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SYNOPSIS

This dissertation has investigated the links between the mineralogical characteristics
of the Normal, NP2 and P2 Merensky reefs at Northam Platinum Ltd and their
flotation performances. Flotation performance was measured in terms of the grade
and recovery of the base metal sulphides (chalcopyrite, pentlandite, pyrrhotite and

total sulphide) as well as through investigation of mass-water recoveries.

The Merensky reef shows considerable lithological variability both between and
within mines. Northam Platinum Ltd is an example showing extensive reef variability
within its own mining lease. Three common reef types were selected for investigation
in this thesis: Normal reef, representing standard elevation Merensky reef, the P2 or
pothole reef representing the full pothole reef and the NP2 reef or shallow pothole
reef which is a transitional reef development located stratigraphically between

Normal and P2 reefs.

The Merensky reef is a compound deposit consisting of two chronologically separate
packages; namely the Merensky Cyclic Unit (MCU) which is the same across the
three reefs and a pre-MCU footwall which varies between the three reef types. This
variation in footwall mineralogy resulted in different footwall silicate textures as well
as different base metal sulphide developments between the three reefs. The NP2
reef with an aluminosilicate pre-MCU footwall showed no silicate grain coarsening
and only two sulphide textures. The Normal and P2 reefs with ferromagnesian
footwalls showed silicate grain coarsening into a distinct pegmatitic texture, and
partial sulphide re-mobilisation, with four sulphide textures observed, including fine

and very fine grained sulphides.

For the NP2 reef, the presence of relatively simple sulphide textures led to optimum
sulphide liberation and recovery of chalcopyrite, pentlandite, pyrrhotite and total
sulphides. Furthermore, it was found that for a given particle size distribution the

NP2 reef reported the shortest laboratory milling time, which was probably related to
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its high plagioclase content. Coupled with this short milling time was the
achievement of optimum liberation (>90% sulphide recovery) at a standard grind. In
contrast, the Normal and P2 reefs both required a finer grind to improve recovery.
The implication of these laboratory milling times is that the expected industrial

throughput of NP2 ore relative to the Normal and P2 ore should be much higher.

The presence of greater amounts of ferromagnesian minerals (particularly
orthopyroxene) and associated alteration minerals (e.g. talc, serpentine) within the
Normal and P2 reefs has resulted in higher mass recoveries. This is due to
inadvertent flotation of gangue through mechanisms such as the association with
hydrophobic alteration minerals, as well as increased recovery through entrainment
due to the froth stabilising effect of minerals such as talc. In contrast the largely
unaltered NP2 reef was found to have much lower mass recoveries, despite being

the only reef type to show copper activation of gangue minerals.

Overall, it was found that the NP2 reef was the best reef to process, producing
optimum chalcopyrite, pentlandite, pyrrhotite and base metal sulphide recoveries and
highest grades. The Normal reef is considered the most problematic to process, due
to a more complex sulphide development, and higher degrees of alteration whereas
the performance of the P2 reef is slightly improved relative to the Normal reef,

primarily due to higher head grades.

it is recommended that further characterisation of PGM type, location and
association to ascertain the similarities or differences between the three reefs, as
well as evaluating the differences in flotation performance work be performed. The
extension of process mineralogy investigations on the Merensky reef, to look at the
differing processing performances, in terms of grinding and flotation, of the Merensky
contact reef, thin pegmatitic reef, and thick pegmatitic reef, as they are developed

within the Rustenburg facies is also likely to be of great benefit.
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IUGS Lithological Classification

The diagram below shows a schematic representation of the lithological units
encountered within the Merensky Reef and their mineralogical constituents. Each of
the three points of the triangle represents a 100% concentration of that mineral.
From this diagram it is therefore apparent that a melanorite predominantly consists

of orthopyroxene with significant amounts of plagioclase.
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1 Introduction

The Bushveld Igneous Complex within South Africa boasts the world’s foremost
deposits of platinum group minerals as well as economically recoverable amounts of
copper, nickel, chromium and vanadium. Platinum group elements are particularly
well concentrated within the Merensky and UG2 reefs, which are mined
comprehensively along the majority of available outcrops and subcrops.
Mineralogically, the Merensky reef is an heterogeneous package consisting of at
least one chromitite stringer bounded by melanorites, leuconorites, harzburgites,
dunites or anorthosites. The metallurgical process of extracting and marketing
platinum group elements from the Merensky reef is extremely diverse within South
Africa, nevertheless a general process flow can be summarized as mining,

comminution, concentration, smelting and refining.

The Merensky reef at Northam Platinum Ltd. shows a good deal of mineralogical
variability. This is due to considerable potholing during formation, which led to six
geologically significant and distinctive reefs being defined of which three are selected

here for investigation (Normal, NP2 and P2).

The process of transforming blasted run-of-mine ore to a suitable particle size for
concentration is called comminution. This process is split into two parts, an initial
crushing stage, whereby run-of-mine ore is reduced down to manageable particle
size and a final grinding stage to liberate the valuable minerals from the unwanted
gangue minerals. The effective liberation of sulphide minerals is the greatest
challenge of comminution, as without it, the flotation of these minerals will be greatly

reduced.

The typical concentration step in the processing of platinum bearing ores is froth
flotation. In this process ore is upgraded from ~5 g/t to >100 g/t in several stages
before transferral to the smelter and then finally the refinery. The challenge in froth
flotation is to maximise this valuable mineral recovery, whilst minimising the inclusion

of unwanted silicate gangue into the concentrate.
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2 Literature Review

2.1 Geological Overview.

2.1.1 Bushveld Complex Geology.

The Bushveld Complex in South Africa has an outcrop and subcrop area of

approximately 66 000km” (Von Gruenewaldt, 1977} with a thickness range of 7-9 km.
The complex outcrops in four discrete limbs with a fifth hidden under younger

sediments (Figure 2.1).
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Figure 2.1: A geological map of the Bushveld Complex, showing the four exposed
lirmbs of the Complex. the location of Northarm Platinum and (he possible positioning
of the buried Bethal Lirmb. Adapted frarnm www wits ac.za.

The four major outcrop regions are known as the Eastern limb, the Far Western limb,
the Northern (or Potgietersrus) imb and the Western limb, the last of which contains
MNortham Platinum mine (Figure 2.2). The fifth limb, hidden under younger sediments
to the southeast, is called the Bethal limb {(Eales & Cawthorn, 1398} The
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The discipline of process mineralogy grew out of the potential to relate beneficiation
performance to the ore mineralogy, and in paricular to tie vanations in frath flotation
performance to variations in the ore. Although many established plant operations
implicitly use process mineralogy technigues to optimise praduction, there is a
growing need to formalise these procedures and qualify the links between

mineralogy and mineral processing.

At Northam Plattnum Limited the mining and processing plant are run separately,
and all the material from mining is collecled into a single un-of-mine stockpile before
heing processed as a blend. This project anticipates different flotation behaviour for
the three selected Merensky reefl types and seeks to characterise and understand
the relationship between the mineralogical variability of these reef types and their

flotation performance.

1.1 Key Questions

1. How is the mineralogy of the three reef types at Northam Platinum Limited
(Narrmal, NP2 and P2} guantitatively different?

2. Wil the distinct mineralogical characteristics of the three reef types
produce different mineral processing performances? In particular -
a. How will milling time and fiotation performance vary between reef
types?
b. How is the flotation performance of each reef affected by change in

grind and copper addition”

3. If there is a difference in mineral processing performance, can it he
explained in terms of some, or all of the foliowing?
a. Variations in sulphide textures and/or liberation.
b. Variations in gangue mineral type and praportions.

c. Varations in gangue alteration or textural development.
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lithostratigraphic similarity between the Western and Eastern limbs suggests that

they share a common magmatic history (Cawthorn & Webb, 2001).

