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‘The Bushveld Complex in South Africa is the largest layered intrusion on Earth. Its upper part is known for huge resources of iron, tita-
nium, vanadium and phosphorus. Associated with the layered character of the rocks, these resources are enriched at certain levels of the
intrusion, which makes it important to understand the formation processes of those layers. In this paper we give an introduction and

overview of recent debates and challenges.
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INTRODUCTION

Iron (Fe), titanium (Ti) and vanadium (V) are important
resources for the world’s economy. While iron is a major
material in many industries, titanium and vanadium have
become more important during the past decades. Both,
titanium and vanadium are important alloying elements in
the steel industry, improving the strength and toughness of
steel. These steel alloys are in great demand, especially in
the aerospace industry.

Continuous industrial development is reflected in the
mine production of these elements and their ores or source
minerals, which has greatly increased in the past 20 years.
The mining of these resources has more than doubled, except
for phosphorus (P) production which has increased to a
lesser extent (U.S. Geological Survey 2015) (fig. 1). World
demand and limited known reserves of those resources
emphasise the importance of gaining a better understanding
of the processes of formation of their deposits.

Fe, Ti, V and P never or only rarely occur as native
elements in nature. Minerals, rich in one or more of these
elements are mined and their components are extracted. One
of the most commonly mined minerals for iron is magnetite
(Fe;O,), which can also contain significant concentrations
of titanium. The main source for titanium is ilmenite
(FeTiO,). Both Fe-Ti-oxides can contain economically
valuable amounts of vanadium. Phosphorus is extracted from
phosphate minerals such as apatite (Cas(PO,),(ECL,OH)).

Deposits mined for magnetite, ilmenite and/or apatite
can have different origins. Magnetite can be formed by
sedimentary, magmatic or biogenic processes. Concentrated
magnetite-rich sediment layers are produced by bacteria
in marine environments (Devouard er /. 1998), volcanic
activity (Nystrom & Henriquez 1994) or fluvial transport
(Fletcher & Walcott 1991). Ilmenite has a magmatic origin
and can be concentrated by fluvial transport (Garzanti
et al. 2010). Apatite is commonly formed by magmatic
processes (Green & Watson 1982) or by biomineralisation
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(Hirschler ez al. 1990). Importantly, all three minerals are
also found in high proportions in certain layers in some
solidified magma chambers, called layered intrusions (Eales
& Cawthorn 1996, Song ez al. 2013).

LAYERED INTRUSIONS

Layered intrusions are solidified magma chambers, showing
a layering of rocks with different bulk compositions. The
differences can be expressed in terms of the variety of
minerals present and/or their proportions, and also their
textures. The layering is a product of processes occurring
during cooling of the magma chamber. Magma is derived
from a source within the Earth’s mantle to the crust, and
causes partial melting of the crust due to the heat excess,
as well as updoming and rifting due to buoyancy of the
ascending magma. Finally, this process resultsin an intrusion
of magma into the crust. The intruding magma can reach
the surface, resulting in a volcanic eruption or can remain in
the crust, forming a magma chamber. The level to which the
magma ascends depends on buoyancy and viscosity, which
is controlled by the magma composition and temperature,
as well as crustal structures which provide conduits. The
magma composition is determined by the compositions
of the initial magma ascending from the mantle, crustal
partial melts and potentially due to assimilation of magma
chamber wall rocks.

The emplaced magmas have temperatures up to 1250°C
and are substantially hotter than the crustal host rocks (fig.
2.1). Consequently, the magma cools during and after its
intrusion into the crust. Once the temperature is below
the liquidus, crystallisation begins. Most crystals sink to
the bottom of the magma chamber due to their high

I. Magma chamber

Il. Formation of layer B

density compared to their parental liquid, and form a layer
of accumulated minerals (cumulus minerals). With time
and progressive cooling more minerals crystallise and settle
within the magma chamber, forming horizontal layering
until the magma chamber is completely solidified. Since
the extraction of crystals from the liquid is accompanied
by a change in the liquid’s composition, the composition
of minerals and thus the rock shows a compositional
progression, expressed by the typical layered structure (fig.
2). Rocks formed by crystallisation and settling of minerals
are named cumulates.

