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A flotation tailing material from a highly weathered/oxidised mineralised horizon, the
Pseudo Reefs, interlayering the lower Merensky and UG2 Reefs, termed the ‘Silicate Reef’,
was pre-treated using heavy liquid separation and magnetic separation techniques. This
paper assessed the efficacy of the pre-treatment methods to enable platinum group mineral
value extraction via selective grouping of gangue phases containing residual value
minerals — for subsequent chemical leach enrichment. The efficacy of the separation
techniques applied on the tailings was assessed, based on chemical and mineralogical
evaluations using X-ray diffraction and quantitative evaluation of materials by scanning
electron microscopy analyses. The single stage heavy liquid separation and magnetic
techniques achieved 62% and 65% recovery of value containing gangue, in the sink and the
combined magnetic and middling products, respectively. The heavy liquid separation
single stage concentrated platinum group mineral locked in, and attached to, the primary
silicates in the sink product, while concentrating values liberated and attached to the
altered silicates in the floated product. In the magnetic separation, liberated value minerals
and those attached to the primary silicates occurred in the combined magnetic products,
while those associated within the primary silicates occurred in the non-magnetic products.
The mass separation of the heavy liquid method was 46 wt% and 54 wt% for the sink and
float respectively; while the magnetic separation was 30 wt%, 11 wt%, and 59 wt% for the
magnetic, middling, and non-magnetic products respectively. A combined stepwise
magnetic-heavy liquid separation approach was further undertaken to improve the
separation in the non-magnetic fraction. The two-stage magnetic-heavy liquid treatment
configuration was the most promising approach, achieving optimum mineral
concentration with higher recovery (85%) and 71 wt% mass at the expense of a lower
upgrade ratio (1.17). The heavy liquid separation of the two-stage non-magnetic rejects had
similar product separation trend as in the single stage. This study revealed that the two-
stage magnetic—heavy liquid treatment did target maximising the value recovery by
selectively concentrating gangue phases containing platinum group minerals in the
magnetic and non-magnetic floated fractions.

Keywords: Flotation tailings, platinum group minerals, oxidised tailings, magnetic
separation, heavy liquid separation, tailings pre-treatment.
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INTRODUCTION