As well as these five major limbs there are several satellite bodies, coeval with the
Bushveld Complex, which further increase the size of the magmatic province. These
include the Uitkomst intrusion, the Molopo Farms Complex. the Losberg intrusion
and the Moloto intrusion (Eales & Cawthorn, 1996). The age of the Bushveld
Complex and surrounding satellite bodies is placed at between 2.05 and 2.06 billion

years {Walraven ef al., 1990).

Stratigraphically the Bushveld Complex is split into three suites (Rustenburg Layered
suite, Rashoop Granophyre suite and the Lebowa Granite suite) (SACS, 1980). The
Rustenburg Layered Suite (RLS) is the oldest and contains the economically
mineable platinum group ore deposits such as the Merensky reef and the UG2 reef,
Using the informal nomenclature of the South African Committee for Stratigraphy
{SACS) the RLS is subdivided into five main zones. These subdivisions are based
on the appearance or disappearance of cumulus phases, the ratio of cumulus
minerals and the grain size of the cumulus mincrals {SACS, 1980). This method of
subdivision has been contested, notably by Kruger {1990) who proposed that
defining the houndares bascd on chemical and petrological variation, especially at
disconformable and/or unconformable boundaries, was a more geologically robust
method of zonation. However, the proposed informal stratigraphy of SACS has
remaingd largely accepted in literature and is considercd sufficient for this project.
Cn the Western limb the five zones of the RLS are all developed, though sometimes
incompletely (Figure 2.2). The total thickness of the five zones on the Westem limb
is estimated at 7200m {Eales & Cawthorn, 1996}

These five zoncs are the Marginal Zone, the Lower Zone, The Critical Zone, The
Main Zone and the Upper Zone, (Figure 2.2). The Crtical Zonc (CZ) splits into two
distinct sub zones, the Lower Critical Zone (LCZ) and the Upper Critical Zone {(UCZ}.
The Merensky reef is located In the upper portion of the UCZ along with the last two
Middle Group Chromitites (MG3 — MG4), the Upper Group Chromitites (UG1 — UG2)
and the Bastard reef (Eales & Cawthorn, 1998; Viring & Cowell, 1989),
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Figure 2.2: A geaclogieal map of the western fimb of the Bushiveld Complex. showing
tho platinum mincs. the position of Mortham Platinum mine and the facies
distibution. Adapted from www wits.ac.za.

The Merensky reef, which was discovered in 1924 by Dr Hans Merensky, together
with the UGZ chromitite, forms the worlds' premium resource of platinum and
platinum group elements {Lee, 19396}, it was defined by Viring and Cowell (1999) as,
the economically mineable zone of mineralization straddling the Merensky
Unconfarmity and consisting of the mineralized lower portion of the Merensky Cyclic
Unit {(MCU) and the mineralized upper portion of the lootwall.’ On the Westem limb
the Merensky reef was subdivided into three facies (Wagner, 1829} the Kroondal
facies, the Doorspruit facies and the Swartklip facies. Subseguently the Kroondal
facies and the Doomspruit facies were grouped together and termed the Rustenburg
lacies (Figure 2.2). The greater abundance of olivine bearing rocks and reduced
Merensky reef - UGZ reef separalion distinguishes the Swartklip facies (Eales &
Cawthorn, 1996 Wagner, 1829; Maier & Eales, 1957).
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The Rustenburg facies lies to the south of the Pilanesberg Complex and strikes east-
south-east. The Swartklip facies, which lies to the north of the Pilanesberg Complex
strikes north-east (Figure 2.2). Viljoen (1984) further subdivided the Swartklip facies
inta two subfacies and the Rustenburg facies into five subfacies. The two subfacies
of the Swartklip facies are the Normal reef subfacies and the Regional Pothole

subfacies.

2.1.2 Northam Platinum Geology

Mortham Platinum Limited is located an the Western limb of the Bushveld Complex
{Figure 2.2) within the district of Thabazimbi, 1% km northeast of the town of
Northam. Exploration began in 1981, and with the sinking of the No.1 shaft in 1936
Official commissioning of the concentrator begin in January 1992 (Snodgrass et af.
1844, with full operations beginning in 1983 (Northam Platinum Ltd. Full Annual
Report, 2006). The mining authorization covers 6834 hectares and is spread over 8
farms {Viring & Cowell, 1999} Current mining operations exploit the Merensky and
UG2 reefs from twin shafts down to a maximum depth of 2200 m using deep level
hydropowered mining methods {Northam Platinum Ltd. Full Annual Report, 2006).
The mining area also hosls two concentrator plants (one for the Merensky reef and
ane for the UG2 reef), & smelter and a base metals removal plant (see Section
2.3.3.5 for flowsheet). Annually Northam Platinum recovers approximately 260 000
oz of platinum (Pt), palladium (Pd), rhodium {Rh) and gold (Au) {3PGE + Au) as well
as by-products of nickel (NI}, copper {Cu), ruthenium (Ru), osmium {Os) and iridium
(Ir} (Northam Platinum Ltd. Full Annual Report, 2006}

Geologically the mine lies in the north-western sectar of the Swartklip facies and
exploits the Merensky reef from both the Mormal reef subfacies and the Regional
Pothole subfacies. Within these two subfacies six reef types have been identified of
which only four are mined (Narmal. NP2, F2 and FWP2), the last of which only on
rare occasions. Unfortunatelty, as for individual lithological layers, nomenclature

varies from mine to mine, but this project has foltowed that of Northam and focuses
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on the Normal, NP2 and P2 reefs. Their straligraphical relationships are shown in
Figure 2.3,

Fotholing at Northam mine is thought to be a themomechanical erosion process
(Roberts et af, 2007; Smith & Basson, 2006) and is defined where the MCU
transgresses the lower chromitite stringer of the Mormal reef (Roberts et af., 2007;
see Section 2.1.2.1). Occasionally potholes within the Normal reef are comprised of

all pothaole reef types (Vinng & Cowell, 1599,

Mortham Platinum ming is the deepest platinum mine in the wordd, and hence has a
high geothermal gradient, meaning virgin rock temperatures range between 45°C
and 72°C. These high virgin rock temperatures instigated the evaluation of
hydropowered equipment, which is now used throughout the mine for drilling and
cleaning purposes. The magnitude of the depth also leads to high wvirgin rock
stresses (up to 70 MPa) as well as the intersection of several difficult water bearing
fissures, one of which has only been overcome recently, the so called 20-line fissure
(Modern Mining, 2006). All these factors make mining the Merensky and UGZ reefs a

complex praspect at Nartham Platinum.

The Merensky reef and the UGZ reefs dip south-east at roughly 22 degrees, this
relatively shallow dip facilitates the use of standard breast stoping to recover tho ore.
Breast stoping begins with a northward trending crosscut from the shaft to an
intersection with the reef at that level (Bonel, 1995). Once the reef is intersected,
footwall drives are cut to the east and west. From these footwall drives crosscuts are
driven south every 200m to intersect with the Merensky reef (Bonel 1895
Subsequent to intersection, raises are driven up dip to the higher level. Opce this
level is reached stoping begins to the east and west and the broken ore s scrapped
into box holes, which lead to the underlying crosscut. From here the broken ore is
transported to the shaft and subsequently up to the surface for processing (Bonel,
1995). Since breast stoping is used lo recover the ores, sections with difficult or

undulating surfaces (i.e. FWPF2) are left in the ground.
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Figure 2.3: A schematlic cross-section through the upper section of the Upper
Critical Zone, showing the hanging wall ‘drape’ and footwall components to the
Merenshy reefs at Northam Platinum Mine, Souwth Africa. Adapted from Smith et al,

(2003).

