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The geological setting of the Bushveld Complex, the The natue and origin of the Me&nsky Reef in the

world’s largest layeed igneous body containing most of
the planet chiomium, Platinum Gup Elements (PGES)
and vanadiumesouces, is outlined. The complex is

Eastern and \&tern Limbs of the Bushveld Complex is
discussedA synthesis and interptation of a lage
amount of platinum mine dataofn the Wstern Limb,

situated in a central position on the ancient Kaapvaal highlights the geat variability in the natur of the

Craton of Souttfrica, with the mineralisation contained
in three laige arcuate mafic to ultramafic Limbs,
comprised of ocks of the RustentmiiLayeed Suite

(RLS). The Limbs aroverlain by co-magmatic felsic

Merensky Reef in this segment. Evidence suggests that
the top chomitite layer epresents a magmatic
unconformity esulting fom thermo-chemical esion,
reconstitution and mineralisation of the immediate

rocks while the floor consists mainly of sediments of thdootwall layers that it transgssed. The Platef, a thick,

Transvaal Suparoup.

The RLS is divided into the Mgnal, Lowey Critical,
Main and Upper Zones with the dmium and PGE
enriched layers occurring in the Critical Zone and the
vanadium mineralisation occting within titanifeious
magnetitite layers of the Upper Zone. Theochitite
layers ae classed into Lowg¥liddle and Upper Goups
and show a general dezase in chomium content
upwaids fom >46% Cr O, at the base to <42% (0,
at the top. This is accompanied by an @ase in ion
content upwats and a change in the Cr /Fe rati@imn
>1.5:1 at the base to <1.3:1 at the top. The Lowen@r
and Middle Goup chomitite layers have, or ar
currently being, extensively mined.

A notewothy featue is the pesence of PGEs in all
the chomitite layers, with an inease fom <0.5 ppm

generally feldspathic pyixenitic and harzbuitic
assemblage, occurs on the eastern flank of the Northern
Limb and is boadly equated with the Mensky Reef.
About 21 magnetitite layers rangingoin massive
titaniferous magnetitite, to disseminated and weakly
disseminated magnetitite occur within, oe@ssociated
with, magnetite gablor, gabbp and diorite of the Upper
Zone. The vanadium content in magnetite is highest in
the lowermost magnetitite layers (over 2.2%0OMn
places) dopping to 1.6% YO, in the overlying Main
Magnetitite LayerAn impotant layer (Layer 21 or the
Q Layer), towads the top of the Upper Zone, is enriched
in titanium (x13% TO,), at the same time having
vanadium values of generally less than 0.2%_VThis
layer, which is often over 40 me# thick, contains a
huge esouce of ion and titanium, as well as vanadium.

in the lower layers to >5 ppm in the uppermost and The mineral apatite appears abruptly at two levels

economically impdant PGE bearing clumitite layer
(the UG2). The economically imgant Meensky Reef
occurs above the UG2 near the top of the Critical
Zone. It typically comprises top and bottomarhitite
stringers, separated by up to 14 nestof pyoxenite and/
or pegmatoidal pysxenite, with the best mineralisation
generally being associated with the top @mitite
stringer and wher the two chomitite stringers ag in
close poximity to each otherThese stringers can
eventually mege towads pothole stictures in places,
with the top stringer transgssing downwat to form a
range of pothole Reef feaas.
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towards the top of the complex, the uppermost seoge
being in a diorite immediately above layer 21 vehigO,
values average 4% over several tens of meters.

The use of geophysical and geochemical techniques
in exploration and mining in the Bushveld Complex is
briefly reviewed and their applicability and effectiveness
is illustrated. Given the continuity of layers, including
some which extend for well over a huedikilometes,
the resouce still peesent in this unique Complex is vast.

I ntroduction

TheArchaean Kaapvaal and Zimbabwe Cratons of Sousfeoa
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Above this is the Critical Zone, the most strongly layered zone in the
RLS, which is characterised by the presence of numerous well defined
thinner and more variable PGE-bearing chromitite layers. In the Lower
Critical Zone, chromitite layers are hosted by orthopyroxenite and

\
K ZIMBABWE | CRATON ’: subordinate harzbgite, while in the Upper Critical Zone, they occur
0 100 200 ! Great ] in a sequence of interlayered orthopyroxenite, norite and anorthosite.
km ] Dyke /'l Towards the top of this sequence are the economically important UG2
Il __J/ chromitite and Merensky Reef PGE ore bodié® overlying noritic
. ’/7;’ to gabbronoritic Main Zone is lgely devoid of oxide and sulphide
N ’,/,3 = y minerals.Above the Main Zone, the Upper Zone is a sequence of
SR~ (3n ferrogabbronorite, magnetite gabbro anorthosite and ferrodiorite,
~ g’,\OB\\—f:, characterized in particular by the presence of layers of massive and

disseminated vanadium-bearing titaniferous magnefite
magnetitite layers vary from relatively vanadium-rich and titanium-
poor near the base of the zone, to vanadium-poor and titanium-rich
at the top of the zone.

The Northern Limb dfers from the Eastern aMilestern Limbs
in that the Critical Zone correlative along most of its extent, does not
contain layers that correlate directly with the Critical Zone of the
Eastern andVestern Limbs. Instead, the lowermost pyroxenite
dominated unit of the RLS, known as the Platreef, is in sharp contact
with and transgress@&sansvaal Supgroup sediments and Basement

Mafic Ph
K('ZAI?:'IYC')AI\?L I vafic ?Se ] granites.This unit is a complex and highly variable sequence of
T b [] Uttramafic/Mafic Complex pyroxenite, harzbgite and gabbronorite up to 200 metres thick,
romgs ure [ ]Limit of Transvaal Supergroup xenolithic and contaminated in parts, that hosts significant PGE

mineralisation in association with base metal sulphides and minor

thin, discontinuous, stringers of chromitifene Platreef is overlain
Figure 1. Regional geological setting of the Bushveld Complexand by Main Zone and Upper Zone sequences that can be correlated with
other major mafic/ultramafic layered intrusions of the Kaapvaal those of the Eastern akidestern Limbs.
and Zimbabwe Cratons. Main and Upper Zone lithologies are recognised itVitie Nora
occurrence to the north west of the Northern Limb, while in the far
are host to several major and world renowned layered mafic towest of the Bushveld Complex, an outlier of RLS rocks with Lower
ultramafic intrusionsThe lagest, best-developed and best mineralised and Lower Critical Zone &hities, hosts a series of chromitite layers.
are the Great Dyke of the Zimbabwe Craton and the Bushveldin the southeast of the Bushveld Complex, the southeastern or Bethal
Complex of the Kaapvaal Cratofhe latter is renowned as host to Limb is obscured by younger covér is dominated by relatively
the worlds biggest deposits of the Platinum Group Elements iron-rich lithologies.
(PGEs), chromium (Cr) and vanadium (V). Several smaller mafic ~ The Critical Zone of the RLS hosts an estimated 88% of the
intrusions on the Kaapvaal Craton include the Lagti@ompsbug world’s known PGE resources and 72% of the werbiromite ore,
and Uitkomst intrusions in Southfrica and the Molopo Farms  whilst the Upper Zone contains approximately 45% of the weorld’
Complex in Botswana (Fig. 1). vanadium resources (Sou#tirican Department of Minerals and
The Bushveld Complex is part of adarigneous province made Enegy, 2003/2004) as well as substantial phosphate mineralisation.
up of three distinct groups of rocks, the oldest of which is the 3.5 kmApart from this, significant tin and fluorite deposits are hosted by co-
thick felsite-dominated volcanic RooilgeGroup that formed roof =~ magmatic granites and granophyres of the Bushveld Complex, while
rocks to the slightly younger intrusive components, the youngest ofmagnesite was mined in the past from weathered ultramafic rocks of
which is the Lebowa Granite Suite, that includes a granophyricthe Lower Zone of the RLShe Uitkomst Complex (Fig. 1), a world-
component.The biggest, and economically the most important class nickel (Ni)-PGE deposit near the contact betweerrémsvaal
component of the Complex is the Rustegbuayered Suite (RLS)  Supegroup sediments and tlfechaean basement, some 50 km
comprised of mafic/ultramafic layered rocks dated at 2.055 Gasoutheast of the Eastern Limb of the Bushveld Complex, is believed
(Scoates and Friedman, 2008he RLS occurs in a series of three to have originated from a similar magma to that which which gave
main arcuate lobes or Limbs, the best-developed being the Eastemse to the main Bushveld Complex. In addition to these resources,
andWestern Limbs which are stratigraphically similar to one another andalusite is mined in aluminous sedimentary rocks ofritnesvaal
and have distinctive layering within each, that can be correlated ovefSupegroup in the metamorphic aureole of the complex.
a distance of more than 300 km (Figs. 1 and'Bg RLS averages
7 km in thickness and is subdivided into a series of zones that havq' he Rustenbur g L ayered Suite
their most complete development in the EasternVé@stern Limbs
of the Complex.
At the base of the RLS is the Miamal Zone consisting of variably
contaminated norite and pyroxenifehis is followed by the Lower
Zone, a sequence of layered dunite, hagiteiand orthopyroxenite.

The Rustenbuyy Layered Suite is subdivided into five zones
comprised of rock types ranging from dunite, hargfter and
pyroxenite towards the base, through norite, gabbro and anorthosite
to magnetite gabbro towards the top, with the uppermost part
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Figure 2. Geological map of the Bushveld Complex showing the distribution of the major mafic/ultramafic zones and the moseimport

mineralised layers within these.

consisting of olivine and apatite-rich dioritdhiese relatively dense

platinum and vanadium mines are portrayed for\Western and

rocks give rise to pronounced gravity anomalies while the magnetiteEastern Limbs in Figs.4 and 5 respectiyeliiile a schematic section
rich Upper Zone also gives rise to a pronounced magnetic anomalythrough the RLS, showing the various zones and important mineralised
Generally 3 to 5 of the lithological zones are present in the varioudayers is given in Fig.6.

Limbs of the complex (Fig. 2).he locations of the main chromium,
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Figure 3. Distribution of the mafic/ultramafic rocks of the Rustenburg

Marginal Zone

The Maginal Zone at the base of the Complex is comprised of a
noritic and feldspathic pyroxenitic assemblage, which is generally
finer grained than the overlying layered rocks and contains abundant
country-rock xenolithsThis zone is highly variable in thickness and
may be completely absent in some areas. It contains no known
economic mineralisatioAn extensive suite of co-magmatic diabase
to ultramafic sills has, intruded the footwall metasediments of the
RLS and these have contributed to the massive thermal metamorphic
aureole around the complex. Several distinctive magma types have
been proposed for the sills (Harmer and Sharpe, 1985).

Lower Zone

The Lower Zone, where present, overlies thediteal Zone to

Layered Suite in relation to gravity anomalies, highlighting the closéorm trough like features dominated by orthopyroxenite with

correlation between high gravity and dense Bushveld rocks.

