immiscible sulfides from a melt during igneous processes and secondary
mineralization formed by late-stage hydrothermal alteration and weathering [8,9]. The
sampled zones are dominantly disseminated in sulfide texture.

A process mineralogy approach was taken, using DMS and sink-float analysis with tra-
ditional chemical assaying to evaluate separation efficiency, together with more advanced
mineralogical characterisation using QEMSCAN (Quantitative Evaluation of Minerals by
Scanning Electron Microscopy). The differences in the mineralogical properties within the
overflow and underflow of each ore were described, to understand the extent to which
individual properties affect the separation.

2. Materials and Methods

Unless otherwise stated, all sample preparation, experiments and analyses were con-
ducted at Mintek, South Africa, using ISO9001 certified sampling and analysis procedures.
Ore A was sampled from a conveyor belt leaving the primary crusher at the mine. The
belt was stopped, and a sample was collected from a belt length of 3 m. A bulk sample of
approximately one tonne was collected for subsequent work. The bulk sample was crushed
to −12 mm for the test work. A one-tonne sample of the dense medium cyclone (DMC)
feed was collected from the plant treating ore B. The plant sample was already crushed to
sub-25 mm. Prior to performing experiments, each ore sample collected was thoroughly
blended over a concrete pad using a hopper on rails, to homogenize the material before
sub-sampling. A sub-sample of approximately 20 kg was removed and halved using a riffle
splitter to produce a ~10 kg representative head sample for assaying.

The remaining sample was then de-slimed by screening sub-1 mm particles from the
material. The resulting two fractions (+1 mm and −1 mm) were then subdivided into
portions of ~10 kg each. An additional 50 kg of the +1 mm material was removed for the
laboratory sink-float analysis. The three 10 kg samples were split using a spinning riffler, to
provide representative samples for chemical analyses. The remaining +1 mm bulk material
was used to carry out DMS tests using a pilot-scale DMS plant at Mintek.

2.1. Density Separation

Sink-float analysis was performed on the +1 mm size fraction from the 50 kg sub-
sample of each DMC feed, to determine if a nickel upgrade is possible using DMS and the
density cut-point associated with the separation. Based on Gy’s sampling theory [10,11],
6.7 kg would be the minimum mass required for a representative sample of ore A. For ore B,
the smallest representative sample should be 57.8 kg, due to its larger particle size. A 50 kg
sample was used due to limited sample availability. Sink-float analyses were also carried
out on the DMC overflow and underflow following the DMS to evaluate the efficiency
of the separation. Tetrabromoethane (TBE) was the heavy liquid used as the separating
medium, with a specific gravity (SG) of 2.96. To produce liquids with lower SGs, the TBE
was diluted with acetone, and for higher SG cut-points, −25 µm atomised ferrosilicon (FeSi,
SG ~7) was added to the TBE. The samples were separated at the following SG cut-points:
2.7, 2.8, 2.9, 2.95, 3.0, 3.1, 3.2, 3.3 and 3.4. The material less dense than each liquid density
is referred to as the “floats” for that specific cut-point, and the material denser than the
medium is the “sinks”.

The bulk ore sample was run through a DMS pilot plant, which consists of a Multotec
cyclone of 360 mm diameter with a 100 mm spigot. A suspension was created as the
separating medium, using 150D FeSi (approximately 80% passing 45 µm) added to water.
The following operating conditions were monitored throughout the separation to ensure
consistency: circulating feed density, feed pressure, cyclone underflow density and cyclone
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overflow density. The key aspects of the experiments performed are summarized in the
schematic given in Figure 1.
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Figure 1. Schematic showing the tests performed on samples split from the bulk sample collected.
Samples on which the mineralogical analysis was undertaken are shaded. * A crush top size of 12 mm
was used for ore A, and 25 mm for ore B.

Each sample produced from the test work was analysed for major element composition
using ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry) to measure
its metal grades and for validation of the mineralogical data. The following elements were
measured: Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn. Total sulfur analyses were
carried out by combustion (LECO) using a SANAS 17025 accredited method internal to
Mintek. The analytical instruments were calibrated using certified reference standards (see
Supplementary Data for more details).