In the last decade, the platinum group mineral (PGM) industry in South Africa has produced about 45
- 71 Mt of flotation tailings annually - apart from the historical or dormant legacy tailings (Gibson et al.,
In Prep). Given the high volumes of tailing production, the low-grade PGM value in flotation waste
streams represent a potential resource. Flotation tailing streams report residual value losses in the range
of about ~10 - 20 % of the plant feed grade (4 - 5 g/t 6E PGM); where these losses may be lower in
highly optimised flotation circuits (Hay, 2010; Ndlovu, 2015; Rose, 2016; Rule and Schouwstra, 2012).
Conversely, value rejection to flotation tailings may be higher, depending primarily on the nature of the
reef mineralogy — even in the most optimised concentrators (Molifie, 2021; Nel et al., 2004; Ramonotsi,
2011). The South African PGM industry has evolved from concentrating only on the Merensky Reef —
because of its head grade decline — to process the more complex UG2, Platreef, and near surface altered
reef-type PGM-bearing ores (Corin et al., 2021). The average losses in flotation of the normal Bushveld
Reefs amount to ~15% of the milled head grade. However, in the near surface oxidised/altered PGM-
bearing sub-facies (i.e. of any of the three primary Bushveld Reefs), value losses from the flotation stage
may be pronounced ranging from 20 to as much as 65%, making them the least favourite PGM source.
These value losses during flotation are primarily attributed to the degree of oxidation on the particle
surfaces (Letseli et al., 2018; Ramonotsi, 2011). Retreatment by scavenger flotation of PGM metallurgical
plant tailings has gained interest in the industry as it continues to grow since the early 21st century (Buys
et al., 2004). The typical retreatment approaches for online and dormant PGM flotation tailings include
gravity and /or magnetic separation (i.e. for UG2 or mix UG2/Merensky tailings), cyclone classification,
regrinding with ball mill and/ or stirred mill, followed by tertiary flotation circuits — including rougher,
cleaner, and recleaner circuits (Buys et al., 2004; Little, 2016; Letseli et al., 2018; Rule et al., 2008; Rule and
Schouwstra, 2012). Industrial circuit configurations are slightly different among operations and are
influenced by the mineral composition of the tailing parent reef type (Buys ef al., 2004; Eastplats, 2022;
Northam AR, 2017; Rule et al.,, 2008). The Western Limb Tailings Retreatment (WLTR) facilities —
established since 2003 to retreat Merensky tailings — now owned by Sibanye Stillwater, retreats and
recovers PGMs from legacy tailing facilities at the Rustenburg operation (Buys et al.,, 2004; Sibanye
Stillwater RR, 2021). The flow sheet at WLTR includes recovery of tailings by high pressure water
(hydromining), ball milling, scavenging rougher flotation, rougher concentrate regrinding in stirred
mills and cleaner/recleaner flotation circuits (Buys et al., 2004). The Platinum Mile retreatment facility
located in Rustenburg recovers PGMs from the tailing streams of the Rustenburg Waterval and Retrofit
concentrator plants using scavenging flotation in circuits containing rougher, cleaner, and recleaner
stages as well as ultrafine grinding stirred milling in the cleaner circuits. The concentrators at Platinum
Mile are configured to process Merensky and UG2 Reefs in separate circuits (Rule et al., 2008; Sibanye
Stillwater RR, 2021). Unlike retreatment of Merensky tailings, the UG2 Reef tailings retreatment circuits
include chrome recovery that precedes PGM recovery — achieved via gravity spiral concentration
(Impala RR 2021; Northam AR, 2017; Sedibelo, 2021). Other circuit configurations involve high shear
hydrodynamic cavitation Mach Reactor instead of ball mill grinding, and it is also followed by tertiary
flotation circuits with/without ultrafine grinding in the cleaner circuits (Ross et al., 2019; Singh and
Street, 2016). Essentially, the current industrial retreatment processes produce concentrates that are sent
through the downstream cost and energy intensive smelting and conversion processes.

This paper aims to investigate the efficacy of magnetic and heavy liquid separation (HLS) techniques as
treatment routes to characterise the gangue phases containing value minerals into selective categories
and to assess the influence of mineralogy in concentrating PGM-associated gangue minerals for direct
leaching of residual base metal sulphides (BMS) and PGM in a subsequent investigation.

Experimental procedure

Tailing samples

The tailing samples used in this investigation originate from an open pit PGM mine in the Western Limb
of the Bushveld Igneous Complex (BIC), South Africa (Figure 1). About ~ 263 kg highly
weathered /oxidised Merensky (Silicate) Reef tailing samples were acquired from a prior laboratory
batch flotation investigation (Molifie, 2021). The bulk tailing samples were homogenised, split, and an
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aliquot was sieved to six different sizes. Only the -150/+106 um size fraction was used for this
investigation.
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Methods

Dry magnetic separation products were obtained using a crude approach with a handheld magnet
(General Electromagnetic device, U.S. pat. 2027994) for the separation of the magnetic product. A Frantz
Isodynamic Magnetic Separator was used to obtain separation in the paramagnetic (middling) product.
The handheld magnetic separation was achieved by wrapping paper around the magnet poles and
hovering the magnet closely over 500 g of the tailing samples. The middling and non-magnetic residue
were further separated using the Frantz separator at 0.3 A and 20.2 V. Mineral separation using the
heavy liquid separation technique was performed with 500 g of tailing sample in 350 ml Bromoform —
the liquid medium. About 100 g of tailing sample was mixed in the liquid medium and left to settle for
5 - 10 minutes to achieve separation; this was performed in succession for five times. The non-magnetic
residue was further separated in the heavy liquid medium to access the potential for upgrade in a two-
stage magnetic-HLS approach. All separation techniques were performed in duplicates. The pre-
treatment methods used in this investigation targeted categorising the bulk tailing material into mineral
phases susceptible to magnetism, and separating denser mineral phases from less dense ones. The
separation products were assessed using mineralogical evaluation to determine residual value minerals
associations with their gangue hosts. It is anticipated that mineral phases containing iron (Fe) and nickel
(Ni)-alloys would respond to magnetism, while the silicate phases are less expected to be amendable to
magnetism unless they contain Fe or Ni in their lattice structure. The HLS would target the
ferromagnesian silicate minerals in the sinks because of their relatively higher density than the
feldspathic silicate minerals - to be concentrated in the HLS-floats. Understandably, the minerals in the
tailing materials are not pure minerals: they occur in associations. Therefore, concentrating the tailing
mineral phases into a particular product would depend on the particle physical properties to respond
to each pre-treatment characterisation method.