In nature this process is much more complex. Besides
temperature, changes in oxygen fugacity can have dramatic
effects on the crystallising phases and thus the path of
magmatic evolution (Namur ez a/. 2015). Also changes in
the volatile content (H,0 and CO,) and potential degassing
events influence the crystallisation sequence. Moreover,
instead of a single crystal composition different minerals can
crystallise at the same time, building up a cumulate rock
layer. Crystal compositions can change between layers, but
also the relative proportions of minerals or their textures
can differ. Repeated layers with similar composition are
observed in nature. In some cases new magma is injected
into an existing magma chamber, affecting the magma
compositions and thermodynamic properties of the system
which results also in a change of compositions and modes
of crystallising minerals. Depending on magma and crystal
compositions, crystals can be more buoyant than the magma
and therefore float (Campbell 1978, Namur ez 4/ 2011).
However, these crystals are commonly found in cumulate
layers in certain locations. To explain these occurrences
other processes besides crystallisation and settling have to
be considered (Namur ez 2/ 2015).

Ill. Formation of layer C IV. Layered intrusion

FIG. 2 — Simplified schematic illustration of the crystallisation and settling process in a layered intrusion. The hot magma, with

the composition A intrudes and remains in the crust (fig. 2.1). The magma chamber cools down and crystallisation of crystals with
composition B starts (fig. 2.2). Crystals settle at the bottom of the magma chamber and form a layer rich in cumulus minerals having
the composition B. The residual magma has the composition A minus B (fig. 2.3). Under different conditions (decreased temperature,
different magma composition) crystallising minerals have a different composition C (fig. 2.4) and the resulting layer is different from
the previous one (fig. 2.5). With continuous cooling crystallisation and settling produce more layers with different compositions until
the magma chamber is solidified (fig. 2.6). Note that the composition of the residual magma is also strongly dependent on the volume

crystallising from the magma but not shown in this simplified figure.
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THE BUSHVELD COMPLEX

The Bushveld Complex in South Africa (fig. 3) is the
largest layered intrusion on Earth. Formed by 1 million
km? of magma (Cawthorn & Walraven 1998), it covers a
65 000 km? area with a thickness of 7-9 km, emplaced in
three limbs (western, eastern and northern limb). Within
this giant volume, the world’s major resources of platinum
and other platinum group elements (PGE), iron, titanium,
vanadium, tin and chromium are hosted. The Bushveld
Complex is the world’s largest resource of PGE. Discovered
in the late 1860s by Carl Mauch, it is still one of the most
important mining areas in the world. Major resources of
PGE:s are hosted in the Merensky Reef (MR) and Upper
Group 2 Reef (UG2). Both in general 1.5 m-thick layer
packages containing chromite ((Fe, Mg)Cr,O,) dominated
layers. Iron and titanium are concentrated in magnetite
and ilmenite-rich layers. Prominent examples are the Main
Magnetite layer (MM) and the Magnetite layer 21 (M21).

The chemistry of the Bushveld Complex and of its initial
magma as well as later injected magmas has been estimated
by several authors (e.g., Davies et al. 1980, Van Tongeren
et al. 2010, Barnes ez al. 2010). Although accurate magma
compositions are hotly debated (Cawthorn 2015), the
overall mineral assemblage implies a relatively Mg and/or
Fe-rich silicate magma, classified as “mafic”. Consequently,
the rocks formed from these magmas are mostly mafic
rocks. Common mafic minerals for the Bushveld Complex

are pyroxene ((Mg,Fe,Ca),Si,0y), olivine ((Mg,Fe),SiO,),
magnetite and ilmenite.