2.2. Mineralogy

Quantitative X-ray diffraction (QXRD) analysis was used to determine the bulk mineral-
ogy of the feed and product samples. The sub-samples for pulverizing were produced using
a rotary splitter. For each pulverized sample, 2 g of material was removed and micronized
in ethanol for the analysis. Careful sub-sampling is required throughout to minimize the
errors associated with the analysis of a small sample mass, and the results are interpreted
semi-quantitatively, to evaluate broad changes in mineral proportions with density. Samples
were analyzed using a Bruker D8 Advance diffractometer with a LynxEye detector and
Fe-filtered CoKα radiation. The measurement was performed over a range of 5–80◦ 2θ, with
a step size of 0.02◦ 2θ and a counting time of 8 s per step. The Rietveld method was used
for quantification together with the fundamental parameters approach [12,13]. Detection
limits for this technique range from 1–5 mass% [13] and are dependent on mineral diffraction
behaviour. As a result of the long counting times used in this study, the detection limits for
the samples measured are estimated to be closer to 1–2 mass%.

A CAMECA SX50 electron probe microanalyzer (EPMA) was used to classify miner-
als by their chemical composition and identify any nickel occurring in solid solution in
pyrrhotite and silicate minerals. The analysis was conducted using wavelength dispersive
spectrometry and the system was calibrated and checked using oxide and sulfide refer-
ence standards for silicate and sulfide minerals, respectively. Analysis was done at an
accelerating voltage of 25 kV with a beam current of 30 nA.

For each ore, samples from three corresponding density classes in the overflow and
underflow were analyzed by QEMSCAN (Table 1). Two QEMSCAN instruments were used,
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on Leo (at the University of Cape Town) and Zeiss EVO (at Mintek) platforms, with Bruker
detectors. This was due to instrument availability. Each sample was split using a rotary
splitter and screened into two size fractions, +5.6 mm and −5.6 mm, before mounting in
epoxy resin. Polished blocks of approximately 75 × 80 mm in size were produced, as a
standard 30 mm polished section would not accommodate more than a few particles of
this size. A custom-made sample holder, previously designed at Mintek, was used to fit
the samples into the QEMSCAN sample chamber (Figure 2). A total of five blocks were
carbon-coated and analyzed per sample (three from the +5.6 mm fraction and two from the
−5.6 mm fraction) in order to increase the representativeness of the sub-samples analyzed.
Screening into a larger number of size fractions was limited by low sample masses in certain
density classes.

Table 1. List of samples analyzed by QEMSCAN. The mass proportion of the DMC product and the
number of particles measured is also given.

SG Class Mass% No. of Particles

Ore A DMC Overflow
3.0 floats (SG 2.95–3.0) 18.13 4321
3.1 floats (SG 3.0–3.1) 13.26 890

3.1 sinks (SG 3.1+) 0.42 5854

Ore A DMC
Underflow

3.0 floats (SG 2.95–3.0) 7.66 3223
3.1 floats (SG 3.0–3.1) 40.19 2606
3.2 floats (SG 3.1–3.2) 20.02 3616

Ore B DMC Overflow
2.95 floats (SG 2.9–2.95) 23.8 4060
3.0 floats (SG 2.95–3.0) 14.7 2755
3.1 floats (SG 3.0–3.1) 2.6 5752

Ore B DMC
Underflow

2.95 floats (SG 2.9–2.95) 12.1 3058
3.0 floats (SG 2.95–3.0) 18.9 2442
3.1 floats (SG 3.0–3.1) 43.2 2215
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Figure 2. Sample holder containing the carbon-coated polished block (75 mm × 80 mm) used for
the analysis.