Episodes M. 39, no. 2

associated olivine-rich cumulates, as for example in the northern part
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Figure 4. Geological map of thé/estern Limb depicting the major lithological zones, together with the economically irapbthromitite,
PGE and vanadium-bearing mineralised layers in the Critical and Upper Zones. Localities of the main mines are also shiewB8¢hfirmann
et al., 1998 and Moen and Schurmann, 1998).

ofthe Eastern Limb where a well exposed and classically layeredchromite within the ultramafic rocks of the Lower Zone marks the
sequence of Lower Zone ultramafic rock is developed (Figs.5 and 7)commencement of the Critical Zone which is characterized by regular
Cameron (1978) subdivided the Lower Zone in this area into a Lowerand often fine-scale rhythmic or cyclic layering. It is host to all the
Bronzitite, Middle Harzbuwgite and an Upper Bronzitite, subzone. chromitite layers of the Complex, of which up to 25 have been
The pyroxenitic layers form dark, resistant, southward dipping questadentified and grouped into lower (LG), middle (MG) and upper (UG)
ridges, while the olivine-rich lithologies form lower lying lighter toned  groups (Fig.6).
areas (Fig.7). The Critical Zone has been divided into the Lower Critical
Isolated satellite bodies of pyroxenite and hargibeicontaining Zone, which is pyroxenite dominated and the Upper Critical
erratic chromitite layers, are intrusive infdochaean granites and  Zone characterized by plagioclase-rich rocks (Figi®e contact
Transvaal Supgroup rocks at the base of the Northern Limb of the between the zones occurs in the middle of the Middle Group of

complex and have been equated with the Lower Zone. chromitite layers and is recognised by the distinctive Middle
GroupAnorthosite Marker layer (Figs.6 and 8&he upper Critical
Critical Zone Zone, is characterized by a number of units or sequences which

generally commence with narrow pyroxenitic horizons, with or
The appearance of well-defined small layers of cumulus without olivine and with chromitite layers at or near to their base.
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A 100-400 metre thick complex pyroxenitic
assemblage on the easterngimaof the Northern
Limb hosts a number of huge economically
exploitable PGE deposits. It is known as the
Platreef and is correlated broadly with the
Critical Zone, parts having also been likened
to a considerably thickened Merensky Reef
assemblage (Fig. 2) (Groblet al, 2012)

Main Zone

The Main Zone is the most robust of the zones
of the RLS attaining a thickness of nearly 3 km
(Fig.6). It consists of a lower noritic phase
overlain mainly by gabbronorites, with inter
layered anorthositesA number of distinctive
marker layers have been recognised in the Main
Zone and include the Porphyritic Gabbro Marker
Main and Upper mottled anorthosite markers
and the Pyroxenite MarkeThese have been
described from the Eastern Limb qW
Gruenewaldt, 1973 and Molyneux, 1974), the
Western Limb (Mitchell, 1990 and Mitchedit
al., 1998), as well as from the Northern Limb
(Van der Merwe, 2008 arfshwalet al, 2005).

The resistant gabbro norites of the Main
Zone form conspicuous topographic features
throughout the exposed Limbs of the Bushveld
and are referred to as the Pyramid Hills in the
Brits-Pretoria regionThey are currently being
extensively mined for dimension stone, termed
“pblack and grey granite” in the trade. Low grade
PGE mineralisation occurs in places in the
Main Zone as discussed later

Upper Zone

The base of the overlying Upper Zone is
defined by the first appearance of cumulus

Figure 5. Geological map of the well exposed Eastern Limb of the Bushveld Complégnetite in ferrogabbro. In the northern portion
depicting the major lithological zones and major economically impaitt mineralised Of the Western Limb, rocks of the Upper Zone

layers and mines as well as impartt sites (aer Schurmann et al.,

1998).

truncate the stratigraphy of the lower successions
and cut down to the floor rocks in three areas

These are generally overlain by norite, leuconorite and anorthositdermed the southern, northern andriarthern “Gap” areas (Figs. 2

layers. Chromite (the ore of chromium metal), is mined from selectedand 4). In the northern part of the Eastern Limb, a feature is the
chromitite layers from all three chromitite groups of the Critical Zone. presence of ovoid domes of floor rock which have penetrated the
The main UG1 chromitite layerlthough not economically  entire Rustenbugr Layered Suite, eventually causing doming and
important as a chromium resource, is a spectacpknsistent penetrating Upper Zone rocks, which themselves, sharply transgress
unit, consisting of a basal chromitite layer which overlies the underlying layered rocks (Fig.5) (Uken aNdtkeys, 1997 and
footwall layers that bifurcate and are interlayered with an underlying Scoon, 2002).
anorthosite (Fig. 8b).The UG2 chromitite Layer is a major economic ~ The Upper Zone consists mainly of noritic rocks towards the
PGE resource as described later base followed by gabbronorite, but including gabbro anorthosite and
The two uppermost units of the Critical Zone range from magnetite gabbro with cumulus, iron-rich olivine appearing at the
pyroxenite at the base, through norite and anorthosite at the toppase of the various subzonesif\Gruenewaldt, 1973 and Molyneux,
and include the Merensky and Bastard reefs, the former being ofLl974). Cumulus apatite associated with diorite is a feature of the two
great economic importance as it hosts PGE mineralisatfentop uppermost subzones of the Complex, (Scoon and Mitchell, 2012). In
of the Critical Zone is generally taken as the top of a robust anorthositall, up to 25 layers of cumulus magnetite containing massive to
(the Giant MottledAnorthosite) that forms the top of the Bastard disseminated magnetite, punctuate the Upper Zone, with the
unit. vanadium-rich Main Magnetite Layer near the base being the most

Episodes M. 39, no. 2
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Western Limbs (Figs. 2, 4 and Bhey are never

MINERAL MAIN ECONOMICALLY ZONES | MAJORROCK )
LAYERS IMPORTANT LAYERS TYPES more than 0.3 metres thick but have the best
3000 - chromite grades in the Bushveld Complex with
Phiasphate Evers Cr,0,contents of generally about 46% and
(Cr/Fer atios of >1.8:1)Two harzbugite units
7000 1 || Magnetite layers UPPER ﬁiﬁ?\z’im gabbro| @re useful markers in correlating the closely
ZONE | horthosite associated chromitite layers of the LG Group,
| MML Main Magnetite Layer with a lower harzbwite unit occurring between
6000 { | ML  Lower Magnetite Layers}v the LG2 and LG3 layers and the LG4 layer
developed within a harzbgite layer inthe
B p,oxenite Marker Eastern Limb (Fig. 9)The LG chromitite layers
5000 - are rarely more than 10mm in thickness in the
g‘:}%‘:;g;site northern sector (north of thee®lpoort break),
norite while in the southern sector of the Eastern Limb,
4000 - MAIN pyroxenite) south of the ®elpoort break, they consist of
gOhE only very thin chromitite stringers (Fig. 9).
In the FarWestern Limb (Nietverdiend
3000 - sector) (Fig.2), the four chromitite layers mined
| Norite vary in thickness from 13 to 40 cm, are contained
= § Uertroun s wgz m)e;::SGk;{) ﬁ;ezf }Pt cﬁﬁﬁ gl:czlrtti wcite in_harzbugite and pyroxenite ah_ci are correlated
2000 - ) 7ONE (pyroxenite) with the LG1 to LG4 chromitites. Here the
E' Middle Group Cr NGT Widdie Group 1 L — chromite is more refractory with highét O,
LowerGroup Cr | -G8 Lower Group6 }Cr CRITICAL | (harzburgite) and CrO, contents (Collins and Human, 1986),
1000 | S, ORI ZONE and with Cr/Fe ratios of about 1.9:1.
LOWER | Pyroxenite (Engelbrecht, 1987Y.hey are all mined in open
ZONE Zz':ii’:'g'te pit operations in thi.s_ area.
01— VARGINAL| o The two chromitite layers in the grea south
ZONE ks of Mokopane on the Northern Limb, are

Figure 6. Schematic section through the Rustenburg Layered Suite portraying the magsociated with olivine and orthopyroxene
rock types of the five zones and highlighting the most impattmineralised layers.

and have in situ Cr/Fe ratios of over 1.7:1 and
grades of over 40% ¢f0.. They can broadly be

important (\6n Gruenewaldt, 1973; Scoon and Mitchell, 2012). correlated with layers in the LG1 to LG4 succession elsewhere in the
Together with its footwall layers in places, the Main Magnetite Layer Bushveld Complex and have been mined at the Grasvally mine
is exploited for its vanadium (and in places iron) content in the Easterr{Hulbert andvon Gruenewaldt, 1986).

and Western Limbs of the Bushveld Complex as described later

(Figs.2, 4 and 5). Lower Group Chromitite Layers (LG5-LG7)

Economically the most important of the LG layers are the LG5 to
LG7, which are well developed in the northern part of the Eastern
Limb, north of the &elpoort break (Figs. 5 and Ihese chromitite
layers are absent south of thee@poort break which marks an

Bushveld chromite is of the stratiform type occurring as horizontal important facies chang@he most widely mined chromitite is the
to subhorizontal layersand is mainly classified as being of the high-LG6 layer which varies in thickness across the northeastern Bushveld
iron type (Schurmanet al, 1998). Chromite deposits occurdaty Complex from 0.92 to 1. 05nThe LG6A(Leader) has an average
in the Eastern andlestern Limbs of the Bushveld Complex and as thickness of 0.32 metres and is developed, on average 0.81 metres
noted, they account for over 80% of the wazlchromium resources.  above the LG6 chromitite layer (Fig. 9)he chromitite layers are

Within the three major chromitite groups of the Critical Zone, often associated with disseminated chromite occurring in the
the Lower Group contains up to seven chromitite layers (LG1-7), theimmediate hangingwall or footwall orthopyroxenitéwe LG6 is also
Middle Group 4 main layers (MG1-MG4) and the Upper Group two the major chromitite layer mined in tidéestern Limb of the complex
main layers (UG1 and UG2) (Fig.@hough details of these seams (Figs. 4 and 5) (Schurmar al, 1998).
vary from sector to sector of the Complex, the major chromitite layers ~ The LG6 is a black, shiny layer with coarse granular chromite,
are readily identifiable and often traceable for many kilometres asconstituting 97% of the rock with the remaining 3% being made up
shown in the stratigraphic columns for the LG and MG chromitite of orthopyroxene, clinopyroxene, plagioclase and minor minerals.
layers of the Eastern Limb of the complex (Fig. 9). The chromitite is generally of a friable nature with some patches of
“hard lumpy” presentThe lumpy to fines (friable) ratio varies
throughout the Bushveld Complekhe LG6 has ain situ Cr,0O,
content of between 40% and 44% and Cr/Fe ratios generally above
1.5:1 which, together with its thickness, makes it one of the most
economically attractive chromitite mining gets.

Chromitites of the Critical Zone

Introduction

Lower Group Chromitite Layers (LG1-LG4)

Although variable along strike, generally four Lower Group (LG)
chromitite layers are recognised in the Eastévastern and Far

June 2016
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Middle Group Chromitite Layers MG1-MG4

In the Eastern Limb of the Bushveld Complex, Middle Group
chromitite layers are well developed south of theefoort break.
They are comprised of two lower layers, the MG1 and MG2, within
pyroxenite of the Lower Critical Zone and two upper layers, the
MG3 and MG4, hosted in plagioclase-dominated norite of the Upper
Critical Zone (Fig. 8a)The individual layers can contain silicate
interlayers, a feature which is specifically true for the MG2 and MG4
layers.The most important chromitite layer is the MG1 which is
generally thicker than the LG6, averaging 1.65 metres. Itis hosted in
a medium-to coarse-grained pyroxenite and has up to four chromitite
“footwall markers”, with thicknesses varying from 6 to 48 cm, as
well as a hanging wall chromitite lead&he MG2 package south
of the Seelpoort structural break usually consists of three distinct
chromitite layers, referred to as the MG2A, MG2B and MG2C
layers (Fig. 9).

The mineral chromite makes up between 70% and 88% of the
MGL1 layer with plagioclase and orthopyroxene being the other major
constituents. Some of the MG chromitite layers and in particular the
MGL1 layer have CjO,contents of between 40% to 44% and Cr/Fe
ratios between 1.35 and 1.5:1 and are mineable (Schureiaal,
1998).The MG1 chromitite layer is the most important layer mined
in the Eastern Limb to the south d&glpoort.