2.1.2.1 Normaf Reef

The MNormal reef as illustrated in Figure 2.4 occurs at the highest stratigraphic
position within the UCZ (Viring & Cowell, 1993). It consists of & pegmatitic melanorite
bounded by two chromitite stringers overlain by the base of the MCU, and underlain
by mottled anorthosite (Roberts et al. 2007, Smith et af., 2003}, Northam reef
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nomenclature is shown on Figure 2.4 by letters and numbers to the right of the
stratigraphic column. Note that the numbers ascend downwards throudgh the
stratigraphy, mimicking the sequence encountered in a surlace drill core {see

Appendix A, for the list used throughout this study).

The basal litholagies of the MCU are the Merensky chromitite (4A) and a meianorite
(3A). The melanonte is a medium grained, euhedral to subhedral pyroxene
orthocumulate, containing poikilitic  clinopyroxene.  plagioclase. minor  biotite,
amphibole and sulphides. The proportion of sulphides is greatest at the base {5-8%)
and decreases upwards to negligible concentrations over 30-50 om (Roberts et af.,
2007). The sulphides are anhedral composites of pentliandite, chalcopyrite and
pyrrhotite interstitial to orthopyroxene and plagioclase. The Merensky chromitite
congists of variably annealed chromite grains enclosed by plagioclase and
orthopyroxene oikocrysts. As with the overlying melanorite. the sulphides are
composites of pentlandite, pyrrhotite and chailcopyrite, which occur here along
silicate-chromite boundaries and within the plagioclase and orthapyroxene cikocrysts
(Raoberts et al., 2007). Whole rack geochemistry indicates that this package is similar
for the P2 and NP2 reefs, thus showing that the base of the MCU is an homogenous
‘drape’ over a variably eraded footwall (Roberts et af., 2007, Figure 2.3).

The inter-chromitite pegmatite {5A-5H} has a vanable thickness reaching up to 350
cm and decreasing systematically towards the edge of the Regional Pothole Reef
sub-facies (Roberts et af,, 2007, Smith ef al., 2003). It consists of a medium to
coarse-grained feldspathic melanorite or harzburgite, with minor clinopyroxene,
chromite, biotite and sulphides {Roberts et al, 2007; Smith et af., 2003). There is
some minor layering with a downwards transition from predominantly melanoritic to
harzburgilic or dunitic. Plagioclase is variably present (10-35%) within the inter-
chromitite pegmatite, possibly reflecting local melt segregation within a compacting
cumulate pile (Roberts et af, 2007). The proportion of sulphides is greatest nearest
the Merensky chromitite (5-10%) and decreases downwards to <1% within 60 cm.
When approaching the basal chromitile the suiphide proportion climbs again to a
second peak at or near the basal chromitite (Roberts ef af., 2007: Smith et al., 2003}

These dual peaks merge together during reef thinning, forming one single suiphide
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peak. Mineralogically the sulphides are the same as for the basal MCU, developed
as either composites interstitial to silicate minerals or as minor sulphides trapped in

late stage silicate crystallization (Roberts et af., 2007}

3 PGEs + Al
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Figure 2.4. A schematic profile through the Normal reef af Northam Platinum Mine.
Also shown is the grade profife, which s indicative of the 3PGE + Au value
distribution (Viring & Cowelf, 1998), The short hand nomenclature used at Northarm
mine is showrn by the letters and numbers to the right hand side of the profite.

The basal chromitite (4X} is an undulating granular chromite orthocumulate. rarely

thicker than 1 cm, and underlain by a mottled anorthosite (6A} {Smith ef al.. 2003},

Alteration within the Normal reef, and in particular the basal MCU, reflect particular
formation processes. Within the basal MCLU there are several microstructures that

show the plastic defarmaltion of a cumulate pile including undulose orthopyroxene
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extinction, bent clinopyroxene exsolution and deformation twins within plagioclase
{Roberts et af., 2007). In contrast biotite grains are strain-free suggesting some post
compaction crystallization. Similar strain features to the basal MCU are present in

plagioclase poor inter-chromitite settings and thus similar processes are inferred.

2122 NP2 reef

The NP2 reef as illustrated in Figure 2.5 is defined where the MCU conformably
overlies the lower footwall unit. which i1s located roughly 12 metres below the
stratigraphic height of the Normal reef (Viring & Cowell, 1993: Roberts et af., 2007).
It consists of a variably troctolized footwall leuconorite unit averlain by the base of
the MCU. In the Normal reef the lower footwall unit is defined by small scale cyclicity
between norites, leuconontes and anorthosites. The absence of lroctolites at this
level below the Mormal reef suggests that the NP2 troctolites are a secondary

metasomatized or reconstifuted lithology (Roberts et all, 2007).

The basal MCU lithologies are mineralegically and texturally similar to the Normal
reef MCU basal lithologies {see Section 2.1.2.1). The footwall (BA/T to SAT) to the
MCU usually consists of 5-10 em of anorthosite underlain by 20-60 cm of troctolite,
which grades into leuconorites or norites. Cccasionally there is no intervening
anorthosite layer between the Merensky chromitite and the troctolite {Roberts ef al.,
2007). Routine stope mapping of the NP2 troctolites suggest that they are not due to
small changes in footwall composition or localized metasomatism (Roberts et al.
2007y, The troctolite layer consists pnmarily of plagioclase, oliving, arthopyroxene.
sulphide composites and minor chromite with the plagioclase occurring as cumulus,
inequigranular subhedral laths (Roberts et al., 2007). Clivine occurs as paoikilitic,
coarse (up to 12 mm) anhedral grains. enclosing pre-existing plagioclase cumulates.
Orthopyroxene often occurs as anhedral grains rimming olivine and interstitial to

plagioclase. with some minar anhedral chromite included {Raoberts et af. 2007}
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Figure 2.5: A schematic profile throtgh the NP2 reef at Northam Platinum Mine,
South Africa showing in particilar the troctolized zone just below the Merensky
Chromitite. The 3PGE + Au profile is indicative of the value distribution for this reef
type (Vinng & Cowell. 71928} The short hand nomencilature vsed at Northam mine is
shown by the letters and numbers to the right hand side of the profile.

Sulphides are developed as anhedral composites of pentlandite, chalcopyrite and
pyrrhotite. occurring as disseminations interstitial to plagioclase and orthopyroxene
or as inclusions within orthopyroxene grains (Roberts et al, 2007). Many of the
sulphides have cuspate grain boundaries indicating that they were being forced into
fractures that had developed during cooling. Disseminated sulphide concentrations
{5- 10 vol%) are greatest near the base of the Merensky chromitite, and decrease
down to 1-3 vol% by the base of the troctolite. The disappearance of gliving and

sulphide occurs almost simultaneously and the lack of sulphides below the troctolite
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layer implies that sulphide mineralization and troctolization were coupled processes
(Roberts ef al., 2007).