Zircon U/Pb dating has revealed that the initial emplace-
ment of magma in the Bushveld occurred at 2055.91+0.26
Ma, and the whole intrusion cooled to below 650°C
(solidified magma chamber) in 1.02+0.63 Ma (Zch ez al.
2015). Cawthorn & Walraven (1998) proposed an even
shorter crystallisation time of 200 000 years.

The Bushveld cumulate rocks are divided into the
Marginal, Lower, Critical, Main, Upper and Roof Zones and
their corresponding subdivisions (Wager & Brown 1968,
Cawthorn 2013a), based on mineral assemblages (fig. 4).
The initial horizontal layering of the Bushveld intrusion
was displaced and is now dipping towards the centre of
the body (fig. 4). Cawthorn & Webb (2001) proposed that
isostatic adjustment, induced by the huge mass of emplaced
magma, is responsible for the tilted layers. Here, we focus
on the genetically related Upper and Upper Main Zone
(UZa, UZb, UZc and MZu) hereinafter referred as UUMZ.

The Upper and Upper Main Zone

The UUMZ is commonly considered as representing the
last injection of magma into the Bushveld magma chamber
and is known as a world-class deposit of Fe, V, Ti and P. The
Pyroxenite Marker (PM) is located at the base of the UUMZ
(fig. 4), indicating a major change of magma composition
between UUMZ and the underlying part of the MZ. It
is thought that an injection of new magma changed the
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FIG. 3 — Geological map of the Bushveld Complex with location of the Bierkraal boreholes (black stars) and the potential drilling sites
of the BICDP (white stars; Trumbull et al. 2015). Modified after Barnes & Maier (2002).
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FIG. 4 — Simplified stratigraphic column (left) and cross-section (right) of the western and eastern limb of the Bushveld Complex with
Zones and distinctive layers. Lower Zone (LZ), Critical Zone (CZ), Main Zone (MZ) and Upper Zone (UZ) are divided by solid lines.
Subdivisions Upper Middle Zone (MZu), Upper Zone a (UZa), Upper Zone b (UZb) and Upper Zone c (UZc) are divided by dashed
lines. The distinctive layers the Merensky Reef (MR), Pyroxenite Marker (PM), Main Magnetite layer (MM) and Magnetite layer 21
(M21) are marked with arrows. The thickness of the sequence varies between the eastern and western limbs. Above the UZ, felsic
(Si-rich) rocks are located. The LZ is underlain by the Marginal Zone. The north to south cross-section shows the present configura-
tion of the Bushveld layered intrusion. Modified after Eales & Cawthorn (1996) and Cawthorn & Webb (2001).

overall magma composition within the Bushveld magma
chamber and forced orthopyroxene (Ca-poor pyroxene)
to crystallise, resulting in the orthopyroxene-dominated,
several metres thick PM (Cawthorn ez 2/ 1991). The UZ
can be further subdivided, based on the firstappearance (first
crystallisation) of new cumulus minerals within the layered
sequence. The base of the UZ (subzone UZa) is defined by
the appearance of cumulus Ti-magnetite (Cawthorn 2015),
which is followed by the appearance of olivine (UZb) and
finally apatite (UZc).

The UZ stratigraphy is dominated by gabbros with
intercalated layers of anorthosite, magnetitite and
nelsonite (pl. 1). While anorthosite, a plagioclase-rich rock
(plagioclase: mineral series with end-member-formulas
NaAlSi,O4—CaAl,Si,O,) is economically unimportant,
magnetitite (magnetite and ilmenite) and nelsonite
(magnetite, ilmenite and apatite) rocks are enriched in
iron, vanadium, titanium and phosphorus. This makes it
important to unravel the processes involved in the formation
of these layers and the resulting enrichment or depletion
of economically valuable elements.

SAMPLING AND PETROGRAPHY

The exposed part of the Bushveld Complex provides only
limited insightsinto deeper layers. For sampling of unexposed
layers, drilling is necessary. The South African Geological
Survey drilled three boreholes in the Bierkraal area (BK1,
BK2 and BK3), north of Rustenburg intersecting the
UUMZ and the PM (fig. 3). The combined cores provide a
2125-m-thick section of the intrusion. Samples from these
drillcores are representative of the UUMZ in the western
part of the Bushveld Complex.