Upper Group Chromitite Layers (UG1- UG3)

Two very distinctive and continuous chromitite layers, the UG1
and UG2 layers (together with the uppermost UG3 layer in the Eastern
Bushveld), constitute the Upper Group and can be traced throughout
the Eastern andlVestern Limbs of the Bushveld Compléekhe
spectacular but subeconomic UG1 layer has been described earlier
(Fig.8b).

The UG2 chromitite layer (0.5-1.0 metres thick) has gOCr
content of 43.5% and a Cr/Fe ratio of between 1.26 and 1.40:1. It is
however hugely important in that it contains economically exploitable
PGE mineralisation in addition to the chromiféhe low-grade
chromite produced as a by-product of PGM extraction has, until
relatively recently (20 years ago), had no maikee. UG3 chromitite

Figure 7. Aerial view of the well exposed and well layered Lower
Zone in the type section of Cameron (1978). The resistdark
ridges of the Lower and Upper Bronzitite subzones appear on the
right and left of the photo respectivelwith the light toned Middle
Harzburgite subzone in the centre. Olifa;mtrough, northern part

of Eastern Limb.

Pyroxenite

MG3 Chromitite

Norite Layer
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~UGt Chromitjte
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Figure 8. (a) The Middle Groupg\northosite Marker straddled by the MG2 and MG3 chromitite layers and defining theaxirtietween the
lower and upper critical zones. (b) The spactilar and distinctive UGI chromitite layer with bifurcating footwall layers (black), interlayered

with anorthosite (white) and forming characteristic features of the UG1 for over 200 km. Dwars River National monument site, Eastern
Bushveld.
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Figure 9. Sratigraphic columns for the lower and middle chromitite groups as developed to the north and to the south db#ipo®rt
structural break in the Eastern Limb of the Bushveld ComplextéafSchurmann et al., 1998).

layer is part of a classically developed uppermost cycle or unit in theform a higher value ferrochrome product. Nine Ferrochrome smelters
Eastern Limb, where it forms a well-defined 20 cm thick layer that operate in the Eastern awéstern Limbs of the Bushveld Complex
is not exploited. with four operating outside of the Bushveld, including one at Richard’
The economically important PGE-bearing pyroxenitic Merensky Bay, while Columbus ®el near Middlebw andArcelor Mittal
Reef and the Platreef are, significantiso generally characterized (Vanderbijlpark), beneficiate the ferrochrome further to produce
by the presence of one or more chromitite stringers with which somestainless steel. Both products have a wide range of industrial uses
of the best PGE grades are associafbé.last vestiges of chromite including in the construction, mining, metaljical and chemical
and PGEs in the Critical Zone occur at the base of the uppermosindustries.
unit, known as the Bastard Reef.
Although having been mined by open pit mining methods in many PGE Mineralisation in the Critical Zone
parts of the Bushveld Complex, the bulk of the current chromite
mining uses the board and pillar urgfelund mining method. Scraper  |ntroduction
mining, breast mining and up-dip mining methods are also used,
although at much lower rates as mechanization of mining has A striking feature of the Critical Zone is the anomalous PGE
increasedThe main tegets for undegground mining are the LG6,  values present in all the chromitite layérhis includes the top and
MG1, MG2 and UG2 layer§he MG3 and MG4 layers, as well as bottom chromitite stringers that bound the economically important,
some of the lowermost LG layers are also being mined, but by opermpyroxenitic Merensky Reef here is an overall trend of increasing
cast methodsThe localities of the main chromite mines, past and PGE values from the lowermost to uppermost chromitite layers,
present, are shown on Figures 4 and 5. ranging from less than 1g/t for the LG 1-4 layers, to over 8g/t for the
Although chromite ore, (including hard lummsmall lumps or UG2 layer (Fig. 10) (Scoon arfdegler, 1994; Mitchell and Scoon,
chips and fines) is trucked and/or railed to the ports of Maputo,2007).
Richards Bay and Durban for shipping to export markets, much of In general, the dominant low melting point group of
the ore is now being beneficiated within the country by smelting it to PGEs (platinum[Pt]-palladium[Pd]-rhodium[Rh]) also increase
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Figure 10. Some geochemical features of the major chromitite layers of the Critical Zone highlighting the increase in overall PGE content
as well as in low melting point PGEs (Pt, Pd, Rh), with height and the camsy of the high melting point PGEs (Ru,,I0,). The systematic
variations in the Pt/Ru and Cr/Fe ratios are also shownté@fScoon and &igler, 1994; Mitchell and Scoon, 2007;i§ben et al., 1986a).

systematically from the lower to the upper chromitite layers, with the in the far northern part of the Eastern Limb.

minor ruthenium (Ru)-osmium(Os)-iridium(Ir) group of PGEs (high Hulbert and von Gruenewaldt (1986) described a chromitite on
melting point elements), being consistently present in all of thethe farm Grasvally 393 KR, in the southern sector of the Northern
chromitite layers, albeit in low concentratiomkis is reflected in the Limb, south of Mokopane, which they referred to as a “UG2-like”
overall upward increase in the Pt/Ru ratio in the Critical Zdhe. chromitite because of its similarity to the UG2 elsewhere in the
lowermost chromitite layers have Cr/Fe ratios of >1.8:1, whereas theBushveld, in terms of geological setting and PGE gradmssible
economically important UG2 and Merensky Reef layers have Cr/Fecorrelative of the UG2 has also been reported in certain undisturbed
ratios of <1.3:1A significant feature is the dramatic increase in portions below the Platreef on the Northern Limb (Grokfeal,
copper (Cu) and nickel (Ni) sulphides in the economically important 2012).

UG2 and particularly the Merensky Reef layers (Fig. 10) (Scoon  The UG2 is commonly underlain by a coarse pegmatoidal

andTiegler, 1994). feldspathic pyroxenite or melanorite, though in places anorthosite
forms the footwallTwo to four hangingwall or “leader” chromitite

UG2 Chromitite Layer layers, ranging from thin partings to layers over 10 cm in thickness,
are invariably developed in the immediate hanging wall feldspathic

Geological Features pyroxenite (Fig. 1). In some areas, the chromitite that elsewhere

forms the leader layers or stringers, combines with the top of the

The UG2 chromitite contains one of the major PGE resources ofmain layer to form a thicker composite seam. Rolls, depressions and
the Bushveld Complex and is remarkably similar along its entire 280potholes are common features of the UG2 Chromitite and have been
km strike extent in th&Vestern and Eastern Limbs of the Bushveld described from all mines that exploit this horizon (Hahn and Ovendale,
Complex (Figs. 4 and 5). It typically comprises a single main 1994).These features are generally circular in shape and range from
chromitite layer averaging 70 cm but attaining thicknesses of 150 crrless than 10 metres up to 100 metres in diaméteilst somewhat
in the southern sector of the Eastern Limér(iaak, 1985) (Fig.1). similar to the Merensky Reef potholes, they frequently take the form
The dip of the UG2, like that of the Merensky Reef, varies from 10° of gentle down rolls, with their depths generally not as great as is
at Rustenbg to over 20° in the Northwestern Limb and up to 65° the case with the Merensky Reef potholes.
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Mineralogy and \alue Distribution (1929), PGE contents of the UG2 range from 3.5 to 19.16 ppm with
an average of 4-8 pprvalues of individual PGEs for high-grade

The mineralogy of the UG2 Chromitite is simpler than that of the layers are typically 3.6 ppm Pt, 3.81 ppm Pd, 0.33 ppm Rh and others
Merensky Reef with chromite constituting 60-90% of the layer and 2.26 ppm (Gain, 1985). Copper and nickel values are typically low
plagioclase being the second most important minEnal main base-  being in the order of 1,000 ppribe Pt/Pd ratio of the UG2 varies
metal sulphides are pentlandite (commonly cobalt bearing), andwith geographic location, an average ratio being 0.94:1 in the Eastern
chalcopyrite, together with minor phases including pyrrhorite, pyrite, Limb (Gain, 1985) and 2.5:1 in tigestern Limb.
arsenopyrite, bornite, chalcocite, covellite, galena and millerite  Although shallow open pit mining of the UG2 chromitite layer
(Vermaak, 1985). Base-metal sulphide (BMS) contents are typicallyand its hanging wall layers does ogamining of the UG2 unit is
very low and grains are extremely small, (less than 30 microns). Somenainly by narrow reef undground mining methods over a stoping
86.5% of the base-metal sulphides are present at grain boundariesidth of often not more than 1 metre. Mining problems are caused
whilst 4.2% occur within chromitite, and the remainder within silicate by the presence of the rolling reef and hangingwall chromitite stringers,
grains (McLaren and DeNiers, 1982). which act as natural parting planes inducing hanging wall collapse

The Platinum Group Mineral (PGM) assemblage of the UG2 and dilution of ore. Pothole structures also result in reef loss.
Chromitite is dominated by Pt-Pd sulphides (35%), the Ru sulphide
laurite (30%), with other PGMs including Pt-Fe alloys and inter TheM erensky R eef
growths (21%), Rh sulphidesi%) and Palladium alloys (3%)he
PGMs are also lgely interstitial to the chromite grains and are |ntroduction and Discovery
associated with sulphide minerals with the only PGM commonly
enclosed by chromite being laurite. PGM grain sizes within the UG2  The Merensky Reef is a PGE enriched zone associated with one
are the smallest of the Bushveld mineralised sequences with maximurar more chromitite stringers at the base of a regionally transgressive
grain sizes of about 50 microns and an average diameter of 9.3 micronsyroxenitic layer occurring close to the top of the Upper Critical Zone
(McLaren and DeMiers, 1982). in the Eastern andlestern Limbs of the Bushveld Compléxhough

A feature of the UG2 is that the Rh content is much greater thansome early mining took place in the Eastern Limb, close to the
in the Merensky Reef. Rhodium is contained in a Pt-Cu-S (sulphur)discovery site, in the late nineteen twentiegdascale mining of the
(Rh, Ir, Pd, Ni) mineral which, together with other unnamed Rh- Merensky Reef commenced in 1929 near Rustgninithe southern
PGMs, can comprise 6-10% of the total PGM assemblage of the UG3ector of théVestern Limb. Mining of the Reef on Swartklip Union
(Lee, 1996). Isoferroplatinum and semi-metal PGM alloys occur whereSection in the northern part of tiidestern Limb soon followed and
the UG2 is potholed and in areas with ultramafic replacementtheWestern Limb rapidly became the prime platinum producing region
pegmatoid. of the world, a position it still holds today

The PGEs are concentrated towards the top, and also towards the The discovery of the Merensky Reef was preceded by the
base of the UG2 horizon, (Figl}l PGE variations within the UG2  discovery of alluvial platinum on the farm Maandagshoek on the
around the Bushveld are remarkably constant, a feature being th&astern Limb of the Bushveld Complex in 19Z#e source of this
general constancy of thickness, grade and value distribution. platinum was soon tracked to three cross-cutting platiniferous dunite

The CrO,content of the UG2 averages 43.5%, while the Cr/Fe pipes.The pipes form subvertical features that transgress the layers
ratio ranges between 1.26 and 1.4:1 (Lee, 19@8prding toWagner of the Critical Zone and immediately underlying Lower Zone of the

g/t 3PGE+Au
0 10 20
r 1 1

Pyroxenite

Chromitite
stringer

Pegmatoidal

feldspathic
pyroxenite

Pyroxenite

Figure 11. UG2 chromitite layer comprising a 70 cm thick platiniferous chromitite caining an anorthosite xenolith and underlain by a
feldspathic pegmatoidal pyroxenite, with a pyroxenite hanging wall. The PGE grade distribution profile is shown with a feature being the
highest value occurring consistently in the lower part of the chromitite layer
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wwNéE,sE\F&E “WE \ g are severely disrupted by a kilometre wide downwarped structure,
el Q‘ﬂ:du WE AAR = which includes the downwarping of the UG2 and UG1 chromitite
MNNAA\RSHO W\ CLaPHAM \'i PIPE | _ layers.