Characterisation

Mineralogical phase characterisation by X-ray diffraction (XRD) were obtained using a Malvern
Panalytical Aeris diffractometer with PIXcel detector and fixed slits with Fe filtered Co-Ka radiation at
XRD Consulting. The bulk modal mineralogy, liberation and BMS/PGM association analyses were
achieved with quantitative evaluation of materials by scanning electron microscopy (QEMSCAN) - the

193



FEG QEMSCAN using an FEI Quanta 600F scanning electron microscope platform and Bruker detectors
at the University of Cape Town. X-Ray fluorescence (XRF) and lead fusion fire assay were used to
determine the chemical and elemental composition of the tailing materials at the School of Geosciences,
University of the Witwatersrand and SGS South Africa, respectively.

RESULT AND DISCUSSION

Tailing characterisation

The XRF and fire assay results revealed the chemical composition and grade respectively of the tailing
material reflected in Table I andIl. The high degree of weathering in the altered tailing material explains
the elevated amounts of Mg (26.52 wt%) in the presence of high percentage of Si (41.93 wt%) along with
Fe (14.97 wt%). Based on the XRF chemical analysis of about eight sample batches, the standard
deviation of the residual BMS in Table I ranged from 0.0004 to 0.002. The BMS tenor in the oxidised
tailing for Cu (0.003%) is very low, indicative of a high recovery performance in the prior batch flotation
treatment, whereas the bulk tailing Ni (0.153%) content was similar to the Ni (0.161%) contained in the
ore material (Molifie, 2021). Due to the alteration effect of Ni solid substitution into the host mafic
silicate crystal structure, Ni in the BIC oxidised ores and subsequent flotation tailings may occur in other
mineral forms than the primary sulphides, resulting in poorer recoveries (Musonda, 2015; Mwase et al.,
2014). The sulphide minerals in highly weathered ores are known to become oxidised with thin
passivation layers of Fe oxides/hydroxides engulfing the surface as well as altering their mineral
structure (Legrand et al., 2005). The large quantity of Fe (~15 wt%) presence in the tailing material of
this investigation may allude to the possible dominant oxidation layer that hindered Ni recovery in
prior flotation separation. The Ni in the silicate reef is known to occur in appreciable quantities in
metallurgical flotation tailings in the form of altered secondary BMS (pentlandite) species - violarite
(FeNizS,) and millerite (NiS) - and in oxide form: NiO (Musonda, 2015; Ramonotsi, 2011). This explains
the higher content of unrecovered Ni compared to Cu in the tailing feed. Essential to this investigation
is the fact that the BMS and PGMs have strong association; hence, components of the BMS deportment
to the tailings is indicative of PGM presence in the tailing in significant amounts — along with those
PGM remobilised due to alteration. The chemical assay of the -150/+106 um size fraction feed grade
as shown in Table Il varied in the range 0.37 - 0.58 g/t 3E PGM. The overall bulk unsieved tailing grade
was ~ 0.391 g/t 3E - typical of an optimised flotation circuit.

Table 1. XRF measurement of major BMS and gangue composition of the tailing samples

%
Co Ni Cu F8203 Si02 A1203 M gO CaO CI‘203
0.011 0.153 0.003 14.971 41.930 5.220 26.519 3.383 0.613

Table 11. Precious metal grade of the tailing in -150/+106 um fraction obtained by fire assay