Alteration within the NP2 reef displays similar characteristics and micratextures to
the Normal reef with undulose extinction within olivine and orthopyroxene and
deformation twins within plagioclase indicating plastic deformation of a cumulate pile
{Raberts et al., 2007},

2.1.23 PZreef

The P2 reef as illustrated in Figure 2.6 is defined where the MCUU conformably
overlies the P2 cyclic unit, and in particular a thin (1-2 cm) anorthosite, which marks
the top of the P2 cyclic unit (Roberts ef al., 2007), This is around 16 metres below
the stratigraphic level of the Mormal reef. It consists of a heterogeneaus pegmatitic
rmelancrite and harzburgite bounded by two chromitite stringers, the uppermost of
which is the Merensky chromitite and the lowermost of which is the P2 chromitite.
This packet is averlain by the base of the MCU and underlain by the Tarentaal

dunite.

The P2 reef is the lowest pothole reef mined to any volume at Nartham Platinum,
since the FWP2 reef is avaided due to the technical difficulty of using breast stoping

to mine a rapidly undulating surface.

Basal MCU lithologies are mineralogically and texturally similar to those of the
Mormal reef MCU (see Section 2.1.2.1). The inter-chromitite pegmatite {5A) consists
of an upper thin (4 cm} pegmatitic melanonte unit and a lower thin {10 cm) pegmatitic
harzburgite (Roberts ef a/., 2007} The inter-chramitite separation is variable and
increases towards the transition to the NP2 reef. The magnitude of the chromitite
separation controls the extent of pegmatitic textures, with large separations
contributing to reduced grain sizes and small separations often inducing

reconstitution of the Tarentaal unit to a more pegmatitic nature {Roberts ef af., 2007).
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Figure 2.6: A Schematic profile throtgh the P2 reef at Northam Platinum Ming. The
3PGE + Au profile is indicative of the vafue distribution for this reef type (Vinng &
Cowell 1999} The short hand nomenclature used at Northam mine is shown by the
letters and numbers to the right hand side of the columin.

Orthopyroxene within the pegmatitic melancrite is developed as medium (5-10 mm)
grained subhedral to euhedral crystals, or as coarse and very coarse anhedral
masses. It often includes chromite and rounded anhedral olivines (Roberts et af.,
2007). The pegmatitic harzburgites contain rounded anhedral olivines, usually
enclosed by orthopyroxene, though in the dunites olivine is more subhedral and free
from arthopyroxene rims (Roberts ef af., 2007). As with the Mormal reef, plagioclase
is locally variable within the harzburgites possibly signifying local melt segregation.

The inter-chremitite pegmatites of the Normal reef and the P2 reef are very similar
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reftecting the likelihood of similar pre-existing footwall units being reconstituted by
the same hanging watl MCU ‘drape’. The sulphide profile and mineralogy is
essentially the same as the Normal reef inter-chromitite pegmatite with the highest
concentrations associated with the chromitite stringers, and the merging of the two
peaks with reef thinning {Roberts et al., 2007),

Alteration in the P2 reef |3 simifar to the NP2 and the Normal, especially within the
draped MCLU unit. Alteration within the inter-chromitite pegmatite is concentrated on
olivine grains which are often pervasively serpentinized [Roberts ef af., 2007).

2.1.2.4 Terminology

The terms “hanging wall’ and foctwall’ are common to geologists, mining engineers
and metaflurgists. However they have very different meanings, depending on which
profession’s viewpoint is taken. This can be a cause for great confusion, especially

as communication lines open up between these three cccupations.

With respect to the Normal Merensky reef, the geologist would use the term hanging
wall to denote the basal lithologies of the MCU, namely the melanaorite (3A) and the
Merensky chromitite {4A). Every lithology, or rock type, below this is termed the
footwall {(Figure 2.7a). This is because the hanging wall represents a new pulse of
magma into the magma chamber, which, as it cools, seftles and begins to crystallize
on the previously crystallized footwall. The hanging wall, footwall divide therefore
demarcates a chronolagical break — the footwall is alder, and there is a time gap

between footwall and hanging wall deposition,

The deposition of the hanging wall gives rise to reconstitution of the footwall and the
pegmalitic lexlures associated therewith. The PGE mineralization associaled with
this depaosition is a separste feature, plotted zlongside a stratigraphical log (Figure
2.7a). For a geclogist the main PGE mineralization region is associated with the

Merensky chromitite in the hanging wall. and the bottam chromitite in the footwall.
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For the Mining Engineer the terms hanging wall and footwall refer to rock left behind
after the stope cut has been made (Figure 2.7b), eguivalent terms would be ‘ceiling’
and floor'. Thus the mining engineer speaks of supporting the hanging wall and
‘cleaning’, or ‘brushing’ the footwall to recover the remnant PGM left behind in placar
pockets.

Geological Mining Metallurgical
Hanging T )
Wa | Hanging
Wall
= it
Raef PGE ape fest

lzation

—

Fcﬂtwaﬂ Footwall

L J S R
Figure 2.7 Three diagrams represemmg different understandings of the terms
‘hanging wall’ and ‘footwall’. a. geological, b. melallurgical and c. mining.

For the metallurgist, the hanging wall and footwall are terms describing the barren
sections of rock above and below the valuable reef (Figure 2.7c). The reef is defined
as the area of PGE mineralization associated with the Merensky lithologies.
Therefore, the terms hanging wall, reef and footwall are grade concepts with no
chronological connotation. For the metallurgist it is important to minimise the
recovery of hanging wall and footwall rocks,

For this study the nomenclature used throughout is geological (Figure 2.7a). This is
particularly important for Chapter 4, which is the mineralogical characterization.
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21.3 Platinum Group Minerals

Flatinum group elements {PGE) and Platinum group minerals (PGM) in the
Merensky reef are closely associated with the base metal sulphides (BMS). This
association is seen either as the discrete PGM, or as solid solution (Ballhaus &
Sylvester, 2000; Cawthorn ef af, 2002: Schouwstra &t af.. 2000). Table 2.1 shows
the major PGM lound at Northam Platinum Ltd.

Table 2.1 A table showing the common PGM found at Northam Platinum Limited
based on Kinfoch & Peyerl (1982}, Schouwstra ef al. (2000): Viring and Cowell,
{1999) and Snodgrass et al. (1994},

‘Common PGM at | Formula
Northam
’Léké'{jé % NN
méﬁté_“” Pt>>PdNiS
Laurite Ru(QOslr)S,
mfé_' | n Pd>PiNiS
I Ferroplatinum Pt:Fe
Sperrylite PtAs;
Moncheite PtTe;Bi
Bismuthotellurides Pt{Pd}BiTe

Research into PGM found within the Merensky reef has heen extensive {Cawthom et
al., 2002: Schouwstra ef af, 2000: Lee, 1996; Kinloch & Peyerl. 1890). The
cumulative research highlights a wide range of minerals as well as high variability
from one section of the Bushveld to ancther. Kinloch and Peyerl (1930) observed
that the Amandelbult section, (which Northam Platinum Ltd. is located within) had
similar PGM assemblages to the Rustenburg section and was dominated by
braggite, cooperite and occasionally laurite. Their research into potholes in the Union
section and southern Amandelbult section showed a dominance of Pt-Fe alloys,

although Normal elevation reefs within the same vicinity were also dominated by Pt-
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Fe alloys. Schouwstra et al. {2000) summarized the findings for the Amandelbult
section as being ~50% Pt-Fe alloys, 21% platinum-palladium sulphides, 13%

platinum-patladium tellurides and 10% laurite.