Andries Lombard, to well exposed pyroxenitic layers in the Upper

\ % LA |1| The attention of Dr Hans Merensky was drawn by local farmer
\ & i
) \ | Critical Zone, several km west of the Mooihoek dunite pipe and in
I
\ | 1924, one of these layers, subsequently termed the Merensky Reef,
|
| | returned high PGE valueghe layer was quickly traced throughout
| GROOTHOEK . .
e N | | the Bushveld Complex for 140 km in the Eastern Limb and 145 km

, in the Western Limb (Scoon, 2009). Seismic surveys have

‘l ,' subsequently shown that the Merensky Reef is present as far as 50
|”l km downdip of outcrop, and as deep as 6 km vertically below surface
1”1 (Du Plessis and Kleywegt, 1987).

Regional Geology

MOOIHOEK

24°35'S|

MAANDAGSHOEK \ ! The regional position of the Merensky Reef close to the top of
’ } \ the Critical Zone of the Bushveld Complex is shown in Figures 2, 4,
" \ 5 and 6. Unlike other layers in the Bushveld, the Merensky Reef has

=N

BEOuTRY N \\\ important regional variations in geological characteristics and
SITE MOOIHOEK S .2y X\ mineralisation styles. Some of these variations were first recognised
S PIPE N by Wagner (1929), who divided the rocks of Ivestern Limb into
. ?Bﬁ%ﬁﬁi’é{g A\ N A N\ the Swartklip Facies to the north of the Pilaneglaed the Kroondal
B scNESANDUNTE | BONIES \ e \TS\ and Doornspruit facies (now termed the Rusteglitacies), to the
] LOWER MAIN ZONE \'I HENDRIKSPLAA . i .
T B . south.'_l'h_e dt_avelopment of the Mgre_nsky Reef in the Eastern Limb is
UG2 CHROMITITE }CRE’IECAL . also distinctive and although variations do octiuese are not great
e=-weicrrowme | \\ONVEWACI-E>< enough to warrant subdivision into feifent facies. In broad terms
B e crmoume CRIICAL \ PIPE)\ the Merensky Reef may be described as a mineralised feldspathic
% e onverwacHT \| % pyroxenite and/or feldspathic pegmatoidal pyroxenite, olivine-bearing
[ TRANSVAAL SUPERGRODP )| ——— in places, and generally bound by two chromitite stringers when it is

known as Normal Reefrhe best mineralisation is concentrated in

and immediately above, the top chromitite stringer in the overlying

feldspathic pyroxenite, with good mineralisation also developed in

underlying pyroxenite, including pegmatoidal pyroxenite.

Mineralisation may also occur in noritic and anorthositic rocks where

they are immediately overlain by the top chromitite, particularly

central sector of the Eastern Limb (Figs. 5 and Ti2¢y include the noticeable where it transgresses downward into what are termed

well-known Driekop, Onverwacht and Mooihoek pipes, as well as pothole structures.

the Twyfelaar pipe, which was never commercially mineci@iher

1929). In broad terms each pipe consists of a small, mineralised corRustenburg Facies

of iron-rich dunite and wehrlite, emplaced within a muchedastock-

like body of barren magnesian dunite which may include hagikur Geological Featugs

The last mentioned ultramafic rocks are light coloured, fine to

medium grained, and partly serpentinised and include accessory Cr The Rustenby Facies of the Merensky Reef, as defined by

spinel. The core of iron-rich hortonolite dunite is associated with Wagner (1929), is developed from just south of the Pilangsber

clinopyroxenite and accessofymagnetite.This rock is dark and  the west, to beyond Brits in the east. Some important geological

lustrous with clinopyroxenite and accessory titaniuijriffagnetite. features (excluding the more subtle variations) in this sector are

It is invariably coasegrained, with a much higher density than the schemically portrayed in Figure 13.ifden and Hieberl986; Leeb

enveloping serpentinised magnesium duniteag@aér 1929 and Du Toit, 1986Viljoen, 1994 Viljoen and Schurmann, 1998). Between

Scoon, 2004). the Kookfontein and Spruitfontein floor domes, or upfolds
Wagner (1929) reported the pipe-ores as being characterized byRustenbuy section oAnglo Platinum mines), “Normal” Merensky

an anomalously high Pt tenor with coarse crystals of Pt-Fe alloy andreef is typically a £25cm thick pegmatoidal, feldspathic pyroxenite

sperrylite (Pt-Ag) and with a lage number of new and unusual PGE layer bounded by top and bottom chromitite stringers (Fig.Th).

minerals sporadically developed within base-metal sulfiiesrare lowermost chromitite stringer is well defined and commonly forms a

copper iron sulphide mineral Mooihoekite was first described from sharp, but irregular or undulose (dimpled) contact, with the footwall

the Mooihoek pipe (Cabri and Hall, 1972). Metre-sized slabs of norite/anorthositeThe top chromitite is more disseminated and may

chromitite, containing some of the richest platinum ore reportedoccur partly in the pegmatoid or in the immediately overlying

(maximum grade of 1886 g/t Riagner 1929), have been recorded pyroxenite (Figs. 13 and 14). Localthe Normal pegmatoidal reef

in the Onverwacht pip&he noritic wall rocks to the Driekop pipe thins due to downward transgression of the top chromitite stringer

Figure 12. Distribution of platiniferous dunite pipes and iron-rich
ultramafic pegmatites (IRUP) in relation to the main mineralised
layers of the Critical Zone. Central sector of the Eastern Limb (from
Scoon and Mitchell (2004).
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Figure 13. Schematic geological profile portraying the main geological features of the Merensky Reef in the Rustenburg Facies of the
Southwestern Limb (a@ér Mljoen 1994 and Wjoen and Schurmann 1998).

and its hanging wall pyroxenite, into pothole structures.chromitite Rustenbuy section and described below (Fig. 13). Downdip to the
contact then continues its downward transgression in an irregulanorth on the farm gldrift, a relatively abrupt transition of the
manner into the pothole where it may be sporadically associated witivlerensky Reef into the Swartklip Facies type has been documented
pegmatoidal pyroxenite (Fig. 13). Pothole structures which grelyar ~ (Vermeulen, J; Royal Bafokeng Platinum, pers. comm).
unmineable, occupy about 15% of the Merensky Reef area at To the east of the Spruitfontein floor dome upfold, towards the
Rustenbuy section (Mjoen and Hieber1986). Brits graben and beyond (a distance of 40 km), the Merensky Reef
To the northwest of the Kookfontein structure, towards the Impalawidens and grades into a much thicker reef style ranging from less
Platinum mine, the reef thins to less than 10 cm and is frequentlythan 50 cm at RustenlguSection, to 14 metres near Brits (Figs. 4
represented by a single chromitite layEne potholes in this area  and 13)Accompanying this thickening, the PGE grades decline and
(Impala Platinum mine), generally contain well-developed Pothole the pegmatoidal texture of the reefdaly disappears except for
Reef on two distinctive footwall markers, at levels of about 1 metre sporadic local development, particularly in the vicinity of the upper
and 4 metres below the Normal Reef elevation (Fig. 13). Mineableand to a lesser extent lower chromitite layer (Figs.4 andTi®).
Pothole reef constitutes about 30% of the Merensky Reef in this are@ensity and size of pothole structures also declines steadily as the
(Leeb DuToit, 1986). Further northwest towards the Pilaneshar thickening takes place and the Merensky Reef becomes subeconomic
the Bafokeng/ Rasimone, Maseveyl&ift and Bakubung mining (Viljoen, 1994).
areas, a thin Merensky Reef consisting of a chromitite contact only
with about 20% of potholes, is developed (Figs.4 and 13). Locally Mineralogy and Grade Distribution
pegmatoidal Merensky Reef is developed at a slightly higher elevation
than elsewhere in the regiofbhe Reef also thickens downdip and The pegmatoidal feldspathic pyroxenite of the Normal Merensky
resembles the thicker Merensky Reef style occurring east ofReef in the Rustenbgr~acies generally contains between 3% and
10% base-metal sulphides dominated by pyrrhotite,
S LOWetal content HIGH pentlandite, chalcopyrite, pyrite, and cubanite, with
Sulphidesp——————— - . . . .
) minor sulpharsenides, galena, and sphalerite (Kinloch
; : and Peyerl, 1990; Lee, 1998he ruthenium sulphide,
laurite, is commonly associated with, although not
confined to, the thin chromitite layers bounding the
pegmatoidal Merensky Reéfn average distribution
of the PGEs for the Rustenlgufacies is:- PGE
sulphides, 36%; PGE tellurides, 32%; Ru phases, 15%;
PGE alloys, 7%; PGE arsenides, 7%; a#ndAg
phases, 3%The PGMs are characterised by the
presence of the Pt-Pd-sulphide suite, dominated by
braggite and cooperite.
The texture and size of sulphide accumulations
— Ig}g‘ A’J‘f(g;it) vary from coarse-grained aggregates, averaging from
— Nickel % 0.5 to 1 cm in the pegmatoidal pyroxenite, to smaller
disseminated grains in the hangingwall pyroxenite
and fine disseminations in blotchy grey patches
Figure 14. Normal Merensky Reef from the Rustenburg Facies with hanging walithin anorthosite, in what is interpreted as thermo-
pyroxenite underlain by pegmatoidal feldspathic pyroxenite bounded by thin chromititeemically reconstituted footwall noritic rocks
stringers. The footwall is a patchy anorthosite with grey patches aiming finely (Fig. 14). Where the Normal Reef is thin or only a
disseminated sulphide mineralisation. The size of sulphide particles in thferdifit chromitite contact, this “blotchy mineralisation” can
reef componerg, together with the broad PGE and base aiatistribution profiles is extend for up to a metre into the footwall.
also shown. Mining of the Merensky Reef in the Rusterdpur
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Figure 15. Schematic regional geological profile of the Merensky Reef in the northern part of the Swartklip Facies portraying some of it
major characteristics from Normal Reef in the northwest (updip areas of Union Anthndelbult sections), to Regional Pothole Reef in the
southeast (downdip areas of Union amimandelbult sections) and Northam Platinum mine. The top chromitite layer is interpreted as a
regional, thermochemical unconformity which reconstituted and mineralisedfaotwall.