The three major rock types identified in the UUMZ are

gabbro, anorthosite and Fe-Ti-oxide-rich rocks (magnetitite

and nelsonite). Whereas gabbros are a common rock type
found in many locations and formed by slowly cooling
basaltic magma, the modes of formation of the latter two
rock types are still unclear for the UUMZ.

Gabbro

Gabbro is the dominant rock type in the UUMZ (pl. 2a).
It is a typical rock of mafic intrusions and mainly consists
of plagioclase, pyroxene and/or olivine. Distinctive for the
UUMZ gabbros are their high proportions of plagioclase,
magnetite and apatite. The latter mineral shows a cyclic
vertical variation inabundance (Tegner ez /. 2006). Gabbros
vary markedly throughoutall subdivisions in terms of mineral
modes and compositions as well as textures.

Anorthosite

Minor proportions of anorthosite occur as repetitive layers
within the UUMZ (pl. 2b). Compared to other rock types
found in the UUMZ, they are classified as felsic rocks (rich
in Si-Al). The main mineral is plagioclase with smaller
proportions of mafic minerals (pyroxene and magnetite).
Most anorthosite samples show slight local alteration,
expressed in minerals formed after the cooling of the magma
chamber (e.g., epidote, amphibole).

Magnetitite and nelsonite

Tegner et al. (20006) identified 26 magnetite layers and six
nelsonite layers in the Bierkraal drillcores of the UUMZ,
with a total thickness of 20.42 m. Magnetitite consists of
massive magnetite, ilmenite and plagioclase with a few
pyroxenes (pl. 2¢). Magnetites from the UUMZ show a
relatively high Ti concentration, ranging from 5 to 20 wt%

TiO, (Reynolds 1985).
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Closed- or open-system

Closed-system crystallisation means that the magma evolves
and cools progressively in the magma chamber without
magma eruptions or any new input of new magma, usually
referred to as magma replenishment. Whether the UUMZ
in the Bushveld formed in a closed system has been debated
in recent years. Based on the generally consistent initial
strontium isotope ratios (0.7073 + 0.0002) of the host rocks,
some researchers have concluded that the UUMZ formed by
differentiation of a single magma body (Kruger ez a/. 1987,
Cawthorn ez al. 1991, Van Tongeren ez al. 2010, Tegner ez
al. 2006). By contrast, due to an observed significant loss
of incompatible elements such as K and Zr, Cawthorn &
Walraven (1998) proposed that up to 40% of the magma
may have been erupted. In addition, the documented
compositional reversals and the obvious isotopic differences
between cumulus minerals strongly indicate that the UUMZ
experienced asuccession of magma pulses (Ashwal eza/. 2005,
Scoon & Mitchell 2012, Tanner et al. 2014).

Mush emplacement versus magma recharge

The difference between the emplacement of a crystal mush
and a crystal-free silicate liquid is due to the crystal load
transported by the magma. In contrast to the generally
assumed crystal-free liquid in many models of magma
evolution (Marsh 2004, Latypov 2009), recent studies
PLATE 1 — Photograph of the dark Main Magnetite layer over- suggest that most injected magma can carry crystals, with

laying a bright anorthosite layer in the Upper Zone. Photograph concentration of up to 55 vol% (Marsh 2013). In addition,
from Scoon & Mitchell (2012), reproduced with permission.

emplacement of plagioclase-rich mush has been proposed
for the thick anorthosite layers in another layered intrusion

Nelsonites contain, in addition to the magnetitite assem- (Stillwater Complex, Montana) (Raedeke 1982) and is
blage, significant amounts of apatite. also regarded as a widely accepted process to form the
Proterozoic massif-type anorthosites (Ashwal 1993). Based
on the magnetic susceptibility and non-cotectic proportions