The Field Image measurement mode was used to map individual fields of view,
which were stitched together to produce a single image of each polished block. These
mapped images were then ‘particulated’ using the iExplorer v5.2 software to separate
individual particles from each other so that mineral liberation, particle size and shape could
be described. The polished blocks were analyzed at a magnification of 20× (2 mm field
size), with a 25 µm point spacing, which resulted in an analysis time of approximately 20 h
per block. Grains smaller than the point spacing distance may have been missed during
analysis. However, additional results gained from higher resolution analyses did not justify
the unreasonably long analysis times, and optical microscopy was used to confirm size
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and texture information for smaller grains. From the particle maps, the minerals identified
and their relative proportions, mineral liberation, association, grain and particle sizes, and
particle shapes, were derived. The QEMSCAN results were validated by comparing the
chemistry of the samples calculated from the modal analysis with measured major element
chemistry. Mineral compositions measured by EPMA were used for the calculation. The
measured and calculated assays correlated well for all samples (see Supplementary Data).

3. Density Separation Results

Ore A had a DMC feed grade of 0.4% nickel. The nickel grade of ore B was measured
at 0.28%, with the DMC feed grade at 0.22% after removing the fines fraction, which has
a higher nickel grade at 0.56%. Both ores showed upgradeability from the preliminary
sink-float analysis, and a cut-point of 3.0 was selected for the DMS test work on both ores to
maximize waste rejection. Ore A was expected to have a slightly higher grade and recovery
than ore B at this cut-point. The nickel was expected to be upgraded to 0.76% at an 83%
recovery for ore A and 0.59% at a 76% recovery for ore B (Figure 3A). This would increase
the feed grade to the flotation plant while reducing the mass input.
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Figure 3. Comparison of grade and recovery curves (A) and partition curves (B) for ores A and B.

The nickel grades and recoveries, as well as mass distribution for the two ore samples,
were calculated for different streams of the flowsheet. This includes mass-balanced data
from the ROM material to the calculated flotation feed, which is made up of the DMC
underflow and the −1 mm fines that were initially removed (Table 2). The sample of ore A
showed a 54% total nickel upgrade from 0.43% in the ROM to 0.66% in the flotation feed,
with an 87% nickel recovery to the flotation plant. Calculated results indicate that 44% of
the ROM mass was rejected in the DMC overflow, which had a nickel grade of 0.13%. The
nickel in the bulk sample of ore B was upgraded by 52%, from 0.28% in the ROM to 0.42%
in the flotation feed. Ninety-three per cent of the ROM nickel was recovered to the flotation
plant. The mass-balanced data indicated that 39% of the ROM mass was rejected in the
DMC overflow. The average nickel grade of the rejected material contained in the overflow
stream was 0.05%.

Table 2. Mass-balanced mass, grade and recovery information at different points in the flowsheet.

Stream Mass% Ni Grade (%) Ni Recovery (%)

Ore A

ROM 100 0.43 100
−25 + 1 mm 84 0.39 76

−1 mm 16 0.62 24
DMC overflow 44 0.13 13
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Table 2. Cont.

Stream Mass% Ni Grade (%) Ni Recovery (%)

DMC underflow 40 0.67 63
Float feed 56 0.66 87

Ore B

ROM 100 0.28 100
−25 + 1 mm 82 0.22 65

−1 mm 18 0.56 35
DMC overflow 39 0.05 7

DMC underflow 43 0.37 58
Float feed 61 0.42 93

The partition curves for the separations indicate a slight difference in separation
efficiency for the two ore types (Figure 3B). Ore A has a slightly steeper partition curve
than ore B, indicating a smaller region of error. The misplacement of low density particles
is more pronounced for ore B than ore A, which has almost no material recovered to the
sinks fraction at densities less than 2.94. The probable error of separation or the Ecart
probable (Ep) is calculated according to the definition by [10] of half the difference between
the densities where 75% and 25% is recovered to the sinks. Ore A separation displayed
the lower probable error of separation (Ep) at 0.04, indicating a lower degree of particle
misplacement. The Ep shown by the ore B sample was in the acceptable range but slightly
higher than ore A, at 0.05.