Facies is typically by narrow-reef undesund methods. Deep and al., 1999). Swartklip Facies type reef as noted, has also been described
irregular potholes are generally not mined, whereas regelatively at depth, immediately south of the Pilanegb@rermeulen, pers.
shallow Pothole Reef layers, at depths of no more than 4 metres, arsomm., 2015).

frequently mined As the Merensky Reef thickens, the grade

diminishes and stoping is focussed on the top chromitite. Fimally Normal Meensky Reef

the east beyond Marikana the thin, low grade zone of mineralisation

associated with the top chromitite layer of the thick reef, becomes  Merensky Reef on normal elevation in the Swartklip facies at

sub-economic. Union andAmandelbult sections @&nglo Platinum mines, consists
of a pegmatoidal feldspathic pyroxenite bounded by two chromitite
Swartkilp Facies layers with a pyroxenite hanging wall and an anorthositic footwall

(Figs. 15 and 16a)The Reef is considerably thicker on average

The Swartklip Facies is confined to the northern section of the (0.5-7.0 metres) than in the Rustertbfacies and is olivine-bearing
Western Limb of the Bushveld Complex to the north of the Pilangsber (Viljoen and Schurmann, 1998). Normal Merensky Reef in the
and is well documented at Unigdkmandelbult, and Northam Platinum  updip regions of thémandelbult and Union sections is thickest
Mines, (Fig. 4). Normal Merensky Reef (with some potholes) occursapproaching the outcrop in the northwest in these two mining
in the updip areas on these mines, while a Regional Contact andectors (Figs. 4 and 29).
Pothole Reef is developed downdip, as well as in a segment Potholes are present throughout the area of Normal Reef
immediately north of the PilanesgiFigs. 4 and 15) (foen, 1994; development, generally increasing in size and frequency downdip as
Viljoen and Schurmann, 1998iring and Cowell, 1999; Lombget the Normal Reef thins regionally (Fig. 1B)systematic thinning of

Pyroxenite  Dimpled chromiti o
cqptact >

Pegmatoidal
% wfeldspathic

Anorthosite’ * TS e 4 A o Pseudo Reef
Figure 16. (a) Normal Merensky Reef of Swartklip Facies consisting of a pegmatoidal feldspathic pyroxenite bounded by chromitite
stringers. Union Section oAnglo Platinum. (b) Chromitite Cordct Reef coming to rest on the Pseudo Marker to form pegmatoidal Pothole

Reef. Union Section ofAnglo Platinum.
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the Normal Reef also takes place towards individual pothole edges In the Swartklip facies of the Merensky Reef (as in case of the
due to downward transgression of the top chromitite Jayil the Rustenbuy facies) high PGE values are always associated with the
pegmatoidal pyroxenite disappears and only a chromitite contact igop chromitite layerwith mineralisation spreading into the various
present around the periphery of the pothole structure. Sulphide conteribotwall lithologies where the only recognisable feature of the
and grade increase significantly in this narrow reef around the potholeMerensky Reef is a thin, irregular chromitite contact, with its
edge. overlying pyroxenite.

From the pothole edge, the chromitite contact then transgresses Mining of Normal Merensky Reef and Regional Pothole Reef is
the footwall layers of anorthosite/feuconorite, leuconorite (Fig. 16b) relatively straightforward with standard narrow urgteund reef
up to a well-defined feldspathic harzpite layer termed the Pseudo mining methods used. Re-development is necessary up to 13 metres
Reef (also known as thedilentaal” or “Guinea fowl” rock because below Normal Reef elevation to access Pothole Reef and this is only
of its speckled appearance). Immediately above the Pseoudo Reejijstified if the volume and grade of the Pothole Reef gel@nough.
the contact chromitite settles on to a 60 cm thick pyroxenite/partially The irregulay steep, Contact Reef forming the periphery of smaller
pegmatoidal pyroxenite layer termed the Pseudo Markermarker potholes, is lagely unmineableT he regional transgressive Chromitite
becomes totally reconstituted and mineralised to form a pegmatoidaContact Reef has a relatively shallow dip and is fairly extensively
pyroxenite, now termed Pothole Reef, with the chromitite now forming mined, particularly because of its high grade (>50 g/t PGEs in places).
its top contact.The chromitite layer at the top of the underlying Pseuddigh grade but irregular second order pothole reef (FWP2 Reef) in
Reef then forms the lower chromitite of the Pothole Re’ib@nh et the Swartklip facies, is ditult to mine.
al., 1986a) (Figs. 15 and 16b).

Eastern Limb Facies

Regional Pothole Mensky Reef
The Merensky Reef in the Eastern Limbfeli§ somewhat from

Downdip from the Normal Merensky Reef, and on a more regionalthe Reef in théVestern Limb with the mineralised interval being
scale, the upper chromitite transgresses the various footwall markerbroadly equated to the wide reef style of the Rustenbiacies
mentioned above, to form what is ternfigeional Pothole Mensky (Mitchell and Scoon, 2007). PGE mineralisation igédy confined
Reef(Fig. 15).This initially takes the form of a Regional Contact to a relatively thick succession of non-pegmatoidal feldspathic
Reef and is followed downdip by the formation of Regional Pothole orthopyroxenite, bounded by two chromitite stringérsese are
Reef, the latter forming when the chromitite contact eventually comesspaced between 0.5 metres (Lebowa Platinum mine) and 2 metres
to rest on the Pseudo Markeonverting it to mineralised pegmatoid apart (Maandagshoek andnnaarshoek) and the immediate hanging
as in the case of potholes occurring within the Normal Merenskywall is also a feldspathic ortho pyroxenite (Figs. 17a and ¥b).
Reef (Figs. 15 and 16b). pegmatoidal feldspathic pyroxenite, ranging in thickness from 30 cm

Some of the more important variants within the Regional Potholein the Maandagshoek area to 1.5 metres at Lebowa platinum mine in
Merensky Reef are schematically depicted in Figur&@ii&y include the northern part of the Eastern Limb, forms the immediate footwall
a “perched” pegmatoidal Pothole Reef (termed NP2 Reef, atto the lower chromititeThe footwall pegmatoid is weakly and
Northam Platinum Mine), Lens Reef and Chromitite Contact Pothole sporadically mineralised with bettéut still subeconomic PGE values
Reef. Further transgression of the chromitite contact onto the Pseudoccurring in the Lebowa (Bakoni) platinum mine area (Mossom,
Marker results in the latter becoming well mineralised to form 1986).The paucity of mineralisation in the pegmatoidal pyroxenite
Chromitite contact Pothole Reef i(Men, 1999). Irregular is in contrast to th@/estern Limb, where much of the well mineralised
transgression into the Pseudo Reef has resulted in the formation akefzone is dominated by pegmatoidal pyroxeAiggeological section
FW-P2 Reef, documented at Northam Platinum Mingify and with PGE grade distribution profiles for the Merensky Reef on
Cowell, 1999). Further transgression into the pyroxenite underlyingWinnaarshoek, is presented in Figure 1There is a significant
the Pseudo Reef has resulted in the development of mineralisedariation in PGE and nickel grade distribution in the Merensky Reef
pegmatoidal pyroxenite below the chromitite layell into the over short distances, with the only relatively consistent mineralisation
footwall in a so-called Footwall Slumgr8cture at Union Section  being that associated with the remarkably persistent upper chromitite
(Fig. 15) (Mljoen et al, 1986b).The transgressive mineralising top layer (Fig. 17b) (Mitchell and Scoon, 2007).
chromitite layer is thus of fundamental importance in forming both
Regional Contact and Regional Pothole Reef types. The Platr eef

Mineralogy and Grade Distribution Introduction

PGMs in the Normal Merensky Reef of the Swartklip facies are  The Platreef, although not as laterally extensive as the Merensky
dominated by intricate eutectic-like inggowths of Pt-Fe alloys  Reef, is more than 20 times as thick as the latter and over a distance
associated with the base-metal sulphides and silicates, together witbf 30 kilometres represents by far thegkst PGE concentration
minor PGM sulphidesAs is the case in the Rustenppdfacies of known. Historically it has been described as a complex, thick (over
the Merensky Reef, laurite is once again associated with the thi200 metres at its broadest) and variably mineralised (PGE, Ni and
Merensky Reef chromitite layedigh PGE values in solid solution  Cu-bearing), composite pyroxenitic assemblage that, unlike the thin
in pentlandite, are also characteristic of this type of reef (Kinloch andMerensky Reef in theVestern and Eastern Limbs, is developed on,
Peyerl, 1990)The PGM mineralogy of the Regional Pothole Reefis or close to, the eastern floor contact of the Northern Limb of the
Pt/Fe alloy-dominant, with abnormally high contents of PGE in solid Complex (Fig. 18a). It extends northward from Mokopane for a
solution in base-metal sulphides. distance of at least 35 km and dips at 40° to the west.
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Figure 17. (a) Geological section and PGE value profile for the Merensky Reef in the Eastern Limb
on Winnaarshoek. Mitchell and Scoon, (2007). (b) Thin top chromitite layer of the Merensky Reef
within brown weathering orthopyroxenite, traceable for over 130 km in the Eastern Limb.

Lower
pyroxenite

From south to north, the Platreef transgresses quartzite and shatbe “C-Reef” on the farnmweefontein to the north (Fig. 1t the
formations of the Pretoria Groupi@ieball Hill and Duitschland base is a chromitite stringer (not always present in the northern areas),
formations) just north of Mokopane, then, further north on the farm overlying a thick (average 17 metres) coarse-grained mineralised
Tweefontein, it transgresses onto the Penge banded iron formationrthopyroxenite, that is frequently pegmatoidal and is termed the
and on northermweefontein, onto the underlying dolomitic Malmani T2 pegmatoidal pyroxenite zone darfspruit (Grobleet al, 2012)
subgroup. It is underlain by dolomite for 9 km before transgressingand the “B Reef” orTweefontein (Fig. 20a)lhe lower part of the
ontoArchaean Basement granite on northern Zwartfontein, (Fig. 18a)succession contains olivine-bearing hargfitic assemblages which
(Van der Merwe, 1978 and 2008)he full Platreef pyroxenitic  are also a feature of the Platreef at depth on the farms Zwartfontein
assemblage varies from about 100 metres to over 250 metreand Moordkopjie, of thékanani ProjecArea (Fig.18a) (Mitchell
in thickness and has a variable and irregular footwall contact. It hasand Scoon, 2014). In places a chromitite stringer also occurs at the
a generally sharp contact with the overlying gabbro, norite andbase of this pyroxenitic assemblage. Based on geochemical data,
anorthosite, at the base of the Main Zone (White, 199 diferent Nodderet al., (2015) concluded that thE2 Reef zone is a much
footwall rocks have had a significantesft on the nature, PGE grades thicker development of the Merensky cyclic unit (MCU) as seen in
and possibly even the thickness of the lower Platreef succession. Ithe Eastern andlVestern Limbs of the Bushveld Complekhe
the Ivanplats project area of the southern setiterPlatreef divegles B Reef of the Platreef specificallpand the Merensky Reef, are
from the floor rocks and at a depth of about 500 metres flattens outconsidered by Kruger (2010), to be co-magmatic and coeval.