Pt Pd Au Total (3E)

g/t
0.23-037  0.1-0.15  0.04-0.07 0.37-0.58

The platinum group element (PGE) mineral phases finely disseminated in their polymetallic tailing
gangue host are often complex, resulting in more difficult and intricate recovery stages. The floated
tailing major gangues mineralogical composition according to the XRD analysis identified in the order
of abundance were plagioclase (CaALSiOs) at 46.4 %, orthopyroxene (MgSiOs) at 21.8 %, serpentine
(MgsSi205(OH)4) at 11.3 %, and magnetite (FesOy) at 7.4 %. Additionally, olivine, mica, and a host of
other secondary alteration minerals (including chlorite, talc, and amphibole), were detected to occur in
trace amounts. The mineral phase identification by QEMSCAN in the separation products indicated the
abundance of these mineral phases identified by XRD. However, the QMSCAN modal mineralogy
deportment of the feed material was not available at the time of writing this paper. Trace mineral
analysis showed that the mineralogy of the tailings predominantly comprises PGE sulphides (laurite
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[RuS:], braggite [PtPdS], cooperite [PtS]) and lesser amounts of PGE alloy (ferroplatinum [Pt-Fe alloys]),
gold, and PGE arsenides (sperrylite [PtAs;], atheneite [(Pd,Hg);As]). The most abundant PGE mineral
was laurite [RuS;], containing about 72% of all the PGMs. In this preliminary investigation on the -
150/+106 um oxidised flotation tailings fraction, 33 PGM particles in total were analysed for all the
separation products. The grain size distribution of the PGMs was observed to be finely disseminated to
a large extent, where the average grain size occurring in the particle fraction was mostly below 6 pm;
while the peak grain size was ~8 um. The base metal sulphides in the investigated tailing fraction were
mainly pentlandite, chalcopyrite, and minor amounts of pyrrhotite. Unlike the PGMs, about 5363 BMS
particles of all sulphides were analysed in the three pre-treatment approaches (i.e. - 53% magnetic stage,
29% HLS stage, and 18% two-stage magnetic-HLS separation).

Mineral separation

The physical pre-treatment separation of the oxidised silicate reef flotation tailings achieved maximum
mass wt% and recovery in concentrating the PGM associated gangue minerals at the trade of lower
upgrade ratio (Figure 2). The mass wt% of the sink and float HLS products were 46 wt% and 54 wt%
respectively. In the magnetic separation products, the magnetic mineral fraction contained about 30
wt% of the oxidised tailings - separated with the handheld magnet. This was followed by the middling
separation product (11 wt%), using the Frantz magnetic separator, while the residual non-magnetic
rejects were about 59 wt% of the feed material. The non-magnetic residue from the magnetic separation
were subsequently subjected to HLS to determine plausible recovery enhancement of the mineral
separation. The mass wt% of the sink (52 wt%) and float (48 wt%) from the non-magnetic HLS product
were somewhat opposite to the observation in the direct single stage HLS. The HLS and magnetic
separation techniques show that the oxidised silicate flotation tailings (-150/+106 pm) can be separated
in near-equivalent mass fractions. The presence of the altered secondary silicates indicates competition
with the dense non-ferromagnetic minerals. Furthermore, the competing mass wt% proportion and
distribution of the less dense and ferromagnetic gangue mineral species is evidence of intense
weathering. The recoveries and upgrade ratios for both HLS and magnetic separation techniques were
65% and 1.41 for the HLS sink and 62% and 1.51 for the magnetic components (i.e. combined magnetic
and middling). Meanwhile, the combined two-stage magnetic-HLS approach achieved higher recovery
(85%) at an upgrade ratio of 1.17 and final material mass of 348 g (Figure 2).
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Figure 2. Results showing the recovery (%), mass wt%, and upgrade ratio of each separation technique.

In the two-stage magnetic-HLS separation process, the recovery, mass wt%, and upgrade ratio results
of both the sink and the float were somewhat similar. The non-magnetic product possesses higher

content of primary silicate minerals present — predominantly orthopyroxene and plagioclase. The sink
constituents of the non-magnetic-HLS product containing about 52 wt% of the mass suggest that the
altered secondary silicate minerals deported in this product did not possess ferromagnetic properties,
i.e. by-passing the magnetic stage — but was denser enough to be separated in the HLS, second stage.