Snodgrass et al. (1994) reported on initial findings from the exploration boreholes at
Northam, which contained the following PGM constituents: ferroplatinum, cooperite,
braggite, vysotskite, sperrylite, laurite, hismuthotellurides and Pd alloys. Viring and
Cowell {1939} confirmed this PGM assemblage, as well as identifying a particular
bismuthotelluride {moncheite}. However, neither of the above two studies report
quantitative PGM abundances., The most recent study into PGM occurrences at
Northam was undertaken by Roberts et al {unpublished} who investigated PGM

variations from reef type to reef type (Figure 2.8).
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Figure 2.8: A Series of pie charis showing the relative abundances of different PGM
within the Normal, NF2 and P2 reefs (Roberts et al., unpublished},
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There is a close correlation between the Normal reef and the P2 reef and an
apparent difference in modal abundances of the main minerals in the NP2 reef.
However, the main PGM are the same, furthermore the lack of a distinctive PGM
signature {along with the data from whole rock geochemistry and reef petrography)
supports the theory that potholing at MNortham is g largely thermormechanical
process, and that depaosition of the MCU occurred as an homogenous ‘drape’ over a
previously eroded footwall (Roberts ef al, 2007). However, the sample size was
statistically small {only 30 PGM in the case of the NP2 reef) and a significant number
of PGM in both the NP2 and P2 reefs were unidentified.

21.4 PGM Mode of Occurence at Northam

This work is summansed from unpublished research by Roberts ef af. (2004). PGM
across Lthe three reef types consistently show up to six different modes of
oceurrence.  The two most common of these are: inclusions within BMS (Figure
29a b} or hosted along BMS/silicate boundaries (Figure 2.9¢.d). Together these
make up /9% of all documented PGM. The remaining four associations are:

« Hosled along BMS/chromile boundaries {8%) — mostly within the Merensky
chromitile, and similar in style to BMS/silicale boundaries, i.e predominantly
enclosed within the BMS.

e Locked within chromite {4%) {Figure 2.9e). In each case, the PGM is first
parlially or completely enclosed within a sulphide, which itself is enclosed by a
secondary annealed chromite grain.

+ [ocked within silicate {(1%)

+ Located within microfractures {8%) {Figure 2 9f).

Mineralogically the main PGM chserved are cooperite {(PtS), Moncheite (PtTe:Bi),
Laurite (RuS;) and Braggite {PtPdS). Aside from mencheite, these are all sulphide
phases, which can be expecied lo have a close association with BMS. Of the 23
moncheile grains located, 19 were either in BEMS inclusions or, BMS/silicate

boundaries, and the remaining 4 were in microfractures associated with BMS,
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Figure 2.9: PGM Mode of Occurrence. All figures are back-scatfered electron
images. Sit = siffcate. Sulph = sulphide. (Roberis et af.. unpublished)

Although this represents six separate PGM textures, the primary association of PGM
with BMS is apparent over 95% of the time. From these observations of PGM it is
avident that there is an inttmate spatai relationship between PGM and BMS within

the criginal ore at Northam.
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2.2 Metallurgical Overview

Flatinum mining within South Africa is very varied, with small open cast, or shallow
depth inclined shafts all the way down to decp, large operations using vertical shafts.
In the context of precess mineralogy cne of the most important features is the mine-
call-factor (Merkle & Mckenzie, 2002), which refers to the actual PGE grade
delivered to the mill comparod with the grade within the unmined reef, This factor
depends mostly on mining practice, althcugh variations in ore mineralogy may also

contribute to a reduced mine-call-tactor.

Mineral bencficiation has, traditionally, used comminuticn and tletation to liborate
and then concentrate the valuakble platinum group minerals (PGM). These early
keneficiation stages are when the greatest PGM losses ocour, which is essentially
due to the wide range of PGM textures within the ore (Merkle & Mckenzie. 2002).
Within comminution there needs te be a fine balance between sufficient grinding time
and PGM liberation. Over-grinding is unfavorable because, not only does it waste
energy, but it produces excessive fing material, which is harder to recover through

flotation {Merkle & Mckenzie, 2002), whereas undeor-grinding reduces liberation.

Once the concentrate has been separated out the mill tailings are sent for disposal.
Bue tno the low grades associated with platinum mining {~5-7 g/t), these mill tailings
are very large, and very fing. This represents a significant environmental problem,
with unsightly visual effects. and water pollution arising from contamination by heavy

matals, mill reagents and sulphide compounds (Wills, 1997).

In extracting the valuakle platinum group elements (FGE) from Merensky and UG2
gres most South African mineral processing operations use procedures similar (o
those illustrated in Figure 2.10. Design and efficient management of such complox
recovery circuits have become more dependent on ore mineralegy and textures,
which are now enhanced by developments in guantitative mineral measurement

systems (see Section 2.4).
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Figure 2.10: A flowsheet showing the principle operations in extracting precious
metals from the Merensky and UGZ2 plafinum ore, with figures specific to Northam
Platinum Limited. (Adapted from Merkle & Mchenzie, (2002). Vermaak, (1995) and
the MNortham platinum website),
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2.3 Mineral Processing Overview

231 Comminution

The first phase in mineral processing is comminution, which can be considered in
two stages, crushing and grinding. After blasting, freshly excavated ore is
transported via scrapers, conveyers and ore carriers to the mineral processing plant.
Crushing makes transportation of this ore easier, and produces material of a
controlled particle size (Wills, 1997}, Crushing is a dry process, accomplished by the
compression of the ore against rigid surfaces (Wills, 1987). Once the particle size of
the run-of-mine ore has been sufficiently reduced, grinding is carried out to liberate
the valuable minerals from the unwanted gangue minerals. Grinding is a wet
process, accomplished by abrasion of the ore by free moving stainless steel media
such as rods, balls or pebbles (Wills, 1997). Generally, due to the strong association
of PGM with base metal sulphides (BMS). the target valuable minerals for Mercnsky

rcef froth flotation are the BMS, and a bulk sulphide concentrate is sought.

2.3.2 Liberation

Liberation is defined as the degree to which a valuable mineral is exposed from the
gangue on the basis of area (Barbary, 1991). After grinding the valuable minerals
can be considered as occurring in four main states of liberation, which depends upon
the percentage of surface area cxposcd. The breakdown used in this investigation is:
locked (<30%), low grade middlings (30-60%), high grade middlings (G0-20%) and
liberated (=80%). The degree of liberation of the valuable minerals themselves can
be considered in two parts. The first is as liberated composites, separated from
silicate gangue, the second is as liberated individual sulphide minerals separated
from other sulphides as well as the silicate gangue. f considered as liberated
composites the degree of liberation will be higher. The geological overview of the
various reef types at Northam has highlighted the presence of two main types of
sulphide development: medium grained, anhedral composites which would be
cxpected to liberate and float readily. but also fine grained, monomineralic

inclusions, which would be expected to remain locked during initial milling.
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2.3.3 Froth Flotation

The flotation process contains two distinct phases, the pulp phase in which mineral
recovery occurs, and the froth phase from which concentrated valuable minerals are
separated from the bulk. Recovery of minerals to the froth phase may occur through
attachment to through flowing bubbles {true flotation} or by entrainment in water
passing from the pulp phase to the froth phase. Collection by the former process is
selective {on the basis of surface properties), whilst the latter is non-selective and
results in unwanted gangue minerals reporting to the concentrate and thereby
lowering the grade. Flotation performance is a camplex physico-chemicat separation
process affected by roughly 25 parameters, which are maore fully described by 100
variables (Crozier, 1992). Klimpel {1984} divided the major variables into three main
groups {Figure 2.11), and careful planning 1s required to analyse any particular

parameter, Variables highlighted in red on Figure 2.11 are chosen for investigation.