This so called “Flatreef” extends for over 1.5 km to the west before At surface and in shallower areas a heterogeneous, vari-textured,
steepening again further to the west (Fig.18b) (Gradilat, 2012). highly feldspathic pyroxenite occurs below thg Reef. It is

Although not as extensive, a similar localized flattening of dip of known as the “Contaminated Zone” or “zone of magma-sediment
the Platreef is evident in the central and northern sectors, in thenteraction” onTurfspruit (Groblerpers. comm.) and as tAeReef
Mogalakwena Mine lease ar@nis could be a fault controlled feature  on TweefonteinThis enigmatic rock contains graphic inggowths

(J.-Winch -Anglo American Platinum, 2013). of plagioclase feldspar and quartz and often contains mineralisation
including fairly lage blebs of massive sulphides (Fig. 20b). In areas
Normal Platreef where contamination is absent, a set of norite cycles is developed

and these have been interpreted as the normal footwall lithology to
Although complex and variable along strike, the Platreef displaystheT2 reef zone. Deeper drilling has intersected a massive chromitite
a certain broad, consistent, magmatic stratigraphyticularly in layer up to 1.5 metres thick, within norite cycles and this has been
deeper areas away from the immediate footwall contact and in areasquated with the UG2 chromitite layer (Grobégral, 2012 and
displaying lesser contamination, such as on the farms Macalacasko@unnettet al, 2012) (Fig. 18b). Similar distinctive footwall layers
Turfspruit andTweefontein (Buchanan and Rouse, 1984; Gradtler  have been described from below ##&B Reef equivalent at depth,
al., 2012; Yudovskayeet al, 2013; $ephensoret al, 2015). on the farms Moordkopje and Swartfontein (Mitchell and Scoon,
The uppermost unit of the Platreef is a medium-grained, brownish2014).
green feldspathic pyroxenite of variable thickness but averaging  Very similar PGE, Ni and Cu grade distribution profiles are
10-20 metres in width and known as THefeldspathic pyroxenite on  evident forTweefontein north an@urfspruit (Fig. 19)The uppermost
the farmTurfspruit (Grobleret al, 2012), which is correlated with  feldspathic pyroxenite (T1/C Reef) is normally barren but in some
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Figure 18. (a) Geological settingof the well
mineralised sector of the Platreef between
Mokopane (Potgietersrus) and Overysel, a
distance of 27 km, showing localities and
major PGE mining/mineral project (ater
Viljoen and Schurman, 1998).(b) East-west
geological section through the Platreef and
portraying the “Flatreef” development on
the farm Turfspruit in the Ivanplas project
area (simplified afer unpublished map,
D. Grobler, lvanplats, 2015).
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Tweefontein North Turfspruit Core with mining activity A notable feature is the presence of
a P.G.E. b P.G.E. ¢ chromeseam perfectly formed sperrylite crystals in the gossanous
metres @ . Mineralisation e Mineralisation near surface alteration of the veifie PGE, Ni and
150 Low MediumHigh | | Low Medium  High

Cu value profiles reflect the features described above

for Tweefontein Hill and in particular a shift in

mineralisation and specifically base metal
cCr — — —Cr R — mineralisation, towards the basal part of theeef

200 B I — ' T2 o and as veins into the footwall hornfelsiljden and

41 C T1

| Contaminated Schurmann, 1998).

1A > Zone
D Norite / anorthosite "] Main Zone Contaminated Platreef
|:| Feldspathic pyroxenite . . . .

" While some form of contamination is present

: ¢ mm't.e . | Platreef throughout the Platreef, significant contamination,
[l Pyroxenite; pegmatoidal pyroxenite metasomatic overprinting and interaction with the
[] Feldspathic / hybridised pyroxenite footwall is present where the Platreef is underlain by

r incorporates as entrained xenoliths, reactive
ithologies such as dolomite, particularly on the
farms Sandsloot and southern Zwartfontein (Figs.18a
and b) (White, 1994Viljoen and Schurmann, 1998;
Grobleret al, 2012).

In the Sandsloot open pit where mining first
started in 1994, as well as at the Overysel trial mining
shaft (now the primary mining area), the Platreef,
although still broadly divisible inté, B and C reef
components, is dominated by théeefs of reaction
boreholes mineralisation occurs in its upper @dris mineralisation with the dolomite floor rocks and in the case of the laiéso
could perhaps be correlated with that in the Bastard Reef unitgranitic footwall. In the Sandsloot and Zwartfontein areas the
elsewhere in the Eastern aéstern Limbs of the Bushveld@he Platreef contains many calc-silicate (originally dolomite) xenoliths,
best mineralisation occurs in tA@/B Reef, with highest values surrounded by haloes of serpentine containing altered olivine and
associated with the top chromitite layer and therefore analogous tanagnetite (Fig. 21a) (White, 199¥4jljoen and Schurmann, 1998).
the Merensky Reef grade profile elsewhere in the Bushveld, onlyCarbonate floor rocks in immediate contact with the basal Platreef
much thicker The Contaminated Zone/Reef contains scattered, have been altered to mineralised “parapyroxenites” (equigranular
generally low grades throughout (Fig. 19). diopside) and calc-silicates (typically garnetiferous magnesian skarn),

What is considered to be immiscible sulphide settling has takenformed during extensive syn-magmatic interaction with high
place in theTweefontein Hill area, where a pronounced structural magnesium silicate melts i{lven and Schurmann 1998;\Winch,
downwarp appears to have acted as a structural trap site for settlingers. comm., 2015) (Fig. 21)vhile calc-silicate contamination
sulphidesThis has resulted in significant accumulations of massive, dilutes PGE grades and dramaticallfeafs benefication, reaction
to heavily disseminated base-metal sulphides, close to the footwalhaloes of serpentinite in the surrounding magmatic material often
contact. Narrow copper sulphide-rich veins have penetrated thecontain localized erratic sulphide concentrations with high Cu, Ni
footwall rocks orTfweefontein Hill which was the site of early copper and PGE values (Lee, 1996).

Figure 19. (a) Geological log with PGE, grade distribution, of the Platreef on norther
Tweefontein with classification inté\, B and C Reef types and with a thin chromitite
layer at the top of the B Reef. {ljven and Schurmann 1998). (b) Geological log with
PGE grade distribution of the Platreef onuffspruit (Grobler et al., 2012; Dunnet et
al., 2012; $ephenson et al., 2015). (c)op chromitite layer of the pegmatoidal
feldspathic pyroxenite (T2) of the Platreef in sharp cant with overlying feldspathic
pyroxenite (T1) and equated with the top chromitite cacttof the Merensky Reef, in
the Eastern andMestern Limb. Northern Trfspruit (Dunnet et al., 2012). Suggested
correlations are shown.
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Figure 20. (a) ypical B reef feldspathic pyroxenite outcrop with small oxidized sulphide blebs (now limoniteefbntein. (b) Corminated
vari-textured feldspathic pyroxenite (A Reef) with mineralisation in the form of irregular sulphide blebs. Sandsloot open pit mine.
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Figure 21. (a) Calc silicate xenoliths grading into serpentinite and finally B Reef pyroxinite (Overysel). (b) Mineralised parapyroxenite
(dark, dense, hard equigranular diopsidite) interlayered with calc-silicate (typically garnetiferous magnesian skarn). Immediate footwall of
Platreef, Sandsloot open pit mine

Argillite xenoliths and autoliths are more common in the southern south of Mokopane, where the Platreehsu strictds not present.
Platreef area and have been thermally metamorphosed intdnstead Ni-Cu-PGE sulphide mineralisation is present as sporadic
hercynite + cordierite + plagioclase * hypersthene hornféis. disseminations within a vari-textured succession of pyroxenites,
assemblage has resulted from partial to complete melting of thenorites, anorthosites and chromitites, within an 800 metre thick unit
amillaceous units which are normally located within magmatic units that extends for 30 km and is referred to as the Grasvally norite-
of feldspathic pyroxenite and norifghis is due to the incorporation  pyroxenite-anorthosite (GNY member (Hulbert and/on
of silica-rich fluids, derived from melting of these clasts into the Gruenewaldt, 1982; Smitt al, 2014).The GNA member and the
magmatic melt (Sluzhenikiat al, 2015). Evidence also exists for Platreef are considered to have formed concurrerithm
the inclusion of meta-quartzite within magmatic units, mainly in the compositionally similar and related magma, with a transition occurring
southern part of the area (Fig. 18b). between the two (Holweét al, 2015).

Where the Platreef is underlain Bychaean granite, partial An apparent extension of the Northern Limb has recently been
melting of the granitic gneiss floor has resulted in the formation of adiscovered below a cover of flat lying, 2 billion year Wdterbeg
rock described as a granofels (Cawthetral,, 1985).The granofels Group red bed sediments, north of the known outcrop (Fig. 2)
frequently exhibits an agmatitic texture (rheomorphic breccia) and(Muller, 2015).Two zones of PGE mineralization known as The
contains dark-green mafic schlieren that often host PGEand F zones occur over a strike distance of 17 Kme. T Zone
mineralisationThis is classically seen in the open pit on Overysel lies within the Main Zone, beneath the contact of the overlying
(Figs. 22a and b) where granofels predominates in an extensivé&pper Zone and contains two potentially economic layers, namely
interaction zone developed between the base of the Platreef and theT1 andT2 ZonesT1 mineralisation is hosted in olivine bearing
underlying Basement granitic rock. Chilled basal mafic lithologies troctolite and harzbgite as well as in pyroxenite and pegmatoidal
of the Platreef were invaded by an extensive network of leuco graniticgabbro, whileT2 mineralisation is hosted in norite and gabbro
melt, generated by the heat imparted from the intrusive that invadechorite. PGE grades in these two layers are typically 3.47 g/t PGE
the already solidified and brecciated, darker Platreef material, toover 2.4 metres and 3.95 g/t over 3.87 metres respectiViedy
form the widely developed rheomorphic breccia (Fig. 22b). In placesPGEs have an unusual metal ratio of 50% Pd, 30% Pt and
the deformation was didiently plastic and the incorporation and anomalously higtiu (20%), with 0.1% Ni and 0.17% Cu (Muller
assimilation of Platreef material in this leucocratic footwall partial 2015).
melt so extensive, that the material more closely resembles a gneiss. The F reef occurs at the base of the Main Zone and could
(J. Winch, pers. comm., 2015). Massive sulphide mineralisation in perhaps be equated with the Platreef. It is hosted in alternating
the form of downward penetrating veins, blebs and patches, ofterunits of serpentinised troctolite/harzbite and pyroxenite, averaging
occurs close to the footwall contact of the Reef in this area. 100 metres in thicknes§he F Zone is divided into the FH and

Within the open pits of the Mogalakwena Platinum Mine, situated FPlayers.The mineralised FH layer has significantly high volumes
on the farms Sandsloot, Zwartfontein and Overysel, the better gradesf olivine, in contrast to the lower FP layer which is predominantly
for the Normal Platreef are hostedglelly in the B reef pyroxenite.  pyroxeniteThe FH layer is divided into six cyclic units identified by
Lower grade and more erratic mineralisation occurs in the underlyingtheir geochemical signatures, particularly chromium. Mineralisation
possibly quenched Reef (J.Winch, pers. comm., 2015). Copper is typically over less than 10 metres in thickness within the
and nickel range between 0.1-0.25% and 0.15-0.35% respectivelycentral portion, with grades of 3 g/t PGE and containing 65% Pd,
while PGEs range from < 2.5 ppm to 15 ppm and in places up t030% Pt and 5%u with 0.07% Ni and 0.17% Cu and with a strong
25 ppm.The ratio of Pt to Pd is approximately 1:1 (Lee, 1996 Cr enrichment associated with the highest PGE concentraiibas.
variations in the nature and mineralisation styles of the Platreefcurrent inferred resource (PTMpril 2015) over 10 km strike and

described above are schematically portrayed in Figure 23. down to 100 metres, is 287 million tonnes grading 3.15 g/t PGE and
containing 29 million ounces of PGE (Mull€015).
Possible Platreef and Other Extensions It should be noted that low grade PGE mineralisation has

recently been defined associated withThectolite Marker situated
An enigmatic unit of layered rocks lies beneath the Main Zone, towards the Upper part of the Main Zone of the Northern Limb
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Figure 22.(a) General view of open pit mine on Overysel showing
the main mineralised B Reef (Merensky Reef equivalent) - dark
green with underlyingA Reef and granofels footwall to the righ&
major fold in the B reef result its re-appearance in the right
foreground. The whole succession is cut by an E-W trending dolerite
dyke (Photo. Jame#®\Vinch, Anglo Platinum). (b) Agmatite or
rheomorphic breccia in the footwall of the Platreef. (Photodlinch,
Anglo Platinum).

and attains its best development in the central seafith fine
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Vanadiferous M agnetitites of the Upper
Zone