195



According to the XRD analysis of the separation products (Figure 3), the peaks in the magnetic and
middling fractions reflect the existence of serpentine peaks while showing lower alteration minerals
intensity in the non-magnetic fractions. This observation was opposite for orthopyroxene occurring
increasingly in the middling and non-magnetic fractions. Serpentine and magnetite characterised the
magnetic fraction, while orthopyroxene and plagioclase were increased in the middling and non-
magnetic fractions. Interestingly, serpentine was noticeably the third most abundant species of in the
non-magnetic product. Its relatively high dominance occurring in the three magnetic separation
products further confirms the extent of alteration and association with other mineral species. The
serpentine presence in the non-magnetic fraction is perceived to be via attachment to the primary
silicates or other gangue minerals that could not be recovered in the magnetic separation product. In
the HLS products, serpentine (47.8wt %) was primarily concentrated in the floats followed by
plagioclase (17.8wt %) while orthopyroxene (55.6wt %) characterised the sinks with low peaks of
magnetite (14.2wt %) and traces of serpentine (7.6wt %). The XRD results showed that the HLS proved
quite effective in separating the major altered secondary silicate (serpentine) from the primary ones
(orthopyroxene and plagioclase). The efficacy of the HLS was further extended in the two-stage
magnetic-HLS approach using the residual non-magnetic rejects.
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Fiqure 3. XRD analysis of HLS and magnetic separation products.

Essentially, the HLS was again effective in separating the orthopyroxene — showing high peaks (Figure
3) — in the non-magnetic sink allowing the secondary altered minerals to float. The HLS separation in
the second stage validates the argument that the serpentine occurring in the non-magnetic floats were
serpentine most likely attached to other gangues minerals that were unrecovered in the magnetic
fraction. The XRD results reveals that the two-stage magnetic-HLS approach was highly effective in
concentrating the gangue phases according to specific mineral categories for downstream chemical
pretreatment. However, XRD was limited to only gangues phase identification in each separation
product as an indication of the possible value mineral occurrence.

Efficacy of the physical pre-treatmment techniques

The efficacy of the separation approaches to categorise gangue hosts into specific mineral species or
mineral associations based on liberation, identifying value minerals in each separation product, was
further determined by QEMSCAN analysis. The PGM liberation and association analysis showed that
the value minerals primarily are highly associated with the silicates — either as attachment or within the

196



silicate lattice (Figure 4). In the magnetic separation products, the PGM deportment in the magnetic
components were highly associated within and attached to both primary and altered secondary silicates,
while the rejected non-magnetic products were contained in an almost complete primary silicate
association.
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Fiqure 4. Platinum group mineral association and liberation analysis of the physical pre-treatment separation
products from the oxidised flotation tailings.

The single-stage magnetic separation shows that the technique could separate the PGMs occurring
within the silicates from those attached to the silicates. In the single-stage HLS approach, the PGM
associated within or attached to the primary silicates were concentrated in the sink product while
liberated BMS and PGM attachment at grain boundaries of the altered silicate species were recovered
in the floats. A similar pattern was observed in the two-stage non-magnetic-HLS product. Although the
PGM count in this preliminary investigation was too small for substantial conclusions for the PGM
deportment in each separation product, the efficacy of selective host gangues separation was confirmed
as indicated by the XRD results of each separation product for the three approaches. The mineralogical
analysis in this preliminary investigation suggests that the physical pre-treatment is plausible; however,
predicated on a larger number of PGM (i.e. 2100) grains analysed in each product. The BMS on the other
hand had higher number of grains analysed in each separation product. In all the separation fractions
investigated, the BMS was associated with the primary silicates, specifically orthopyroxene (enstatite),
and minor occurrence with the altered silicate species, mainly serpentine (Figure 5). The trace mineral
(PGM/BMS) analysis proved that the association of the value minerals in the silicates was primarily
within and attached to grain boundaries. The magnetite-BMS occurrence dominated the magnetic and
HLS sink products, while olivine-BMS occurrence was only minimal but occur in all the products.
According to the BMS liberation analysis, the oxidised tailings residual sulphides liberation was
noticeable in the single stage HLS and two-stage magnetic-HLS products (Figure 6). Here the liberated
sulphide minerals were concentrated in the sink fractions, but not conclusively so within the magnetic
separation products. With the exception of the non-magnetic HLS sink material, which had a 35%
liberation, all the other separation products were less than 25% liberated. It must be noted that the low
degree of liberation was anticipated, considering the feed material originated from an optimised
flotation recovery process (Molifie, 2021). More so, the results in this investigation are limited to the -
150/+106 pm particle fraction of the bulk tailings.
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Categorically, the BMS liberation analysis suggests that the mineral species concentrated in the
combined magnetic products (i.e. magnetic and middling) and in the floats from the second stage non-
magnetic HLS approach conform to the selective gangue host (containing values) separation of the
BMS/PGM trace mineral analysis. The two-stage magnetic-HLS technique was most effective in
separating the liberated value minerals into the sink product and concentrating the locked-in or partially
liberated value mineral species in the magnetic and non-magnetic HLS-floated products.
Comparatively, the high proportion of BMS that selectively deported to the floated products further
evidences the efficacy of the two-stage approach over the single HLS stage. The ratio of the float to sink
BMS recovery in the HLS single stage was 1.62 and in the two-stage technique was 2.71.