CHEMISTRY
Reagenttype and dosage
{collcctors, frothers, activator:
{Cus0,), depressants)

FLOTATION
SYSTEM

EQUIPMENT OPERATION
(HYDRODYNAMICS) {Feedrrate, mincralogy,
{Air Dispersion, solids particle sizc, pulp density,
SUSPCNSion, power temperature and circuit
input, cell design) design)

Figure 2.11: Summary of the flotalion system adapted from Kiimpef, 1984, Variables
shown in red are the focus of this investigation.
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For every mineral particle there is a flotation domain relating the percentage
recovery to the particle size in the pulp phase. There is an optimum particle size for
flotation. with upper and lower limits. For fine particle sizes (<20 pm) the collision
efficiency is too low for effective flotation. For large particle sizes detachment from

the bubhbles becomes more common and effective flotation is also reduced.

2.3.4 Flotation Reagents

Flotation reagents are added to the pulp to manipulate mineral surface chemistry
and thereby enhance differences in mineral hydrophohicity, facilitating separation of
valuable minerals from gangue minerals (Wiese ef al.,, 2006). Flotation reagents are
added to the slurry and dispersed by an impeller. A typical reagent suite consists of
collectors, frothers, depressants and occasionally activators. Collectors work to
render the surface of valuable minerals hydrophobic, depressants suppress the
flotation of naturally hydrophobic gangue material and frothers help in bubble
formation as well as stabilising the froth. Activators are sometimes needed to further
encourage the flotation of the desired mineral, an example being the addition of
copper sulphate to some Merensky cres to assist in the flotation of pyrrhatite {Wiese
et al.. 200bb). Once the reagents have been added there is usually a suitable
conditioning period, during which the reagents and the slurry are thoroughly mixed
using the impeller. After this conditioning period, air is added and dispersed by the

impeller.

2.3.4.1 Collector

Collectors are used in froth flotation to render the surfaces of target minerals
hydrophobic, thus encouraging their true flotation and their preferential concentration
during the flotation process. Northam Platinum Ltd. use Sodium |sgbutyl Xanthate
{SIBX) along with proprietary reagents Sascel 61 and Sascol 105 as their collectors.
Sascol 61 and Sascol 105 are caustic alkali liguids. SIBX, along with sodium
isopropyl xanthate (SIPX) are the most commonly used collectors in the mineral
processing industry. SIBX is an example of a sulphydryl anionic collector (King,
1982, Wills, 1997).
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The non polar outer coating of hydrocarbon chains in the collector renders the
overall mineral hydrophobic and therefore floatable. Collectors are generally used in
small amounts, as it is believed increased concentration contributes to the true

flotation of some gangue minerals, thus reducing selectivity (Wills, 1997).

2.3.4.2 Activator

An activator is sometimes used to supplement the role of the collector in rendering
the surfaces of the target minerals hydrophobic. Activators work in tandem with
collectors by altering the surface of the target mineral such that the collector more
readily binds to it. The activator used in this work, and the most common activator
used in the flotation of Merensky ores, is copper (ll) sulphate pentahydrate
(CuS04.5H,0). Copper sulphate is used widely in the mineral processing industry as

an activator for pyrrhotite.

Of particular interest when considering copper sulphate addition is the inadvertent
activation of gangue minerals rendering them floatable, which may occur when
copper hydroxide species adsorb onto the surface of silicates and oxides, especially
in the pH range 7 — 10 (Fornasiero & Ralston, 2005; Martinovic et al., 2005).

2.3.4.3 Frother

One of the key stages in froth flotation is the formation of a stable froth, which can
retain the valuable minerals for further upgrading (King, 1982). To this end a frothing
agent is often added, which in addition to improving froth formation will also increase
air dispersion within the pulp, reduce coalescence and reduce the speed of bubble
ascent. All of these factors help increase the residence time of bubbles within the
pulp, and thereby increase the possibility of particle-bubble contact (King, 1982). An
ideal frother will react entirely in the liquid phase and not influence the state of the
mineral surface; however in practice this is not observed (Wills, 1997). A good

frother needs to have negligible collecting power.
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Frothers are heteropolar organic reagents that absorb on the air-water interface, with
the non-polar hydrocarbon group within the bubble. This ability reduces the surface
tension and thus stabilises the bubble (Wills, 1997). The frother used in the batch

flotation experiments was the proprietary reagent Sasfroth 200.

2.3.4.4 Depressant

A depressant is sometimes used to coat the unwanted hydrophobic gangue
minerals, rendering them hydrophilic. Industrial organic depressants fall into two
main categories; Carboxymethylcellulose (CMC), and Guar Gum. This study has
worked solely with CMCs, which are anionic polysaccharides (Burdukova, 2007) with

very high molecular weight.

The mechanism for CMC adsorption is now considered to be through acid/ base
interactions between the depressant and the mineral surface, though for sometime
the preferred mechanism was hydrophobic, hydrogen bonding (Burdukova, 2007;
Laskowski et al., 2007).

2.3.5 Flotation of Merensky Ores

There has been extensive work into the flotation of Merensky ores (e.g. Wiese et al,,
2005b, 2006; Bradshaw et al., 2006; Vos, 2006), and more specifically to Northam
processing (Snodgrass et al., 1994).

The bulk of PGE and thus PGM are contained within, or closely associated with the
base metal sulphides (BMS) within the Merensky reef (Section 2.1.3). This close
association means that recovery of the BMS is crucial and the aim of the flotation
processes is to maximize BMS recovery. Base metal sulphides make up roughly 1%
of the Merensky run of mine ore, consisting mainly of chalcopyrite, pentlandite and

pyrrhotite with occasional pyrite (Ballhaus & Sylvester, 2000).
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Research has shown that chemical environment is crucial to the success of the
flotation process (Bradshaw et al., 2008) and in particular to the flotation ol the BMS.
Flotation rates of different sulphides vary considerably with chalcopyrite being the
quickest. pentlandite being intermediate and pyrrhotite being the slowest (Wiese et
al., 2006: Buswell & Nicol, 2002), with their responses lo specific reagents also being
diverse. The effects of particular reagents on the lotation process are not simplistic

and broad generalizations are somelimes deceptive.

2.3.5.1 Processing at Northam

The final milling and flotation flowsheet is shown in Figure 2.12. The milling stage
consists of a semi-autogenous (SAG) mill, followed by a ball mill, whereby the
discharge is fed to the primary cyclones. The underflow is then processed in a flash
flotation cell. which recovers around 60% of the PGE within the final concentrate
(Cole & Ferron, 2002}, No allowance is given for specialised processing of different
domains within the ore bady, (i.e. Normal reef. NPZ reef and P2 reef).

The concentrate from the first cell in the rougher bank may be fed into the final
caoncentrate stream, but the rest of the rougher concentrates are fed into the cleaner
circuit. The concentrate from the scavenger circuit can be routed to the cleaner
circuit or back to the head of the rougher circuit. There is no regrinding at any point
within the rougher. scavenger or cleaner circuits. The cleaner circuit consists of three
column cells aligned in series, with stage recovery at each column as low as 30%
(Cole & Ferron, 2002)
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Figure 2.12: Melaliurgical flowsheet for Northam Piatinum Limited, showing the
major comiminution and flotation processes within the concentrator (Adapted from

Snodgrass et al., (1994} and Cole and Ferron, (2002)).
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2.4 Process Mineralogy

Process mineralogy, a discipline which combines mineralogy and mineral processing
(Henley, 1983; Baum et al., 2004; Xiao & Laplante, 2004), is a relatively new field of
research reviewed in 1983 by Henley and only once subsequently (Baum et al,,
2004). Within the recently re-introduced term GEOMET (Haol, 2008), process
mineralogy functions as an integral stage. GEOMET, an abbreviation of
geometallurgy, is an ambitious and extensive overview of the life of mine, aiming to
holistically integrate information from reconnaissance geophysics to reclamation, as
well as make that information easily transferable between each stage (Haol, 2008).
Within a GEOMET flowsheet the aim of the process mineralogist is to provide
information on specific aspects of the ore mineralogy and mill products and, in so
doing, to help the chief metallurgist optimize treatment flowsheets (Henley, 1983). As
such, the process mineralogist needs an extensive knowledge, not only of ore
mineralogy but also of the relevance of mineralogical characteristics to beneficiation
processes (Henley, 1983). Figure 2.13 shows the major inputs from a process
mineralogist during the setup and implementation of a new plant. The final stage is

ongoing, with a constant need to monitor concentrates and tailings (Henley, 1983).