Introduction

The bulk of SouttAfrica’s vanadium is hosted in the vanadium
enriched titaniferous magnetitite layers (magnetite -bearing layers,
referred to from hereon as magnetite layers for simplicity) of the Upper
Zone of the Bushveld Complex, where the presence of vanadium has
been known since the turn of the 20th centlmyl1921 Cornelius
Delfos attempted to smelt these ores in a blast furnace in Pretoria,
but discovered that the titanium carbides and nitrides choked the
furnace. No further attempts were made to exploit this resource until
1957 when vanadium-pentoxide () production commenced
using a salt-roast leach technique on ore extracted from the Main
Magnetite Layer neart&fberg in the Eastern Limb, by thé@anadium
Transvaal MANTRA) Company (Schurmann and Marsh, 1998).
Vantra subsequently changed its source of ore to the higher grade
Kennedys Vale magnetite pipe, in the Eastern Limb neaefpoort
(Fig. 5).When it became feasible to produce iron and steel from the
Bushveld ores, Highveldt&el andvanadium Corporation Ltd was
established, with steel and vanadium plants Weibbank. At the
same time a company callgenchem was established to beneficiate
the vanadium product to high-grade fused vanadium pentoxide
from roast leaching. Ore to feed the plants was obtained from the
Mapochs Mine, which exploits the Main Magnetite Layer at
Roossenekal (Fig. 5). Kennedyale mine closed in 1972 after the
Mapochs Mine came into productiohhe mine reopened with a
processing plant in 1988 installed MANTRA. After closing
again in 1990, the mine was reopene®¥agadiuniTechnology (Pty)

Ltd. (VANTECH) in 1992, but having been ¢galy mined out, it

was finally closed in 2004 by the company Xstré&taaumber of
companies have, or are still mining in the Southwestern Limb of the
Upper Zone of the Bushveld Compl&hey includé/ametco, which
started in 1968 and Rhovan, which started in 1989 (Schurmann and
Marsh, 1998) (Fig. 4).

No discrete vanadium bearing minerals have thus far been
positively identified in the ore layers of the Bushveld Complex
(Reynolds, 1986) with the vanadium being present in solid solution
in the magnetite (Hiemistra and Liebenip@®64), as a substitution
of V. for Fe’. Vanadium pentoxide is the commercially extracted
end product a¥*, and not as/*, (Eales and Cawthorne, 1996).
Most vanadium used in industry is in the form of vanadium-
pentoxide (VO,), which is produced by blending milled ore, slag or
concentrate, with sodium salt and then roasting and leachiFiggit.
steel industry consumes most of the vanadium in the form of
ferrovanadium as an essential alloying metal that imparts strength,
hardness and resistance to both mechanical and chemical corrosion,
to steels.Vanadium pentoxide, ammonium vanadate, vanadium
tetrachloride etc. are used as catalysts in oxidation reactions in the
chemical industry and vanadium is becoming increasingly important
in storage batteries, particularly in combination with renewable

disseminated sulphides hosted within the troctolite itself, as wellenegy generation.

as in overlying olivine-bearing noritic units closely associated

SouthAfrica’s reserves of vanadium-bearing titaniferous

with anorthosite layers. Up to five mineralised units have beenmagnetites in the Upper Zone of the Bushveld Complex are vast
identified with the highest PGE value being 3.68 g/t within a and are estimated by the Minerals Bureau (Grohman, 1994) to be
3.23 metre wide zone that averages 1.15 g/t PGE (Bushveldl2.5 million tonnes of vanadium metal (to a depth of 50 metres),

Minerals, 2010).
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Figure 23. Schematic north-south geological profile of the Platreef, close to surface, depicting the nature and styles of PGE mineralisation.

Geological Setting widely differing sizes, and range from dyke-like to pipe-like in form
(Fig.12) (Mljoen and Scoon,1985; Scoon and Mitchell, 1994). IRUP’

Bushveld vanadiferous magnetite mineralisation of the Upper have a spatial and genetic association with titaniferous magnetite layers
Zone occurs as concordant, massive and disseminated layers, and asthe Upper Zone but are also widespread in the Main Zone where
cross cutting magnetite plugs, or pipes, mainly in magnetite gabbrahey bear a relationship to anorthosite layeri§dgh et al, 1986a
of the Upper Zonel he latter are part of a suite of iron-rich ultramafic and c).They have similar compositions to the layered magnetites
pegmatite bodies (IRUPS) i(den and Scoon, 1985). immediately above them and are considered to represent puie Fe-T

The magnetite layers are concordant over considerable distancegxide melts that drained downward along structures from the
both along strike and downdiphey vary in thickness, as well as in associated overlying layers (Scoon and Mitchell, 1994
the number of associated layers and in their magn#ti@, and Kennedys Vale pipe is a zoned bod$00 by 100 metres in size,
TiO, contents. Between 20 and 25 layerJiefnagnetite (including which had a core of massive, vanadium-rich Fexide pegmatite,
both massive and disseminated components) have been recognisesveloped by disseminated Fé-dxides and clinopyroxenite
and are often closely associated with anorthosite layers. Numberingpegmatite (Fig. 24 he iron-rich core which was mined for vanadium,
has been subjective so that multiple layers occurring in close proximityis carrot-shaped, pinching out at depth, which can be taken as
were not necessarily given separate numbers. In reality there are fasupporting the proposed downward draining ori@ime pipe occurs
more, minor individual layers, than generally portrayed (Schurmannin the lower part of the Main Zone and is stratigraphically the
and Marsh, 1998).

Molyneux (1974) defined the base of the Upper Zone in the
Eastern Limb of the Bushveld Complex as an anorthosite layer in
which cumulusTi-magnetite first appears in the sequence, some
30 metres below the lowermo$t-magnetite layerAlthough
apparently conformable in places, the Upper Zone can dramatically
transgress its footwall rocks to form a major unconforn@ear
evidence for this unconformity comes from the so called Gap areas
of theWestern Limb, north of the Pilanesbeas well as from “the
floor domes” in the northern part of the Eastern Limb (Figs. 4 and 5).

Magnetite of the Upper Zone is invariably black and highly
magnetic, with the best magnetite concentration over reasonablt
thicknesses occurring in the Main Magnetite Layer (MML) which is
developed in all of the Limbs of the complex. Some of the highest

vanadium grades (>2%%®@,) occur in disseminated and massive IRUP

footwall layers to the MML, with the ,O_content decreasing upward Waste/rubble SOUTH NORTH
to about 0.25% ,0, for the uppermost layer$he titanium content [l Vassive Fe-Ti-Oxide f;\seéfes

in the Upper Zone varies in inverse proportion to that of vanadium, Disseminated Fe-Ti-Oxide N

from about 1% in the lowest layeup to about 18%i0O,in some |:| Clinopyroxenite Pegmatite s50

of the top layersThe formation of magnetite layers in the Upper LOWER MAIN ZONE

Zone has been ascribed to a number of processes, including chang D Gabbronorite-norite

in oxygen fugacity during fractional crystallization, pressure change,

magma chamber replenishment, basal boundary layer crystallizatiofrigure 24. Geological map and section through the Kennedyle

and the formation of immiscible liquids. zoned, vanadiferous magnetite pipe, site of one of the earliest
The IRUPS are randomly distributed, cross-cutting structures of vanadium producing mines (&r Scoon and Mitchell, 2004).
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lowermost occurrence of vanadium ore in the Bushwalidh a 28145,E [] Diabase
V.0, content of 2.5%, it was one of the first and richest vanadium N [ ] Granitic granophyre
deposits to be mined. A Il Upper Zone
Magnetite Layers with Special Reface to the Qe km 10 Sm’:;’::e
Eastern and Northern Limbs —_— I Transvaal Supergroup
Introduction [ ] Basement granite
y — Platreef
Geological mapping and geochemical studies have been — Main Magnetite Layer
undertaken across much of the Upper Zone of the Bushveld Comple: — PQ Magnetite Layer (21)
in the Roossenekal / Mapochs mine area of the Eastern Liomb (V — Fault
Gruenewaldt, 1973; Molyneux, 1974 and Scoon and Mitchell, 2012) B¥ Bellevue Borehole
(Fig. 5).The first two authors divided the Limb into 4 subzoAge — Section line
D, with the last mentioned authors adding a further subzone E, at thi BVA
top (Fig. 5). In the poorly exposed Northern Limb, details of the °
Upper Zone have been based on a section line constructed from si
boreholes, where it has also been divided into subzAnesE
(Figs. 25a and b) (Bushveld Minerals, pers. comm.). L O
Three groupings of magnetite layers are evident in the Easterr24'005
and Northern Limbs and these can be broadly divided into Lower
Middle, and Upper Magnetite Groups (Fig. 294 Lower Magnetite
Group straddles subzongsand B, and contains the important Main
Magnetite Layer (MML) which is vanadium-richhe Upper Group
of layers occurs towards the top of subzone D and are titanium-rict

with lower vanadium content&.robust, titanium-rich magnetite layer
at the top of the Upper Magnetite Group is referred to as Layer 21 infigure 25. (a) Geological setting of the Upper Zone in the central
the Eastern Limb and as the Q layer in the Northern LTiné Middle ~ Sector of the Northern Limb highlighting the Main Magnetite Layer
Group cluster of thin layers occurs in subzone C and containstMML) and Q layer (Layer 21) as well as the locality of the
intermediate vanadium and titanium grades. Most of the magnetitedeological section.

layers are closely associated with anorthosite lajiérs.magnetite

layers are described sequentially from the base to the top of theleveloped, with a geochemical profile suggesting that it is comprised

Upper Zone. of 3 adjoining horizons with the presence of layer 1 (based on
aeromagnetic data) not as yet tested (Fig. 25b).
Lowermost Mag netite Layers In the Southwestern (Rustengytimb of the Bushveld Complex,

3to 5, somewhat discontinuous, mainly disseminated magnetite layers
Within subzoneA of the Eastern Limb in the Roossenekal area, occur (\an der Merwe, M., pers. commJheV,O, content in the
4 thin magnetite layers occur below the MML, while in the Northern magnetite of these lower layers ranges from between 2.0 to 2.2%
Limb a robust 10 metre thick layer of disseminated magnetite isV, O, for the lower part of individual cycles, to just over 1.8%,,
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500 UPPER ZONE
[ piorite
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UMG Upper Magnetite Group Q Layer (21)
MMG Middle Magnetite Group Q footwall layers
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= — Thin magnetite layer
: B Sub Zones MML hanging wall layers
== Main magnetite layer (MML)
VLO2 g ohole [ Lower magnetite layer (LML)
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Figure 25. (b) Geological section through the Upper Zone of the Northern Limb showing the major subzones and magnetite groups
together with the MMLand Layer 21, g&&r Bushveld Minerals.
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Figure 26. (a) Section through the lowermost magnetite layers with
1 portrayal of amount of disseminated magnetite angOy grade of

FOOTWALL

140°77 gEAm the magnetite. Rhovananadium Mine (M. Maseti- Rhovan Mine).
[[IMagnetite gabbro [l Heavily disseminated magnetite (b) Examples of heavily disseminated to slightly disseminated
[Lightly disseminated magnetite [Jl|Massive magnetite magnetite typical of the vanadium-rich lowermost magnetite layers.
[Z] Disseminated magnetite [ JAnorthosite Rhovan mine, Southwestern Limb.

for the uppermost cycle, with a value of 2.4240_ having been high V content of the magnetite. Lower magnetite layers of the
recorded in the lowermost of the layeraf\er Merwe, M., pers.  Vametco Mine show a broadly similar layered succession.
comm.).