Based on the chemical and mineralogical results of the three approaches, the two-stage magnetic-HLS
technique achieved highest recovery, and ultimately selective separation, of the gangue hosts for
subsequent grade enrichment chemical leach processing. Comparatively, the current industrial PGM
tailing retreatment circuit uses gravity and/or magnetic separation, cyclone classification, regrinding
followed by scavenger flotation. Amid these retreatment configurations, the maximum average value
recovery ranges 10 - 25% and up to 35% in optimised circuits (Gibson et al., In Prep). More so, the
scavenged flotation concentrate is sent through the high cost and energy intensive pyrometallurgical
smelting and conversion processes prior to BMS and PGM precious metal refining. Essentially, the PGM
polymetallic tailings are often complex, resulting in more difficult and intricate recovery stages, a
metallurgical decision would depend on the grade-recovery curve cognisant of the best compromise for
a possible downstream process. The high recovery two-stage magnetic-HLS technique proposed is
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anticipated to be followed by direct chemical treatment and PGM leaching grade enrichment processes.
Here, the combined magnetic (i.e., magnetic and middling) and HLS-floated products containing values
would be treated in one stream for direct PGM leaching. The two-stage sink product containing PGMs
locked within the gangue minerals can be subjected to chemical pre-treatment attack for minimum value
exposure and subsequent PGM leaching. It is therefore postulated that the direct leaching will be more
cost-efficient for lower-grade material and hence the approach considered here may be feasible if
followed by direct leaching. Most importantly, the separation techniques used in this investigation are
already existing unit operations typical to industrial primary circuits treating PGM-bearing ores from
oxidised near-surface deposits (Sedibelo, 2021); hence, the applicability of the proposed pre-treatment
characterisation to industrial circuits should render circuit configuration lower costs for an existing
process.

CONCLUSION

This investigation was aimed at determining the efficacy of heavy liquid separation and magnetic
separation individually, as well as in a combined application and assess value recovery by selective
mineral grouping from oxidised silicate flotation tailings. The primary goal of this study was to
maximise the recovery of value minerals associated with their gangue host for downstream chemical
grade enrichment pre-treatment. The results revealed that the PGMs could be recovered in the single
stage options at 62 - 65% recovery and even higher (85%) when using both methods combined in
succession. The large volume of mass wt% to achieve higher recoveries obviously resulted in a tradeoff
for lower upgrade ratio; indicative that the physical pretreatment characterisation did target
maximising value recovery from the low-grade oxidised flotation tailings. The results in this
preliminary investigation using the -150/+106 pm tailing fraction have proved the combined two-stage
configuration to be most effective and promising for selectively concentrating residual PGM in and
attached to their gangue hosts. Considering that the HLS is not practical industrially, it can be replaced
with dense medium separation in scale-up assessments. As part of a main research project intended to
develop an effective process flowsheet to valorised PGM from oxidised flotation tailings, the findings
of this initial study provide evidence of the possible selective recovery of value-gangue minerals
grouping. Looking forward, the physical pre-treatment evaluation would be extended to the bulk non-
sieved tailings followed by subsequent chemical enrichment pre-treatment and direct PGM leaching.
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