This final stage, or optimization process, has been further developed since 1983
(Fragomeni et al., 2005; Baum et al., 2004; Xiao & Laplante, 2004) and this is
especially shown by an example of work carried out at Raglan in Canada, where
process mineralogy techniques have been implemented since 1998 (Fragomeni et
al., 2005). At Raglan the orebody has been classified into three distinct end
members (disseminated, net-textured and massive sulphides). The term ‘end
member’ is appropriate for the Raglan orebody as there is a continuum between
these three ore types. However, at Northam there is no continuum between the three
reef types so the term ‘domain’ is preferred. At Raglan each end member was
sampled and characterised producing a robust prediction of recovery at various grind
sizes. These were then mathematically combined in the current volume percentage
for run of mine to determine the impact of end member distribution on metallurgical

performance as a function of grind size (Fragomeni et al., 2005).
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Figure 2.13: Summary of the relationship between process mineralogy and the
development and optimization of a metallurgical treatment plant. (Adapted from

Henley, 1983).

Since 1983 two key problem areas have been identified (Baum et al., 2004). The first

is the problem of representative sampling within a concentrator survey (and likewise

geologically in a drill-core survey). The second is the problem of attaining a

quantitative mineral measurement system. The paymetal content (assays) of the

samples is not necessarily dependent upon the behaviour of the minerals and it is

the mineral content, size and textures which determine liberation characteristics

(Baum et al., 2004) and thus very relevant to this study.
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2.4.1 Quantitative Mineral Measurement Systems

The task of quantitatively characterising the PGM has in the past been a difficult and
time consuming process. PGM are not only extremely fine-grained, but also their
presence in only trace amounts means that traditional methods such are ore

microscopy and X-Ray diffraction are not suitable (Merkle & McKenzie, 2002).

In the last three decades, but particularly in the 1990s two quantitative mineral
measurement technologies have been developed. The first of which is QEMSCAN
(Quantitative Evaluation of Minerals by SCANing electron microscope) developed by
CSIRO, Australia, and the MLA (Mineral Liberation Analyser), by the Julius

Krutschnitt Research Centre, Australia (Baum et al., 2004).

While QEMSCAN and MLA are both examples of automated SEM based image
analysis, they emphasise slightly different strategies. MLA works by gathering back
scattered electron (BSE) images in the initial spatial survey, after which the minerals
are further characterised using X-ray elemental analysis (Gu, 2003). MLA is
particularly good for PGM based liberation analysis (Frandrich et al., 2007; Lastra,
2006). QEMSCAN dispenses with the preliminary BSE survey and rather gathers X-
ray elemental maps (Gottlieb et al., 2000). The chief advantage of MLA is the greater
efficiency and speed, whereas the QEMSCAN technigque is more thorough, avoiding

ambiguities in similar BSE grey scale values for different minerals.

QEMSCAN and MLA both have the ability to return an overall mineral assemblage
and provide mineral liberation data for predetermined size fractions (Baum et al.,
2004). Despite their revolutionary effect on quantitative process mineralogy, the
QEMSCAN and MLA techniques are still dependent on representative sampling
(Gottlieb et al. 2000; Baum et al., 2004; Lotter et al., 2003)

An example where QEMSCAN techniques have been used effectively is within the
Sudbury mining district of Ontario, Canada. The Ni-Cu-PGE sulphide ores are mined
by Falconbridge Limited. The feed to their Strathcona mill consists of three distinct
end members, which they labelled AB, B and C (Lotter et al., 2003). Initial flotation
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testing showed that ores B and C performed similarly to the Strathcona baseline
curve, but that ore AB has a far inferior Ni grade and recovery. The Strathcona
flowsheet consists of a rodmill, from which the discharge heads into primary rougher,
secondary rougher and scavenger flotation series. QEMSCAN analysis of the three
ores showed that pentlandite liberation was essentially the same for all three ore
types, but that liberated pentlandite was floating within the primary rougher for ores B
and C, yet was being delayed in ore AB. Having ruled out liberation issues as being
the problem, it was decided that poor metallurgical performance must be related to
pulp chemistry (Lotter et al., 2003). QEMSCAN information of ferromagnesian
mineral content revealed that ore AB contained 2.6 times that in ore B and 5.0 times
that in ore C. The exact reasons for the strong correlation between high
ferromagnesian content and poor pentlandite recovery is not entirely understood, it
may be related to alteration products, such as talc, or slime coatings covering the

pentlandite surfaces.

2.4.2 Representative Sampling

In order to be certain that the plant or mine data generated from a QEMSCAN or
MLA study is valid, the plant or the orebody must have been representatively
sampled. This problem of representative sampling is the subject of current research
(Fragomeni et al., 2005; Baum et al., 2004; Lotter et al., 2003), and with respect to

the sampling of an active stope two key points can be delimited.

1. The laboratory scale flotation tests must be reproducible.

2. The flotation sample must be representative of the ore

These twin problems were addressed by Lotter in (1995) who showed that a
fundamental approach to ore sampling and preparation, as well as replicated
flotation tests with quantitative diagnostics, reduced the effect of ore variance and

increased the reproducibility of flotation tests.

Process mineralogy has had some notable successes, aside from the Raglan

orebody and the Lihir gold mine. Process mineralogy techniques have also been
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successfully implemented at the El-Indio gold-silver-copper operation in Chile {Baum
et al. 1989) as well as heing partly implemented ta identify a problem of fluorine
contamination in copper flotation (Pangum ef al. 2001; and in phosphate mine
planning {Sant'Agostino ef al. 2001}, which testifies as to its wide applicability, Its
complete implementation at the El-Indio gold-silver-copper operation led to
improvements in precious metal recovery and equipment performance as well as a

finalised process flow-sheet that was custom fitted to the ore {Baum ef af. 2001).

2.5 Key Questions

Within the context of previous work reviewed here this investigation focuses on the

three main guestions outlined in the Introduction.

1. How is the mineralogy of the three reef types at Northam Platinum Limited
{Normal, NP2 and P2) quantitatively different?

2. Will the distinct mineralogical characteristics of the three reef types produce
different mineral processing performances? In particular -
a. How will milling time and flotation performance vary between reef
types?
b. How is the flotation performance of each reef affected by change in

grind and capper addition’?

3. If there is a difference in mineral processing performance, can it be explained
in terms of some, or all of the following?
. Variations in sulphide textures and/or liberation,
b. Variations in gangue mineral type and proportions.

¢. Variations in gangue alteration or textural development.
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3 Experimental Methods

3.1 Ore Preparation

Bulk samples of ore were collected at Northam Platinum mine under the supervision
of chief geologist Damian Smith and freighted to the University of Cape Town. Three
reef types were investigated, namely the Normal 12/39, P2 3/19 and the NP2 11/47,

where the numbering refers to the level/cross cut locations,

Reef samples were unpacked and air-dried separately (Figure 3.1a). During the
drying. grab samples from each reef, consisting of the farger chips, were removed to
prepare thin sections, polished thin seclions and ore mounts (Figure 3.1b). The
amount removed was carefully chosen to be representative of the whole reef as

established by in-situ mapping of the stope panels.