The general enrichment of vanadium in magnetite and its decreas§he Main Magnetite Layer
from the base upwards, is well demonstrated in the case of the Rhovan
Vanadium Mine (Fig. 26a). Here, a series of three disseminated but The Main Magnetite Layer (MML) in the Eastern Limb is a
generally recognisable layers occur over an interval of 130 metre2 metre thick massive layer with a disseminated magnetite parting in
below the MML(Figs. 26a and b one metre thick footwall layer  the middle (Figs. 27a and l)he contact with the footwall mottled
of nearly massive magnetite averaging\2%0; is overlain by heavily anorthosite is sharp, whereas the hangingwall contact is gradational.
and then slightlydisseminated magnetite zones averaging 1.96 andThis layer may include disseminated base metal sulphides (V
1.8%V ,O,respectivelyAn overlying cycle has a lower disseminated Gruenewaldt, 1973 and Pagjeal, 1982) The MML contains between
magnetite component averaging 1.9%%@,, which passes up into  1.61% and 1.8% ,0,in the magnetite and is mined as a vanadium

alightly disseminated upper sector averaging 1.84%. The upper and iron ore at the Mapochs mine near Roossenekal (Figs. 5 and
most third layerknown as the LuckytBke, averages 30% magnetite  27b). In the Northern Limb the MML is 8 metres thick with a 2 metre
with a grade of 2.0%,0, (M. Maseti-Rhovan, pers. comm.). disseminated magnetite gabbro parting.

The lower magnetite layers, although consistingeéér of Detailed logging and sampling of the 130 metre thick magnetite

disseminated magnetite, are of economic importance because of theearing hanging wall succession of the MML in the Northern Limb

Figure 27. (a) The 2 metre thick Main Magnetite Layer (MML) consisting of massive magnetite. Exposure in a stream bed northwest of
Roossenekal. (b) Mapochs mine, where the dip slope comprised of theargdMML has been stripped bby early mining activities.
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has revealed the presence of eleven discrete, heavily to moderateR,0, of up to 5%, occurs at the base of the E-zone and decreases
disseminated vanadiferous magnetite layers. Many of these haveteadily to zero at the top of the E zone and the top of the RLS
sharp basal contacts overlying anorthosite or leucogabbro and havg-ig. 28).

graditional upper contact¥.,0, grades are mainly above 0.55%, In the Northern Limb, the base of the distinctive, greenish brown
with several layers spiking above 1.3%0,. A remarkable feature  dioritic E zone is marked by the HangiWgall Marker which

of the MML and its distinctive, often very thin hanging wall markers, immediately overlies disseminated magnetite of the top of the Q layer
is their continuity over laye distances of at least 3 km, where studied or layer 21 (Bushveld Minerals unpublished repdfitioen, M).

in the Northern Limb (Bushveld Minerals, 201%his continuity of The lower part of subzone E in the Northern Limb has two robust

layers epitomizes the layering style in the Bushveld Complex. magnetite-bearing diorite layers averaging up to 5@.Prhe E
zone is overlain by a hybrid zone followed by the Rogji¥egisite,
Layer 21 (Q Layer) the roof rock of the Rustenlyitayered Suite.

Layer 21 (referred to as the Q Layer in the Northern Limb by EXp|OI’ ation
Bushveld Minerals) forms a distinctive assemblage of magnetite
layering averaging over 45 m in thickness and consisting of massive, Geophysical techniques, in particular grayityagnetics and
disseminated and stringer magnetite. It represents a major potentiaeismics, together with soil geochemisthave been applied
iron and titanium resource that is recognisable in most of the exposeduccessfullyin combination with detailed geological mapping, to
Limbs of the Bushveld CompleA feature of the Upper Magnetite  exploration and mining projects in the Bushveld Complex and have
Group is the low fD_content (<0.05%). been used to establish and constrain models for the nature and origin
A sharp, well defined contact is present at the top of the Q Layerof Rustenbuy Layered Suite and its mineralisation (Campbell, 1990,
(Layer 21) in both the Eastern and Northern Limbs and marks the2006 and 201 andViljoen, 1999).
contact between the D Zone and overlying E Zone.

Gravity
Phosphatic D and E Subzones

The importance of gravity in defining the major Limbs of the
The sudden appearance of phosphate in the form of apatiteBushveld Complex has been referred to earlier (Fig. 3). High-Gravity
defines the base of the D and E Subzones of the Upper Huses anomalies in th&Vestern Limb have been shown to correlate with
portrayed by the J©, content of silicate rocks for the Eastern areas of greater potholing and thermo-chemical reaction of the
Limb (Scoon and Mitchell, 2012) (Fig. 28). In the D zoy®@ Ralues Merensky Reef (Woen, 1999). In the Swartklip Facies, areas of
average 2.5% but decline dramatically in anorthosite layers and irhighest gravity correlate with Regional Pothole Reef in the downdip
the Upper Magnetite Group layefssecond, sudden appearance of area and suggest a possible magma feeder and/or thickening of
magmatic rocks closer to this, probably higher temperature domain
Magnetite Sub % PO, V (ppm) (Fig. 29) (Mljoen, 1999). In the RustentmiFacies, higher gravity
metres Layers Zone 1 2 3 4 5 1000 3000 5000 also correlates with generally thinnerore potholed and higher grade
Merensky Reef typesA region of lower gravity towards Brits,
corresponds to the non-pegmatoidalgédy non-potholed and low
grade, wide Merensky Reef type (Figs. 2, 3, 4 and 29).

2200

2000

immediate northwest of Mokopane, corresponds to the area of thickest,

o JUMG It is evident that the region of highest gravity in the Bushveld
1800 Complex, towards the southern sector of the Northern Limb, to the
1600 e D . . .
best developed and highest PGE enriched rocks in the Bushveld
1400 Anothosite Complex (Figs. 2 and 3Jhis, it is suggested, could reflect the locality
of one of the more important higher temperature magma feeders to
1200 v c the Rustenbgy Layered Suite, in this areailjgen, 1999).
1000 MMG Seismics
800 e Seismic profiling has been used since the early 1980s in various
600 B sectors of the Bushveld to determine the regional structure of the
layering at depth, while 3D seismics has been used to determine the
400 UMz structural features of the Merensky Reef, including the distribution,
v LMG shape and size of pothole structur@sseismic line across the
200 tM3 Southwestern Limb (Fig. 29) reveals pronounced seismic reflectors
0 i " demarcating the Upper Zone, the upper Critical Zone, (including the
A > Merensky Reef) and the base of the Lower Zone. No reflectors are

Figure 28. Regional geochemical trends for phosphate and presentin the overlying homogeneous Bushveld grdrtiseismic
vanadium in silicate rocks of the Upper zone based on 20 m sample data suggest a broad basinal structure for the Southwestern Limb,
intervals, in relation to Subzones. Roossenekal area of the Eastern with a broad arcuate, trough-like form, the inner part of which occurs
Limb. After Scoon and Mitchell, 2012. below Bushveld graniteA local updome below an inner gravity
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Figure 29. Gravity anomalies of thé/estern Limb of the Bushveld Complex in relation to the distribution of Merensky Reef types including
Normal and Potholed, Thin Corict as well afVide Reef types. Schematic cross section throughtlestern Limb of the Complex based on
gravity, seismic and aeromagnetic @dathighlighting the position of the Upper Zone and Merensky Resfj¢¢n, 1999).

anomaly west of the Pilansigersuggests that the Merensky Reef Sqj| Geochemistry
occurs at a depth of 6 km below surface in an updomed area below

Bushveld granite (Campbell, 1990 avidjoen, 1999) (Fig. 29). Soil geochemistry is extremelyfeétive over the thin residual
soils of the Bushveld CompleXhis is illustrated by the results of a
Magnetics survey on a 1 kingrid undertaken by the Council for Geoscience

over the Southwestern Limb of the complex that is also covered
Aeromagnetics is important in demarcating the regional by the satellite image (Figs.32a and b)iljwlm et al, 1997).

distribution of the magnetite-rich Upper Zone of the Bushveld. Whilst contamination is widespread around smelters, refineries and
Magnetics, including ground magnetics, have also been extensivelypther mining infrastructure, important geological trends are
used to identify and map important marker horizons, particularly in nevertheless evidenfhese include anomalous chromium
the Critical, Main and Upper zones. In the Rustegbanea, an geochemistry (>1,700 ppm) over the Lower and Critical zones, as
airborne magnetic survey clearly demarcates stratigraphic magnetievell as copper (>75 ppm) which is sporadically present along the
anomalies in the Main Zone (Fig. 30) whilst IRUP dykes and mine outcrop region of the Merensky Reef and with a clear enrichment
infrastructure are also clearly demarcated in this area of poor exposur@ver the Upper Zone (Fig. 32a). Platinum is enriched (30 ppm and

peaking at over 125 ppm) along the outcrop region of the Merensky
Remote sensing Reef, with Pt, Pd andu geochemistry also having defined the

presence of a new platinum enriched lagdiveit of low grade, near

Rocks of the RustenbgiLayered Suite in thé/estern Limb are  the top of the Main Zone (Fig. 32b) (Riljoen, pers. comm.).

poorly exposed and are invariably covered by a relatively thin, clay- A combination of aeromagnetics and soil geochemistry was also
rich residual soilThis is often of the vertisol type, giving rise to a effective over the poorly exposed Upper Zone in the Northern Limb.
“black turf” soil cover over all but the Upper Zone of the Bushveld, Pronounced aeromagnetic anomalies demarcated the MML and its
which, due to oxidation of iron-rich minerals, has developed a distinc-hanging wall layers as well as the robust Q layer (layer T18.
tive reddish-brown soilThese soil types are clearly defined on false magnetics were complemented by soil geochemistry with, for example,
colour satellite imagery (Fig. 31) which also highlights a region of a pronounced vanadium anomaly occurring over the former and iron
light sandy soil developed on Bushveld granite rocks to the north. and titanium anomalies over the latter (Fig. 33).
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Figure 30. Aeromagnetics over the Main Zone in the Rustenburg area of the Southwestern Limb highlighting stratigraphic magnetic
anomalies reflecting magnetite-bearing anorthosite layekso evident are smalleroughly circular anomalies indicative of the presence

of iron-rich ultramafic pegmatites (IRUFS).Anomalies caused by younger cross cutting dykes as well as by mining infrastructure including
tailings dam (to the lej are also highlighted (GCampbell, GARGeophysics).

Figure 31. Landsat false colour composite image enhancing the distribution of mafic/ultramafic rocks of the Rustenburg Layered Suite
consisting of the Marginal, Lower Critical and Main Zones, on which a dark podsolic (“black turf”) soil is developed (blue/dark blue
signature) and the Upper Zone on which a dark reddish brown soil is developed (dark green signature). Granophyric and granitic rocks to
the north have a light signature and green leafy vegj&in a red signature. Southwestern Limb of the Bushveld Complex with the Pilanesberg
intrusion at the top lef
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Figure 32. Distribution of soil geochemical anomalies on the southwestern limb of the Bushveld Complex for selected sléniartm

et.al., 1997). Main mining infrastructure including smelters causing platinum and chromium anomalies are also shown. (a) Cu occurs
sporadically along the outcrop region of the Merensky Reef and particularly around mine infrastructiredear Cu enrichment in the
Upper Zone is evident. (b) Pt occurs sporadically along the outcrop region of the Upper Critical Zone and associated with mine infrastructure.
Anomalies are strung out along the upper part of the Main Zone and were the basis for the discovery of a new PGE bearing layer
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Figure 33. Soil geochemical and airborne magnetic anomalies over the central sector of the Northern Limb, demarcating the positions of
the MML and Q layer (Layer 21) in this poorly exposed, soil covered area (Bushveld Minerals, unpublished report).
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