4. Mineralogical Characterization
4.1. Bulk Mineralogy

Both ores A and B formed as magmatic sulfide deposits of mafic-ultramafic composi-
tion [9,14,15], with olivine, pyroxene and plagioclase as the dominant primary minerals.
Geologically, the rocks were subjected to alteration at a later stage, during which new
secondary minerals, mainly hydrous silicates, were formed from primary mineral assem-
blages [16]. Late-stage fluid movement through the rock also created quartz and carbonate
veins, which were not part of the original rock. The feed sample of ore A is mostly com-
posed of amphibole, pyroxene, chlorite, carbonates, talc and pyrrhotite (Figure 4). For ore
B, the primary silicate minerals are pyroxene and plagioclase, with the pyroxenes mostly
replaced by amphibole and chlorite, and some of the plagioclase altered to epidote (as
fine-grained aggregates or saussurite).
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Figure 4. Bulk mineralogy of the DMC feeds as determined by QXRD, with average SGs given in
brackets. The Fe-Ti oxides grouping includes magnetite, hematite, chromite, ilmenite and rutile.

From the QXRD of the DMC products, separation of silicate minerals can be observed
based on their density differences, in addition to the concentration of sulfide minerals in the
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higher density fractions (Figure 5). For ore A, apart from sulfide concentration, pyroxene
has also increased in proportion in the DMC underflow due to its SG of 3.4–3.55 [17],
which is much higher than the separation cut-point of 3.0 (Figure 5). Differences in gangue
mineral proportions between the overflow and underflow are more pronounced in ore
A with quartz, feldspar and carbonates more abundant in the overflow. The general
trend is for primary mafic silicate minerals (pyroxene and olivine) in the rock to be of
higher density than the products of their alteration, which are most commonly chlorite,
amphibole, serpentine and talc [16,18,19]. Plagioclase feldspar often alters to epidote and
in this case, the alteration product is of higher density than the primary silicate and reports
preferentially to the underflow, particularly, in ore B where it is more abundant (Figure 5).
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Figure 5. Bulk mineralogy of the individual density fractions for the ore A (A) and B (B) overflow,
and ore A (C) and B (D) underflows. The change in quartz + feldspar content with density is shown
with dotted lines, as an example of gangue separation.

4.2. Nickel Deportment

Nickel deportment was calculated using the relative proportions of the nickel-bearing
minerals as determined by QEMSCAN, and their nickel contents measured by EPMA
(Table 3). Pentlandite is the main nickel ore mineral, with pyrrhotite containing averages of
0.51% nickel in ore A and 2.03% nickel in ore B. These are similar values to those measured
by [20]. Although many silicate minerals host nickel in ore A, together they generally
account for less than 10% of the total nickel contribution for the ore (Figure 6). This is
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due to the low proportion (generally less than 0.1%) of solid solution nickel in each mafic
silicate mineral. In ore B, the total sulfide content is lower than ore A and up to 53% of the
nickel is hosted in silicate minerals, in the 3.0 floats of the DMC overflow.

Table 3. Measured nickel contents (mass%). n = no. of grains analyzed.

Mineral
Ore A Ore B

n Average Std Dev. n Average Std Dev.

pentlandite 48 34.28 0.19 22 37.52 0.22
pyrrhotite 13 0.51 0.11 50 2.03 1.02

chlorite 10 0.07 0.05 16 0.10 0.05
mica 11 0.07 0.04 - - -

serpentine 6 0.09 0.05 - - -
talc 11 0.08 0.04 - - -

epidote - - - 10 0.06 0.02
pyroxene 8 0.06 0.02 15 0.02 0.02

amphibole 22 0.04 0.01 20 0.05 0.02
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Figure 6. Nickel deportment in the DMC overflow and underflow products for ore A (A) and ore
B (B). For simplification, chlorite, serpentine, talc and epidote are grouped as ‘alteration minerals’.

4.3. Grain Size, Liberation and Mineral Associations

Grain sizes are described for composite grains of sulfide minerals within particles,
as they cannot be separated from each other by DMS and rely on their combined density
contribution towards a particle to report to the underflow. In both ores, A and B, composite
sulfide mineral grain sizes increase steadily from the low to the high-density classes of each
DMC product. By qualitative assessment of the QEMSCAN and optical microscope images,
this has been shown to correspond to a change in texture from disseminated to blebs, net-
textured or massive, with sulfide grains being larger as the texture becomes more massive
(Figure 7; [18]). The size of the composite sulfide grains is controlled mostly by pyrrhotite
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grain size, as the dominant sulfide mineral. Pentlandite occurrence is also observed
to change as the overall sulfide texture changes. In disseminated zones, pentlandite
mainly occurs as flames in pyrrhotite [14,15], whereas granular pentlandite is only noted in
association with pyrrhotite in areas containing coarse net-textured or massive sulfides.
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Figure 7. Selected false colour particle images of ore A mapped by QEMSCAN, showing observed
sulfide textures and corresponding changes in grain size.