SCIENTIFIC DEBATES AND of plagioclase, Ashwal ez al. (2005) and Roelofse & Ashwal
CONTROVERSIES

(2012) suggest that this mechanism may have occurred in

the UUMZ and lower Main Zone, implying the existence
Although the Bushveld Complex has been studied for more

than 150 years, several recent debates and controversies
emphasise the uncertainties in the understanding of this
layered intrusion.

of a sub-Bushveld magma chamber, progressively feeding
the actual Bushveld chamber with evolved magma.
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PLATE 2 — Thin section photographs of selected representative rocks from the Upper Zone. a: Gabbro, b: Anorthosite;
c: Magnetitite. Plag, plagioclase; Cpx, clinopyroxene; Oliv, olivine; Fe-Ti, Fe-Ti oxides.
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Liquid immiscibility

Silicate liquid immiscibility is the unmixing of two or more
silicate liquids (magmas) with different compositions from a
single parental magma. The unmixing of an iron-rich silicate
liquid and a silica-rich silicate liquid has been identified in
several locations with genetic similarities to the Bushveld
Complex (e.g., Skaergaard intrusion in Greenland (Jakobsen
et al. 2005) and Sept Iles intrusion in Canada (Namur ez 4/.
2012)). In the case of the Bushveld Complex, the development
ofimmisciblesilicate liquids within the magma body has been
debated and controversially interpreted. Cawthorn (2013b)
challenged the occurrence of silicate liquid immiscibility,
whereas von Gruenewaldt (1993) suggested that silicate
liquid immiscibility might have produced the up to m-scale
magnetitite and nelsonite layers. Alternatively, VanTongeren
& Mathez (2012) argue that even large-scale separation of
iron- and silica-rich melts at the hundreds-of-metre scale
might have occurred. The latter model has been widely
debated (Cawthorn 2014, VanTongeren & Mathez 2014)
but consensus has not yet been reached, mainly because
of the absence of any direct evidence for the existence of
immiscible melts. Recently, Fischer ez /. (2016) proposed
that silicate liquid immiscibility occurred on a smaller scale
(50-200 m) in the UMMZ. They suggest that sorting of
immiscible meltdropletsin the crystal mush possibly resulted
in forming iron-rich layers within the UZ.

Link between limbs

The Bushveld Complex is exposed in three limbs, namely
the western, eastern and northern limbs. Gravity models
and seismic tomography have shown that the eastern and
western limbs are connected at depth (Webb ez /. 2004,
Kgaswane et al. 2012). This is also supported by the finding
of similar layers and sequences in the two limbs. Cawthorn
& Webb (2001) identified six equivalent layers in the
eastern and western limbs and concluded that both limbs
crystallised from a single magma chamber. The presently
exposed structure with two limbs is the result of isostatic
depression (Cawthorn & Webb 2001).

Connection between the northern limb and the western
and eastern limbs is also debated. Possibly equivalent layers
were identified but no conclusive evidence could be provided
(Kinnaird ez a/. 2005). Cawthorn (2015) suggested discrete
evolution of the northern limb at least for the Lower and
Ciritical Zones, based on the lack of equivalent chromitite
layers in the western and eastern limbs. Ashwal ez a/. (2005)
found possibly correlating layers of the Main and Upper
Zone within the northern limb.

CURRENT WORK
Systematic rock and mineral chemistry study
Until now, there have been no systematic studies of whole-

rock compositions in the western limb, which isan important
partof the Bushveld Complex. Therefore, to better constrain

the magma chamber processes associated with the UUMZ,
we have collected 262 samples from the Bierkraal drillcoresin
the western limb of the Bushveld Complex and determined
whole-rock compositions together with constituent mineral
compositions and performed mineral modal proportion
analysis for most samples. This extensive database will allow
us to obtain precise information on the mineral modes and
their variations throughout the 2-km-thick stratigraphy. In
addition, the new data, together with the published V,0,
contents in magnetites for the same drillcores (Cawthorn
& Walsh 1988), clearly indicate that the UUMZ does not
correspond to a single closed system but instead exhibits
several consistent compositional reversals suggesting events
of magma chamber replenishment.