- —— | bf

Figure 3.1: Phofos of cre preparation: a Drving of bulk samples on plasiic sheeting.
b Grab samples from the bulk sample of the Normal reef, arganised here in
stratigraphic order with the hanging wall at the top. HW — Hanging Wall, P —
Pegmalite, FW — Fooiwall

After drying. the remainder of each bulk sample was screened through a 16 000
aperture stainless steel filter. The filtrand was subsequently broken down through the
jaw crusher in the Department of Geological Sciences before recombining with the

rest of the respective bulk sample.
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Each reef was then screened through a 2 cm aperture stainless steel screen to
remove fines and then fed through the cone crusher in the Chemical Engineering
Department to ensure there were no chippings left in lhe bulk sampte larger than two
centimetres. The filtered fines and the sample produced from the cone crusher were

recombined to produce the final bulk sample for each reef,

Once the bulk samples were prepared they were then lhoroughly mixed on a steel
mat, before bheing split into four homogenised samples, each sample being
approximately 10 kg. Each of the four samples was then fed through the rotary
splitter, which divided the sample down inlo 1 kg proportions. Once the feed was

exhausted, these 1 kg samples were bagged and labelled.

3.2 Representative Sampling

It is possible that the sampling technique employed by the mine provided skewed
proportions of the stope face. Therefore it is prudent lo establish whether the
samples received are representative of the hulk. In order to do this, two techniques
weare used. Both of these techniques make use of analytical data for individual
components of the Normal reef (Roberts ef al., 2007). The first technique provides
an estimate for lhe bulk composition assuming observed elemental proportions of
the various components (hanging wall (L1). pegmatite {L2), footwall (L3)) multiplied

by the quantities {Q:, Qz, Qs) present al the stope face (Equation 1).

L|Q| + L:Q: TE L}'Qa = an (1)

These calculated elemental proportions were then compared with the measured bulk
analyses obtained in this study by |ICP-OES (see Seciion 3.6}. Resulis are shown in
Figure 3.2 where it can be seen that the major oxides compare closely, indicating the

absence of any anomalous representation of reef components.
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Figure 3.2: A graph showing a comparson hetween the caleulated major element
oxide compositions (red} and the measured major elemental oxide compositions.
The red line represerts a trendiine and the dashed black line represoms the perfect
1:1 ftne.

An altemative approach involving multiple linear regression allows the estimation of
individual reef components using their major oxide proportions. This reverse methad
may be more revealing in the sense that the results provide a direct measure of reef
componants in the mill feed. The second technigue models Equation {1) using a

multiple lingar regressian.

With appropriate constraints {e.g. Py + P2 + P2 = 1) this model predicts a slight
weighting in favour of the hanging wall, namely; 10% hanging wali, 86% pegmatite
and 4% footwall, whilst the actual proportions are 5% hanging wall, 80% pegmatite.
and 5% footwall. The results derived from the model are shown in Table 3.1
alongside lhose measured by Roberts et af., {2007).
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Table 3.1: Table showing the comparison between the measured major element
proportions of the reef and the linear regression model from this work.

Element Measured (Roberts et al., 2007) Linear Regression Model
SiO; 48.8 48.5
Al>03 74 8.6
MgO 23.8 23.0
Ca0 4.5 53
Fe;O3 14.2 11.6

As can be seen from Table 3.1, SiO and MgO values are predicted very accurately
by the linear regression model, with good predictions for Al,O3; and CaO, but a poor
prediction for Fe;O3. However, it is important to specify that the data available for the
major elemental oxides, within the individual lithologies, is too sparse to provide a
definitive conclusion. For example, the calculated values for CaO and Al.O; were

sensitive to the inclusion or exclusion of certain sample sets.

From these two techniques, and considering the anticipated range in reef component
proportions, with the likelihood of variable weighting occurring during the mining

activity these results are considered acceptable for the subsequent experiments.

3.3 Mineralogical Characterisation

Mineralogical characterisation of both silicate and sulphide mineral phases were
performed using optical microscopy on a Zeiss Petrographic microscope (Appendix

B1). Individual sample descriptions are recorded in Appendix C.

3.4 Electron Microprobe

Analysis of olivine to determine nickel content was carried out on a JEOL Microprobe
(Appendix B2) using polished thin sections created from grab samples from the
original bulk samples (Figure 3.1.b). The nickel content was probed in order to
determine how much of the nickel reported by chemical assay was present in

gangue minerals such as olivine.
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Spot analysis selection was determined in order to maximise areal and
compositional coverage. The first olivine grain was covered systematically to
observe compositional variations within a grain (zoning). Depending on the outcome
of this exercise the rest of the olivine grains within the slide were then investigated. If
the first olivine showed a significant variation in composition with spot point, then
each subsequent olivine was investigated the same way. If the first olivine showed
no variation with spot point then the remaining olivine grains could be investigated
using just one spot point. In practise variation of composition between olivine grains

(up to 10%) within a slide was greater than internal variation within an olivine grain.

3.5 Quantitative Evaluation Of Minerals By Scanning Electron
Microscopy (QEMSCAN)

Feed samples for batch flotation tests were milled to the required grind, split (using a
FRITSCH Rotary Samples Divider) into three size fractions and sent for QEMSCAN
analysis to Intellection Pty Ltd, Brisbane, Australia. Samples from the same split
were sent for data validation to Mintek in Johannesburg for ICP-OES (see appendix
B3). Eighteen sized fractions were sent consisting of six from each reef in three size
fractions (+75 pm, -75/+38 um, -38 um) and two grind sizes; standard (60% < 75
um), and fine (80% < 75 um). At Intellection the feed samples were representatively
split into a sub aliquot and permanently mounted in an epoxy resin. The use of three

size fractions minimised the effects of stereological variations.

3.5.1 Data Validation

Comparison of the chemical analysis from ICP-OES and the QEMSCAN analysis
reveals excellent correlations between the major elements (Figure 3.3), particularly
magnesium, aluminium, calcium and iron. Silicon values show a slight departure,
with either the chemical analyses slightly overestimating, or the QEMSCAN slightly

underestimating, the values.
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Figure 3.3: Grapfi showing the correlation between the chemical assay and the
QEMSCAN assay for the major elements. The line demarcates a 1-1 refationship.

Investigation of the sulphide elements {Cu, Ni and S} reveals a slightly less perfect
correlation {Figure 3.4a, b). In particular there are two obvious anomalies circled in
red in Figure 3.4a. The furthest right with a QEMSCAN copper valug of 3.06 is
clearly anomalous, and refers to the P2 reef -38 um size fraction at a standard grind.
The second ringed value is a combined value of all the size fractions for the P2 reef
at a standard gnind and therefore incorporates the first value during the calculation.
This incorporation forces the observed anomalous result. Figure 3.4b shows that
sulphur values are consistently below the 1:1 measurement line. This is probably

due to overestimation by the QEMSCAN analysis, but is still considered acceptable.
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Figure 3.4: Graph showing the correlation between the chemical assay and the
QEMSCAN assay for trace elements Cu, Nf and S. Figure 3.4a shows all the dala
pmhts, including two anomalous values circled in red. Figure 3.4b focuses in on the
lower left corner with the solid blue line demarcating a 1:1 refationship.
















































































































































































































































































































































































