The grain sizes are reported in terms of equivalent sphere diameter (ESD) as provided
in the QEMSCAN iExplorer software. The ESD represents the diameter of a sphere of
equal volume to the grain/particle measured assuming that the measurements are random
cross sections through the particle and have been argued to be stereologically sound [21].
In general, the composite sulfides show smaller grain sizes in the overflow than in the
underflow, with most sulfide grains in the overflow smaller than 400 µm (Figure 8). The
largest size difference between grains of the same density was noted between the 3.0 floats
in the overflow and underflow of both ores.
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Figure 8. Cumulative sulfide grain size distribution (A) and cumulative liberation yield (B) in the
cut-point samples of ore A (3.1 floats) and ore B (3.0 floats) DMC products.

Apart from the increase in sulfide grain size with increasing density, grains are also
larger, on average, in the DMC underflow than in the overflow for a given density class.
This can be attributed to the concentration of a higher proportion of net-textured sulfides
to the underflow, whereas finer disseminated sulfides would be more likely to be rejected
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to the overflow. In general, sulfide particles in ore A are larger than those in ore B within
a given density class (Figure 8A). The smaller ore B sulfides are a result of the mostly
disseminated texture of the ore compared with ore A, in which the net-texture commonly
occurs. The larger grains and more massive texture occurring in higher density fractions of
the ores are also associated with higher nickel grades than the finely disseminated sulfides.

Sulfide mineral liberation is considered for composite grains, as it would be difficult to
liberate the closely intergrown sulfides from each other. Pentlandite liberation, in particular,
would be near impossible, as pentlandite commonly occurs as fine flame-like exsolution
lamellae in pyrrhotite with an average size of 3 µm × 30 µm, as determined by optical
microscopy measurements. For DMS especially, the aim would be rather to liberate sulfides
as a whole from silicates and other gangue minerals than to try to separate individual sulfide
minerals. Even if the liberation of pentlandite was feasible, it would not be achievable at
the larger particle sizes required for physical separation methods [22].

Liberation is influenced by grain size, as larger sulfide grains make up a higher
proportion of a particle at a specific particle size, and therefore contribute more to the
overall particle density [5,6]. In both ores studied, generally >80% of sulfide grains are
smaller than 300 µm. With particle sizes of −12 + 1 mm in ore A and −25 + 1 mm in
ore B, it is unlikely that many sulfide grains would be liberated (making up >80 area%
of the particle section). This is shown from the liberation data, where most composite
sulfide grains in both ores are locked (<30 area% of the particle section) in the density
classes analyzed by QEMSCAN, and only minor amounts report to the middlings class
(30–80 area% of the particle section) in some samples. The sulfides in ore B, however, show
lower liberation than the ore A sulfides, with most sulfides making up less than 20% of the
particle section area (Figure 8B). At the DMS cut-point, ore A sulfides are more liberated
in the overflow than the underflow. The overflow showed smaller particle sizes, which
explains the higher liberation due to the higher area of sulfides in a particle section. The
sulfides in ore B are also slightly smaller in size, with more than 80% of grains less than
200 µm, as compared with ore A sulfides, where ~40–60% of grains are less than 200 µm
(Figure 8). With smaller grain sizes and larger particles for the ore B bulk sample, these size
differences may have contributed to the slightly lower liberation. This may be a possible
factor in the lower nickel recovery attained from the ore B bulk sample compared with the
ore A sample, although a reduction to a top size smaller than 25 mm is unlikely to increase
the liberation of <200 µm sulfide grains. Tests conducted by Mintek on ores associated with
the mine where ore B was derived have shown no observable improvement in nickel grades
and recoveries achieved by DMS with a decrease in the top size of the crushed particles.