Melt inclusion study

Duringcrystallisation in the magma chamber crystals can trap
smallamounts of the liquid from which they grow. These tiny
pockets ofliquid are preserved as glass and/or minerals within
host crystals, while the magma evolves further. By analysing
those meltinclusions we can gain information on the magma
composition. These data help us to identify processes and
conditions controlling the formation of the rocks and the
composition of the magma prior to crystallisation.

In the UZ of the Bushveld Complex various types
of inclusions can be observed in apatite. Composed of
polycrystalline assemblages, such inclusions are commonly
interpreted to represent crystallised equilibrium melt,
trapped during the growth of apatite. They thus have the
potential to record the composition of stable melts.

Recent results for Bushveld melt inclusions are presented
and discussed in Fischer er /. (2016). They analysed 99
melt inclusions hosted in apatite of the UUMZ. Prior to
analysis they re-homogenised the polycrystalline inclusions
at 1100°C and a pressure of 100 MPa. Major element
analyses showed a range of compositions from iron- to
silica-rich. They interpret this as a result of silicate liquid
immiscibility, possibly involved in forming iron-rich layers
within the UZ.

Experimental study

We plan to experimentally simulate magma chamber
processes to reconstruct the magmatic evolution of the
UUMZ. We will use Internally Heated Pressure Vessels
(IHPV, details described in Berndt ez a/. (2002)) to perform
high-pressure, high-temperature experiments. Therefore, we
use a synthetic magma composition contained within Pt-
graphite or Au-Pd capsules, which crystallises in the course
of the experiments to a mineral assemblage controlled by
theapplied experimental conditions. Experimental pressures
and temperatures will vary within a range plausible for
crustal intrusions. Run durations will range between 3-7
days to maintain equilibrium conditions between crystals
and melt. Experimentally produced phases (residual magma
and crystals) can be later analysed, providing important
insightsinto phase stabilities asa function of thermodynamic
conditions.
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The general aim of these experiments is to match melt
inclusion and residual magma compositions as well as
natural and experimentally obtained crystals. This enables us
to define the formation conditions (temperature, pressure,
oxygen fugacity) for distinct layers, to test if silicate liquid
immiscibility could have occurred during magmatic
evolution, and to determine the conditions of the possible
onset of the liquid unmixing process.

Bushveld Igneous Complex Drilling Project

The Bushveld Igneous Complex Drilling Project (BICDP)
(Trumbull ezal. 2015) is part of the work of the International
Continental Drilling Program (ICDP), an international
organisation supporting scientific continental drilling
projects. Directed by two research groups from Germany
(GFZ—German Research Centre for Geosciences) and South
Africa (University of the Witwatersrand, Johannesburg) the
BICDP started in 2014 and is currently in the planning stage.
It comprises three different drill sites, one site at each limb
of the intrusion (fig. 3). Combined with existing drillcores
those obtained from the BICDP will cover the complete
Bushveld stratigraphy in each limb. In addition to other
benefits, this allows researchers to investigate vertical and
lateral variations and may resolve the controversy concerning
the relationships between the different limbs.

SUMMARY

The Bushveld Complex contains major resources of PGEs,
iron, titanium, vanadium and other elements. With increasing
demand for these elements, the Bushveld deposits are of
critical economic interest. The distribution of valuable
elements follows the characteristics of a layered intrusion in
that certain elements are concentrated at distinct levels of
the intrusion. However, the actual processes involved in the
formation of these layers are still controversially debated. We
have produced a systematic dataset for whole rock, mineral
and melt inclusion compositions for the upper part of the
Bushveld Complex and will complement these data with
an experimental study of magma crystallisation. This will
allow us to approach recent questions with new arguments.
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