Sulfide mineral associations with gangue are linked to the relative abundance of the
gangue minerals within each sample. Higher density samples contain sulfides that are more
closely associated with denser minerals such as pyroxene and epidote. Near the cut-point
density, amphibole associations are higher, and at low densities associations with feldspar
increase. No preferred association of sulfides with any gangue minerals was noticed. Zones
of late-stage alteration, however, such as those containing quartz and calcite veins, did not
appear to contain sulfide grains when examined using an optical microscope.

4.4. Particle Properties
4.4.1. Particle Size

The particles from QEMSCAN measurements of both samples from ore A and B show
very similar trends in their size distribution. Particle sizes are smaller in the DMC overflow
samples when compared with those of the underflow. The largest size differences occur in
the denser fractions of both ores, where heavier particles that have reported to the overflow
have very small particle sizes (Figure 9). This is an indication of the misplacement of small
particles to the overflow regardless of their density, because of their lower settling rate in
the medium [10,23]. The 3.1 sinks of the ore A overflow particularly, contained very small
particles compared with all the other density classes of both the overflow and underflow.
Greater than 90% of the particles in this sample are less than 2 mm, which is near the
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minimum size of 1 mm for the DMS. Particle size differences are also more pronounced
near the DMS cut-point where particles near the cut-point density have an equal chance of
floating or sinking and therefore tend to separate on size rather than density.
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Figure 9. Cumulative particle size distribution in samples of the ore A (overflow 3.1 sinks and
underflow 3.2 floats) and ore B (overflow and underflow 3.1 floats) DMC products, at densities higher
than the cut-point.

4.4.2. Particle Shape

The distribution of particle shapes was calculated using shape factor (perimeter2/area)
and elongation (1–width/length). These descriptors were selected to assess the effect of
shape on DMS, as rounded and spherical particles are known to be easier to concentrate
than elongated, angular or irregular-shaped particles [24,25]. The coarse particle sizes
(>1 mm) analyzed allow for the use of perimeter-based shape measurements. This is
due to the high resolution possible when mapping, compared with particles smaller than
75 µm [26]. A shape factor of 12.6 corresponds to a circle, with a value of 400 calculated for
a needle-shaped particle. A square has a shape factor of approximately 16, with a triangle
at ~23 [27]. For elongation, values nearing 0 signify more or less equidimensional particles,
whereas values closer to 1 correspond to very elongate or oblong particles.

Both ores A and B show preferential recovery of higher shape factor particles to the
underflow (Figure 10). More particles with shape factors greater than 25 are found in both
the underflow fractions compared with the overflow fractions in both ores. The overflow
also shows a narrower distribution of shapes than the underflow. The shape differences are
most pronounced at the DMS cut-point, particularly for the ore A sample.
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Particle elongation is also slightly higher in the underflow samples, at and lower than
the DMS cut-point. This has not been observed from the higher density samples, where a
similar distribution of particle elongation occurs in the overflow and underflow, particularly
in ore A where the overflow and underflow particles show an almost identical elongation
distribution. Figure 11 shows thin sections of ore A within the 2.9 floats fraction, in which
shape differences could be observed visually between particles of the DMC overflow and
underflow. The underflow contains a larger proportion of elongated particles than the
overflow, and these were mostly composed of alteration products such as saussurite, sericite,
epidote and actinolite. This indicates that shape has a minor effect on the separation.
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It has been shown that irregular-shaped and elongate particles are more commonly
rejected to the overflow by density separation methods than more spherical, equidimen-
sional or smoother particles, owing to their higher drag coefficients and lower settling
rates [23–25]. The present results do not conform to the general trend, with more irregular-
shaped and elongated particles being preferentially recovered to the underflow. This has
been described by [28], where high shape factor and flattened or elongated particles of
shells and roots have become trapped within the dense outer flow of the cyclone. The
observed trends may be also explained by turbulence and particle orientation to the flow
direction, which can additionally influence which product a particle will report to [29].

5. Discussion

A combination of mineralogical factors was observed, which contribute to the behaviour
of ore particles within a DMC. These are presented in decreasing order of importance:

Particle density: Although different factors influence particle separation, overall
particle density remains the strongest control. This is governed by the proportion and SG
of each mineral in a particle. Both ores are mineralogically complex and contain a variety of
primary and secondary gangue minerals with a wide range in SG [14,15]. Generally denser
primary silicates such as pyroxene are more likely to be concentrated in the underflow than
their less dense alteration products, e.g., chlorite and talc [30]. Dense particles recovered
to the underflow therefore may be barren of sulfides, consisting rather of dense gangue
minerals. Associations of fine-grained sulfides with different gangue minerals may affect
whether they are concentrated or rejected.

Sulfide texture: Three sulfide textures were identified in the ores: disseminated/bleb-
textured, net-textured and massive. A change in sulfide texture from disseminated to
net-textured to massive is linked to an increase in sulfide mineral grain size, which in turn
increases liberation. Although liberation is poor throughout the samples because of the
large particle sizes, net-textured to massive sulfides are more often recovered to the product
than finely disseminated sulfides, which dominate the overflow. The change in texture
from disseminated to massive also corresponds to a change in the pentlandite occurrence
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from flame-like lamellae in pyrrhotite to granular pentlandite. [31] also emphasized the
importance of sulfide texture contributing to the performance of the DMC.

Particle size: Size separation is most important for particles nearing the cut-point
density, which have a more-or-less equal chance of floating or sinking. These particles tend
to then separate dominantly on size rather than density, with larger particles concentrated
to the underflow and smaller particles rejected to the overflow. The rejection of particles
less than ~2 mm to the overflow is also common even for particles of high density, as
particles close to the minimum cut-off size have a low settling rate and are therefore easily
dragged into the overflow.

Particle shape: Particle shape does not appear to have a major influence on the
separation of the ores studied. As in the case of size, shape differences are more pronounced
at the DMS cut-point, and slightly below the cut-point, where factors other than density
have a stronger influence on the separation. For both ores, more irregular and elongated
particles tended to sink rather than float.

Understanding the above factors can help to predict the separation based not only
on overall particle density but as a function of mineral textures and compositions, a
further advantage is the availability of data for individual particles. This can aid in the
development of models that account for factors such as the potential recovery of dense
barren gangue particles, or the loss of silicate-hosted nickel to the overflow, which the
traditional method of sink-float analysis does not consider. The detailed information gained
on the ore can also be used for the selection and optimization of downstream processes
following preconcentration and will give an indication of the complexity and variability
of the ore body in terms of geometallurgical units [32]. Although the costs of quantitative
mineralogy are generally high and analyses can be time-consuming, [33,34] have calculated
a higher return on investment for projects where automated mineralogy is an early step in
ore characterization.

6. Conclusions

For the nickel sulfide ores studied, apart from overall particle density, sulfide texture is
observed to be the main mineralogical control on the individual particle recovery by DMS.
This is due to massive and net-textured sulfides having larger grain sizes and therefore
higher liberation than disseminated sulfides. In addition to the DMS concentration of
sulfide minerals, primary and secondary silicate minerals are separated by their density
differences, which can affect the recovery of finely disseminated sulfides associated with
them. Silicate-hosted nickel is another factor that accounts for higher nickel losses to the
overflow, observed particularly in ore B. Particle size is also an important control on DMS,
where particles near the cut-point, particularly those less than ~2 mm, tend to separate on
size rather than density. An evaluation of particle shapes shows that shape separation plays
a minor role for the ores studied, and shape differences are most pronounced nearer to
the DMS cut-point, where a higher proportion of irregular-shaped and elongated particles
have been concentrated to the underflow.

These observations show that mineralogical properties have the potential to predict
the behaviour of an ore when subjected to DMS. This will be useful because only the feed
sample is needed to perform the evaluation before deciding on the processing route. The
density of the components and the liberation state of the feed can be used to determine if
DMS will be a suitable preconcentration method for gangue removal. The level of detail
provided by quantitative mineralogical techniques can also be used to build toward a
model that accounts for individual particle separation based on the mineral compositions
and textural relationships, as well as ore variability.
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